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PREFACE 

1 his document is a collection of technical reports on research conducted by 
the pa icipants in t h e  1983 NASNASEE Summer Faculty Fellowship Program at 
Marshall Space Flight Center (MSFC) with one participant performing research at 
Kennedy Space Center (KSC). This was the nineteenth consecutive year the  
program has been conducted at MSFC. The 1983 program was administered by the 
University of Alabama in Huntsville (UAH) in cooperation with MSFC and the 
University of Alabama (UA), University, Alabama. The program was operated 
under the auspices of the American Society for Engineering Education (ASEE) with 
sponsorship and funding from the  Office of External Relations, NASA Head- 
quarters, Washington, D. C. The MSFC program was one of seven such Aeronautics 
and Spar.e Research Programs funded by NASA Headquarters in 1983. Similar 
programs were conducted at six other NASA centers. The basic common objectives 
of the  NASA/ASEE Summer Faculty Fellowship Program are: 

a. To further the professional knowledge of qualified engineering and 
science faculty members; 

h. To stimulate an excha3ge of ideas between participants and NASA; 

c. To enrich and refresh the research and teaching activities of partici- 
pants' institutions; and, 

6 To contribute to t h e  research objectives of t h e  NASA centers. 

The MSFC FacJlty Fellows spent 10 weeks (June 6 through August 12, 1983) 
working wh.- NASA scientists and engineers on research of mutual interest to the 
University raculty member and the NASA counterpart. The editors of this 
document were responsible for selecting appropriately qualified faculty to address 
some of the m a y  problems of current interest to NASNMSFC. For the 1983 
program, mh,ly more urgent problems exist than there were research funds to 
support and many more highly qualified applicants sought to become NASA/ASEE 
Summer Faculty than could be accommodated. As a result, t he  research performed 
by the  1983 Fellows represents the most highly qualified of University faculty 
applicants working on the most urgent NASA research interests. A separate 
document (UAH Report No. 382, September 1983) reports on the administrative 
aspects of the  1983 program. This document contains the  technical reports on 
research perfamed by the individual 1983 participants. The NASNASEE program 
is basically a two-year program to allow indepth research by the  University faculty 
member. In some cases, a faculty member has developed a close working 
relationship with a particular NASA group that  has provided funding beyorld the  
two-year limit. The reports are arranged in alphabetical order wirh the first-year 
faculty reports identified with a single asterisk a d  the  second and more-year 
faculty reports identified with two asterisks. 
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LOG1 C SIMULATOR PROGRAM 

Ravendra K. Agarwal 
Alabana AM Uni versi  t y  

Hunt sv i  11 e, AL 

ABSTRACT 

As a p a r t  o f  the Sumner Research Facu l ty  e f f o r t ,  t h i s  task w i l l  provide 

a software simulator f o r  d isc re te  and canbi na tor i  a1 e lec t ron ic  canponents. 

The simulator w i l l  be implemented and t e s t  cases run t o  determine i t s  capab i l i t y .  

The choice o f  simulator i s  Spice Version 11, and i t  w i l l  be converted t o  run  

on the EB Laboratory Signa-V CP-V operat ing system. 

used t o  determine gate and fan-out delays, l og i c  s ta te  cunditions, and s ignal  

race conditions f o r  t rans i s to r  ar ray elements and c i r c u i t  l og i c  t o  be patterened 

i n  the Semi-process, Inc. (SPI) 7010 CMOS s i l i c o n  gate semicustom array. The 

simulator w i l l  be operable from the CP-V time-sharing terminals.  

The simulator w i l l  be 
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I NT ROOUCT I ON 

Over the past 15 t o  20 years, several invest igators  have made s ign i f i can t  

progress i n  developing computer-oriented models f o r  the  d i f f e r e n t  semiconductor 

technologies. These models incorporate improved representations o f  both e l e c t r i c a l  

effects and rad ia t i on  ef fects.  The resu l t s  are docunented i n  many excel lent  

technical  reports which g i  ve de ta i  1 ed d i  scussi on and appl i cat i on procedures. 

Nevertheless, many o f  these repor ts  are not e a s i l y  ava i lab le  t o  those who wish 

t o  apply the models t o  a speci f ic  problen. Even if the analyst  has access 

t o  sane o f  these reports, the  analyst  is of ten  confronted w i th  a ra ther  tedious 

task o f  wading through the der iva t ion  i n  order t o  so r t  out the app l ica t ion  

information of  h i s  model. 

SPICE I1 i s  one of  many such general-purpose c i r c u i t  s imulat ion programs 

f o r  nonlinear t rans ien t  and l i n e a r  a.c. analysis. C i r c u i t s  may contain res is to rs ,  

capacitors, inductors, mutual inductors, i ndependent vol tage and current sources, 

fcc r  types o f  dependent sources, transmission l ines ,  and four  most camon 

semiconductor devices: Diodes, BJT's, JFET's and MOSFET's. 

Under the  SPICE 11, there are three d i f f e r e n t  MOSFET models ava i lab le  

t o  the user. The Level 1 model i s  the simple Shiehman-Hodges model described 

by a Square-Law I - V  charac ter is t i c .  The MOS I1 or  Level 2 model i s  an ana ly t i ca l  

one-dimensi onal model which incorporates most o f  the second-order e f fec ts  of 

the small s ize devices. The Level 3 model i s  a serni-empirical model described 

by a set of parameters which are defined by c u r v e - f i t t i n g  rather  than physical  

background. I t  i s  important f o r  the  c i r c u i t  designer t o  know the d i f f e r e n t  

equations governing the behavior o f  the MOS's and t o  know the inf luence o f  

the d i f f e r e n t  model parmeters. 

1-4 



OBJECTIVE 

SP I 

and 

SfN 

This year 's Summer Research Facu l ty  e f f o r t  i s  t o  provide a software 

simulation of d iscrete and combinational e lec t ron ic  components. The simulator 

t o  be used i s  SPICE Version 11. The f i r s t  e f f o r t  i s  t o  convert the simulator 

t o  run on the  EB Laboratory S igna4  CP-V Operating System, then t o  use the  

E I1 model t o  determine various c i r c u i t  t ime delays, l o g i c  s ta te  condi t ion- 

s ignal  race conditions. These simulations are t o  be patterened fo r  the  

-Process, Inc., (PI) 7010 CMOS S i 1  icon Gate Semiconductor Arrays. 

6 AC KGRO UN D 

The accuracy of the model depends heavi!y on the values of  the input 

parameters. 

the model must match very c lose ly  the measured character is t ics .  A data 

acqu is i t ion  software designed f o r  a ce r ta in  model provides accurate input  

parameters on ly  f o r  that  pa r t i cu la r  model. When the model i s  changed, the 

parmeter  ex t rac t ion  software has t o  be changed as wel l .  

The current-vol tage charac ter is t i cs  based on the equations o f  

A test  ch ip  should have the fo l l ow ing  features for parameter extract ion:  

a. 

b. Diffused resistance 

c. A narrow and a wide channel device 

d. Po lyc i l i con  resistance 

c. 

t .  

A short and a long channel MOSFET 

A t h i n  and a f i e l d  oxide capaci tor  

A rectangular and a meander form junc t ion  capaci tor  

1-5 



SIMULATION EXAW LE 

The c i r c u i t  of f i g u r e  1 represents a short  path o f  an MOS/LSI c i r c u i t .  2 

The output s ignal  CS generated f ran clock (CLK) can be measured a t  an output 

pad and cornpared w i th  the simulated waveform. The measured c i r c u i t  chips were 

located on the  sane wafer w i th  the t e s t  pat terns from which the  parameter 

ex t rac t ion  had been performed. For an accurate simulation, a l l  the pa ras i t i cs  

o f  the layout must be included: R, represents the ser ies resistance of the 

input  pad pro tec t ion  wh i le  

capaci t o r  (c 1 includes a1 1 

Each o f  the gates has been 

.L 

R2  and R 3  represent crossunder d i f fus ions .  Each 

the capaci t ive e f fec ts  associated with the  ;lode. 

modeled as a subci rcu i t .  A load capacitanze o f  

100 pF has been used; the  r e s t  i s  a t t r i bu ted  t o  the  probe and paras i t i cs .  

Figure 2 shows a sample simulated output waveforms. 

The r e s u l t  has been obtained by performing the  simulat ion wich and without 

sidewall capacitance and r t i t h  and without sca t te r ing  l i m i t e d  d * i f t - v e l o c i t y  

effects. The devices which had no parmeter  speci f ied had a neg l i g ib le  s idewal l  

compared to  the area. The resu l t s  o f  the d i f f e r e n t  simulations and the measured 

values are given i n  Table I . 2  It shows t h a t  the above two e f fec ts  contr ibute 

a 15 t o  20% accuracy in;+rovement and simulat ion r e s u l t s  o f  t h i s  c i r c u i t  containing 

22 MOSFET's i s  w i th in  5 t o  10% o f  the resu l t s  f o r  the  actual c i r c u i t .  
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Table 1 

SIMILATED I 

PARAMETER MEASURED Y/O SIDEWALL W/S I CEHALL 

U/O V Max W/ V Hax W/O V k x  W/ V Uax 

CL = 20pF 64 - 75 49 51  60 62 Delay 

TD (Ns) C L =  120pF 90 - 105 70 79 81 91 

= 20 PF 32 - 36 22 24 24 26 I Fall lime ‘L 

TF (NS) CL = 120 pF 85 - 12@ 

1-9 
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CONCLUSIOhts AN0 RECOMhlOATi31yS 

The SPICE Version I 1  Simulator Progran i s  wr i t ten i n  FORTiMN, and the 

program scurce contains over 20,000 card images. The progran cane fran the  

National Security Agency ( S A )  through Mississippi State University. 

i s  large, and deblocking o f  the source code was required before the subrwt ines 

could be isolated and campiled. Also, incompat ib i l i t ies between the UNIVAC 

1180 FORTRAN and the Signa-V CP-V FORTRAH I V  had to  be resolved. Due to t h i s  

added e f f o r t  and a delay i n  receiving the source tape, sanple test  runs have 

not been made at  the time o f  t h i s  report. It i s  recarmended tha t  the included 

test  case and a number of  other sanple Simulation runs be made before attempting 

t o  use the program on the actual semicustau array data. 

The progran 
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has the Laurent expansion 

a - - I  

The first 32 o f  these numbers are listed. Only the first four 

have been previously calculated. 
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ORIGINAL PAGE E8 
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THE GENERALIZED EULER-MASCHERONI CONSTANTS 

INTRODUCTION 

The generalized Eulcr-Mascl~crotii constants arc defined by 

, n = 0 , 1 , 2  ,... lnnk In"+' M 
n+ 1 

- lim 
Tn - M-hxl 

k= 1 

and are the coefficients of the Laurent expansion of 

They were first defined by Stieltjes in 1885, discussed by Stieltjes and Hermite [ 1 1, and have been 
periodically reinvented over the years [2,3,4]. 

The rate of convergence is painfully slow (Table I )  so one is forced to seek some method to  speed up  
convergence, and of c o m e  the most common way is by employing the Euler-Maclaurin formula. Following 
a suggestion made by Edwards [ S  J in computing the-Riemann Zeta function, the sum portion of 7, is split - 

into two sums so that the first (p -1 ) terms are directly summed and the p to M sum is approximated by the 
Euler-Maclaurin formula as M tends to  infinity. Hence, 

- 

- 
- 
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GI The chief difficulty in using chis formula is determining (Innx/x) h~ a usable form. 

Le 111 ma. 

Proof Let 

and set 

and assume that, for some v;ilue of m, 

In-m - ( m + ~  ~n x J Q, 
Inn-m, hm-n-1 

=Dr;:] Qm+ .m+l ,m+2 QL = 
h " X  Dmtl - 

X 

I + s In x QkJ 

and define 

H , , , = [ n - m - ( n i t l ~ I ~ ~ x I  Q m +  X l n x Q h  . 

N O W  

11-4 



ORIGINAL FACE ia 
OF POOR Q U A L i m  

Since 

n! I1 ! = ym+l (11-111) - - 
(n-m)! (11-in- 1 )! 

we obtain, upon substitution of ( 5 )  into (4): 

This is obviously 

Itiscrting this into (3) proves the theorem by induction. The last term in equation (2) is 

and must now be given bounds. By the Cauchy integral formula, 

Inn(p+k+Reei) (2j)! 2*J lnn(k+p-2) 

P2j P 
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Inserting this bound into (6) y i d k  

COMPUTATION 

The fourth term of equation (2) requires the construction of three matrices A, B, C and two vectors 
LI, 4(. A is a (2j-3)X(2j-2) matrix whose first (L + 1) elements in the Lth row are given by the coefficients of 

L n (Y - k In p) 
k=l  

and the remainder set equal to zero. B is a matrix of the same dimension whose Lth row is given by 

The elements are, of course, zero if L > n. C is a matrix defrned by 

C = (a-b-) for -'i = 1 ,3 ,5 ,7  ..., and j = 1 , 2 , 3 , 4  ... 
1J JJ 

Next defrne 
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With tliese equations, (2) may be written as: 

wi th  an mor bounded by (7). An APL computer program was written to  evaluate 7, (see Appendix). 

I t  was observed that the niitiiniutn crror in computing 7, occurred in a neighborhood of p=j :id a 
scrisitivity study indicatcd that p=j=lO was an optimum choice. Table 2 contains the F a t  32 Euler- 
hlasclicroni constants. 

Table 3 shows that the Laurcnt expansion provides a very effective means of computing + 'iemann 
{ function in 3 neighborhood of z = 1 .  However, the expansion is not a useful method for t..,cItuing the 
list of zcrw of s(z) known today. 

The behavior of the Euler-Mascheroni constants thsmselves have been the subject of investigation 
Briggs ( 6 )  showed that infinitely many 7, are negative and infrnitely many are positive and Mitrovic 
extended this result b;. showing that each of these inequalities 7, < 0, 72n-1 < 0, rn > 0,72,,-1 > 0 holds 
for infinitelv niany n I ? ] .  

Cood I81 recently conjectured that the lengths of the runs of the same sign of AT, never decrease. 
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TX B L E 2. S 13 N E R A Li Z E D E U LE R-M ASCH E RON I CON ST ANTS 

0 
1 

0.57721566490153 
-0.0728 1 584548368 

9 
L 

3 
-0.009690363 19287 
0.00205383442030 

4 
5 

0.002 32 5 37006546 
0.0007933238 1728 

6 
3 

-0.0002387693455 
-0.000527289567 1 

8 
9 

-0.0003521 233539 
-0.0000343947747 

10 
1 1  

O.OC0205332814 
0.0002701 84439 

12 
13 

0.00016727291 
-O.oooO274638 1 

14 
15 

-0.00020920927 
-0.00028346867 

16 
17 

-0.OOUlW6969 
O.oooO262769 

18 
19 

0.0003073682 
0.000503605 

20 
21 

0.000466342 
o.Oo0 1044 

2? 
23 

-0.OOO54 I6 
-0.001 2439 

24 
2s 

-0.0015885 
-0.001 0746 

26 
27 

0.00065 7 
O.Ofi7477 

28 
29 

0.006359 
0.0:v 37 

30 
31 

0.003, _. 
-0.0075 - 



x 
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0.5 

i Y  

0 

0 

0 

0 

0 

0 

0 

1 

3 

5 

ReW) 

-1.46035450881 

4.5092907 1404 

1.64493406685 

1.202056Y03 16 

1.08232323371 

1.03692775514 

1 .O 1 734336 198 

0.14393642?08 

0.53273667097 

0.701812371 17 

I mf( z) 

0.00000000000 

o.oooomooo 

0 . 0 0 0 0 ~ 3  

o.ooooooooooo 

Q.00000000000 

0.00000000000 

0.00000000000 

4 . 7  220997 43 5 3 

4.3788965 1343 

0.23 103800839 
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V 
c 1 3  
C n l  
i 3 1  
c 4 3  
C 5 1  
C 6 3  
c 7 3  

V 

0 
c 1 3  
i 2 3  
c 3 3  
c 4 1  
C 5 3  

0 
c 1 3  
c 2 3  c 3 3  
c 4 3  
c 53 
C63 

v 
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Abstract 

Analy t ica l  and Numerical Solut ion for  a So l i d i f y ing  

L iqu id  A l l oy  Slab 

bY 

Basi l  N. Antar  
Associate Professor 

Univers i ty  o f  Tennessee Space I n s t i t u t e  

Numerical and ana ly t i ca l  so lu t ions are presented f o r  the temper? l u r e  
and concentration d i s t r i bu t i ons  during the s o l i d i f i c a t i o n  of a i i na ry  
l i q u i d  a l l o y  slab. The s lab i s  taken t o  be o f  a f i n i t e  depth but i n -  
f i n i t e  i n  the hor izonta l  d i rect ion.  The s o l i d i f i c a t i o n  process i s  
s ta r ted  by withdrawing a f i x e d  amount o f  heat from the lower surface 
o f  the  slab. The upper surface o f  the s lab i s  subjected t o  both 
rad ia t ion  and convective condit ions. The so lu t ion  gives the  concen- 
t r a t i o n  and temperature p r o f i l e s  and the  in ter face pos i t i on  as a 
funct ion o f  time. Due t o  the smallness o f  the  mass d i f f us ion  co- 
e f f i c i e n t  i n  the  sol id, the numerical so lu t ion  method breaks down 
whenever the r a t i o  o f  the d i f f u s i v i t i e s  i n  the  s o l i d  and the l i q u i d  
f a l l s  below a ce r ta in  value. An ana ly t i ca l  method i s  developed which 
gives accurate so lu t ion  f o r  any value o f  the d i f f u s i v i t y  r a t i o .  
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I. Introduction 

The problem of solidification of materials, due to its analytical complexity and its physi- 

cal relevance, have been, and still is receiving considerable attention. An essential feature of the 

solidifleation problem is the presence of a moving boundary between the two phases of the material 

and also the release of latent heat at that interface. The position of the interface as a function of 

time depends both on the two phases adjacent to it and the imposed boundary conditions and must 

be determined as part of the solution to the problem itself. This class of problems is generally known 

as the Stefan problem about which there is a great deal in the literature (e.g. [l] - [4]). 

The simplest analytical problem in this area is the one dimensional solidiflcation by conduction 

in a semi-infinite region. When the material is at a constant initial temper&ure and subject to 

another temperature at the surface, the temperature of both phases may be expressed by functions 

of a similarity variable. The position of the interface is found to be proportional to the square root 

of time. These are the classical solution which may be found in Carslaw and Yeager [I].- Recently 

Tao. [5] and [GI, presented analytical exact solutions of the Stefan problem in a semi-infinite region 

with arbit rarilg prescriSed initial and boundary conditions. In these solutions the temperature was 

expressed in an infinite series of functions and polynomials in the error integral family and the time 

t, while the interface position was redresented by a power series in tf 

When t,he freezing or melting material is an alloy, even a simple binary alloy, the Stefan problem 

is further complicated due to several reasons. First for an alloy the solidiflcation temperature is a 

strong function of the concrntration. The specific functional form of this temperature is given by 

thc solidus curve in the appropriate phase diagram. This complication leads to the inclusion of an 

additional unknown in thc mathematical formulation of the problem. Arother complication arises 

as a consequence of the segregation process in the neighborhood of the interface which usually leads 

to strong concentration gradients. These gradi.:nts could set up a convective motion iI! the liquid 

which has to be accoanted for in any realistic solidiflcation process. 

In addition to it,s relevance to obvious industrial processes, the problem of alloy solidiflcation has 

recently found another important application. A great deal of interest has been generated recently in 

the possibility of proccssing materials in thc! reduced gravity environment of the forthcoming mission 

of Spacelab. The rarigc of possibilities extend from pro xing Iargc crystals of uniform properties to 

maillifact wing mat.crids with unique pi opcrties. Most of those processes involve thc solidiflcation 

I 1 1  - 1 
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of alloys from the liquid state. Due to the nature of these experiments therc exists few data on the 

solidillcations process in these environments. Thus, a greater reliance is being made on accurate 

analyses to aide in the preparation for the solidiflcation in the low gravity environments. 

As outlined above the mathematical description of the solidification of a binary alloy is more 

elaborate and complex than the classical Stefan problem. A known exact solution of the probleni 

exists, [2]. This solution is for a binary alloy in a semi-inftnite region with constant i-.itial and 

boundary conditions. Recently Tao, [7] and [8], had tackled the solidification problems of a biiisry 

alloy in a semi-infinite region with arbitrarily prcscribed initial and boundary conditions. He 

presented exact analytical solution for the constant temperature boundary conditions [7] and t.he 

prescribed heat flux problem [SI. Both of these solutions are not necessarily restricted tg a dilute 

alloy. 

When the region of interest is of flnite dimensions, say a slab, the similarity analysis cannot. be 

used in general and there does not exist a known exact solution for this problem. Boly [9] presented 

a solution for the coupled Stefan problem for a slab of a binary mixture which is valid for a short 

time only. The problem ot a slab is characterised by a solution which is strongly time dependent 

and thus is best resolved through numerical approximation techniques. In this paper, we present the 

solution to  the solidification of a binary mixture fluid slab. We present two methods of solution one 

is purely numerical and another which is an analytical-numerical solutions. We see these solutions 

as an extension of the numerical technique of Meyer [lo]. 

2. Statement of the Problem 

We consider a slab of a binary liquid alloy of thickness, d, which is infinite in the horizontal 

direction. The dab is initially maintained at a uniform liquid temperature TLO and a uiiiform 

liquid concentration of solute CLO. The fleld equations governing both the tcmperature and solute 

concentrations distributions are given by: 

I 1 1  - 2  
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where C and T denote solute concentration and temperature respectively. S(t) IS the interface 

position and p, n and D are the density, thermal diflusivity and solute diff’usivity repectively. Note, 

that in the system (1) we have allowed for the density digerence between the solid and the liquid 

phases. The subscripts s and t! denote the solid and the liquid respectively. These equations are to 

be solved subject to both interface and boundary conditions. At the interface the conservation of 

mass and energy equations imply that 

c. 
where k, k, C and m are the thermal conductivity, the partition coencient, the latent heat and the 

gradient of the solidus line in the phase diagram respectively. Note that condition (2-c) implies 

that the freezing temperature of the alloy is a linear function of concentration which is a gross 

simplifications of the solidus-liquidus curves in the phase diagram. The method of solution employed 

here, however, does not depend on the equations of the solidus liquids curves and a more complicated 

equation may be used. However, there is no loss of generality in using the simple linear relationship 

described in (2 - c). The boundary randitions are the following 

6T 
62 k- = h(T - Ti)? 

8C - = 0, 
62 

at z = 0, and 

a t z = d - ( z - l ) S  e. 

As for the initial conditions, as indicated earlier, the liquid slab will.be taken at a homogeneous 

initial tcmpcraturc and concentration. Then conditions (3a)  and (40) will be applied u n t i l  the 
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temperatue at the lower surface, z = 0, reaches the solidification temperature at the initial 

concentration. After which time equations (1) and (2) will bc applicable. This initial condition 

will bc discussed further in more detail in the next section. 

Before discussing the method of solution it is best to nondimensionalize the equations and the 

boundary conditions. The governing equations and boundary aonditioxis will take the following 

non-dimensionai form: 

and z = 0, and 

60; dS88t  E28; 
8r 8z2 
- - ( R -  l)zK = - 

8e8 8288 -u- -- 
87 8t2 

8 ,  = 0, - MC; = 8; = 8, 

-- - 0  8Cf 
8z 

sc; - = o  
6% 

(4- a )  

(4 - 4 

at z = 1 - ( R -  1) S. Where we have used in the above (T- To), C,, do, do2/na, for the tcmpcrature, 

concentration, length and the time scales respectively. 

The :est of the nondimensional numbers arc deflned by: 

IC = u,/ICt 
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3. The Solution Technique 

In this section we will outline the method of solution to the one-dimensional coupled Stefan 

problem described by equations (4) - (6). The basic approach is a modification of the method of 

Mejer [lo] to the binary system under consideration. Rriefly, this technique flrst discretizes the time 

operator through an implicit finite difference approximation. This discretization will then yield a set 

of ordinary ditfercntial equations at any time level n, which forms a boundary value problem in the 

space variable. Since there are interface c o d m o n o  which need to be satisfled at the location of the 

ihterface, which itself is an unknown of the problem, Meyer used the invariant imbedding technique 

to transform the bondary values into appropriate initial value problems. In the discussion below 

we will ilhstratc how Meyer's technique can be extended to solve for both the temperature and the 

concentrztion fltids. 

J,rt N>O, be an integer and deflne a time step Ar. If a;, etc. denotes ai(nAr,z) etc., for 

n = 0, . . ., N, then an implicit one level approximation of the equations given by (4) yield: 

d2C; 
dz2 -+w- 
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Similsrly the interface condiiiox after discretization will become: 

Wile  the boundary conditions may be written as: 

dCz - = o  
dz 

First it is convenient to split the second order operators in (7) into Brst order cifferedial equations 
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Now since the external boundary conditions (9) are given in a derviative form (Neumann conditions), 

following Meger, [IO] we eho<ise for the solution of Tt, v, Gz, the functional forms given Wow: 

Due to the fact that the interface conditions are written in terms of spatial derivative of both 

the temperature and concent.ration we implement the following solution algorithm. We initially sthr‘: 

with suitable gueses lor br:h the interface position S” and the interface concentration CF (P). 
Then the ixitial value problems for Y & Xz,t, tJ$ and are integrated to determine T;$ and GZ,t 

from (14). These ~ l u e s  for the temperature and concentration gradients are then substituted into 

the interface conditions (8). S i c e  the original guesses on S” and CF (S”) are not exact, conditions 

(8) will Itad to  an error, which may be used to obtain a better guess on So and (SR). This process 

is repeated several times until1 the error in (8) falls below a certaintoletancsdue. At this point 

the process is stopped and the converged values of the temperature and concentration gradieuts and 

the values fc- S” and C;( (Sn) are used to calculate the concentration and temperature profiles, at 

the time step, by solring the following initial value problems: 

(15 - ai 

(15 - b )  

with the fcllowing initial conditions applied at the interface: 

c;(s”) = kC?(S”) (15 - d )  

To continue the solution process to the next time step, new initial guesses for S”+’ and C;+’ 
(Sn+l) arc chosen and thr process described above is repea’Yed. This prom is repeated several times 

until1 the liquid slab is solidified completely. 
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3A - Numerical Solution 

The solution algorithm described above can be implemented in a straight forward manner 

through numerical approximation. Thus, for the initial value problems described in the Appendix a 

€xed step Runge - Kutta - Fehlberg integrator was used. Approximately 50 equal steps were used 

throughout the *range and whenever necessary. a linear interpolstions scheme was used to determine 

the variable d u e s  within each integration step. To achieve convergence on the interface position, 

SR, and concentration. (P), a Neton-Raphson integration process was used. It was found that if 

the values of the ronverged previous time step were used as the initial guess convergence was achieved 

within three to four iterations. The h a l  temperature and concentrations profiles were obtained by 

integrating the initial value problem (15) again using a Runge - Kutta - Fehlberg integrator. 

3B - Anddid Solution 

The above described numerical solution algorithm was found to work adequately as long as 

P,,  was above the numerical integration 

process failed. The fact may be easilv understood upon inspecting equation (7-d). This equation 

is a second order linear ditTerential equation which is inhomogeneous. 'The homogeneous solution 

to this equation comprise of two linearly independent functions of the form exp (-(P,Am$ and 

exp (fcAzrc)t. However when z is of the order 1, the growing part of the solution fai dominates 

the decaying part as long as Po is very small. This problem is uswlly encountered with stiff linear 

differential equat+s. 

However when the values Ps dropped below 

In order to Overcome the difficulty discussed above, the solution to the initial value problems 

gimn in the Appendix were produced analytically in a closed form. These solutions are given in the 

Appendix. 



Appendix 
ORIuNAL PAGE 19 
OF Cy :Q QUALITY 

In here we will deriw both the equations which are needed for the descriptions of the temperature 

and concentrations gradients and their solutions. The various functions that make up the gradients 

are Y.,c Xe,c, Ue,t and V& where we have dropped the superscript n for convenience here. These 

functions arc solutions to the following initial value problems. 

Ydl- ( R  - 1)s") = -& 

Xl(1 - ( R -  1)P) = -&e 

UL(1- (R  - 1)P) = 0 

Vd1- ( R  - l)Sn) = 0 

X,(O) = - Bl/K 

V,(O) = 0 ( A -  7) 

C,.-1 -- - -&V, - - 
nP,Ar 

dv, 
dz 

Equations (A-1) - (A-8) Kcre initially solved numerically using a Runge-Kutta initial value 

integrator. However, some dimculties were encountered whenever the value of PI fell below say, 

f8 = IO-? It i s  possible, however, tc integrate these equations in an analytical closed form. Using 
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thc variation of parameters technique, the solutions to these equations are the following: 

where 

21 = 1 - ( R  - 1 ) s n  

X = (tcA7)t 

1 
c v, = -tanh(t/c) 
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H Y D R O G E N  I G N I T I O N  F O K  L A S E K  P R O P U L S I O N  

Raymond F. Askew 
P r o f e s s o r  of P h y s i c s  

A u b u r n  U n i v e r s i t y  
A u b u r n ,  A labama  

ABSTRACT 

E x p e r i m e n t a l  s t u d i e s  of t h e  b r e a k d o w n  of  h y d r o g e n  by 
p u l s e d  C O P  l a s e r  r a d i a t i o n ,  f i r s t  b e g u n  i n  t h e  summer o f  
1982,  h a v e  b e e n  c o n c l u d e d .  T h e s e  s t u d i e s ,  i n t e n d e d  t o  
d e t e r m i n e  i f  r e l i a b l e  i g n i t i o n  o f  h y d r o g e n  c o u l d  b e  
a c h i e v e d  in t h e  p r e s s u r e  r a n g e  of 0.5 t o  3.0 a t m o s p h e r e s ,  
were c a r r i e d  o u t  u s i n g  a n o m i n a l  100 n a n o s e c o n d ,  6 j o u l e  
C O  TEA l a s e r  p u l s e .  S t r e a k  a n d  f r a m i n g  p h o t o g r a p h y ,  
t o p e  t h e  r w i  t h s p e  c t r o s c o p  i c t e chi: -i q u e  s a n d  e n e  r g y mea s u r i n g  
d e v i c e s ,  were u s e d  t o  d e t e r m i n e  s p a t i a l  a n d  t e m p o r a l  
b e h a v i o r  of t h e  p l a s m a  s i z e ,  s h a p e ,  v e l o c i t y ,  t e m p e r a t u r e ,  
e l e c t r o n  d e n s i t y  a n d  a b s o r p t i o n .  R e l i a b l e  i g n i t i o n  h a s  
b e e n  a c h i e v e d  w i t h  r e p r o d u c i b l e  p l a sma  b e h a v i o r .  
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I N T R O D U C T I O N  

Laser  p r o p u l s i o n ,  a s  a c o n c e p t  w h e r e b y  e n e r g y  w o u l d  be  
d i r e c t e d  f r o m  9 r e m o t e  s t a t i o n  by means  o f  a l a s e r  t o  a 
s p a c e  v e h i c l e ,  was e a r l y  d e s c r i b e d  by  K a n t r o w i t z  ( 1 ) .  One 
s y s t e m  p r o p o s e d  t o  u t i l i z e  t h i s  c o n c e p t  i n v o l v e s  t h e  
a b s o r p t i o n  of  t h e  beam e n e r g y  b y  a r e l a t i v e l y  s t a b l e  p l a s m a  
o n b o a r d  t h e  sp-ice v e h i c l e .  This r e q u i r e s  t h e  r e m o t e  
i n i t i a t i o n  o f  t h e  p l a s m a  a n d  i t s  s t a b i l i z a t i o n .  S u c h  
i n i t i a t i o n  can b e  a c c o m p l i s h e d  u s i n g  a f o c u s e d  l a s e r  
p u l s e  ( 2 ) ,  ( 3 )  p r o v i d e d  t h e  power  d e n s i t y  e x c e e d s  some 
c r i t i c a l  l i m i t .  H o w e v e r ,  t h e  p l a s m a  s o  f o r m e d  h a s  b e e n  
o b s e r v e d  t o  move i m m e d i a t e l y  t o w a r d  t h e  l a s e r  s o u r c e  (4), 
( 5 ) .  T h i s  m o t i o n  h a s  r e c e n t l y  b e e n  s t u d i e d  i n  c o n s i d e r a b l e  
d e t a i l  f o r  a i r  ( 6 ) ,  y i e l d i n g  e a r l y  t i m e  b e h a v i o r  of  t h e  
p l a s m a .  

O B J E C T I V E  

P r e v i o u s  work  ( 6 )  o n  t h e  e a r l y  t ime b e h a v i o r  o f  t h e  
p l a s m a  p r o d u c e d  i n  a i r  by a f o c u s e d  p u l s e d  l a s e r  r e s u l t e d  
i n  a r e l i a b l e  s y s t e m  f o r  t h e  i n i t i a t i o n  of a r e p r o d u c i b l e  
p l a s m a .  S t r e a k  a n d  f r a m i n g  p h o t o g r a p h s  of  t h e  e a r l y  t i m e  
d e v e l o p m e n t  p r o v i d e d  d e t a i l e d  i n f o r m a t i o n  o n  t h e  g e n e r a l  
s t r u c t u r e  a n d  p r o p a g a t i o n  s p e e d s  of  t h e  r a d i a t i n g  f r o n t  i n  
a i r .  The c u r r e n t  w o r k  h a s  e x p a n d e d  t h e  d i a g n o s t i c s  a f  t h e  
p r e v i o u s l y a e v e l o p e d  s y s t e m  t o  p e r m i t  e a r l y  t ime 
m e a s u r e m e n t s  o f  t h e  t e m p o r a l  a n d  s p a t i a l  b e h a v i o r  o f  t h e  
p l a s m a  t e m p e r a t u r e  by s p e c t r o s c o p i c  m e a n s ,  t h e  m e a s u r e m e n t  
o f  t h r e s h o l d  power d e n s i t y  f o r  c r e a t i n g  a p l a s m a ,  a n d  t h e  
a b s o r p t i o n  o f  t h e  l a s e r  beam power  by  t h e  p l a s m a .  

The o b j e c t i v e  o f  t h i s  w o r k  was t o  a p p l y  t h e  s y s t e m  
d e s c r i b e d  a b o v e  t o  t h e  s t u d y  of l a s e r - i n d u c e d  p l a s m a s  i n  
p u r e  h y d r o g e n  o v e r  a r a n g e  o f  p r e s s u r e s  a p p l i c a b l e  t o  t h e  
l a s e r  p r o p u l s i o n  c o n c e p t .  The r e s u l t s  w o u l d  b e  u s e d  t o  
d e t e r n i n e  t h o s e  c o n d i t i o n s  o f  o p e r a t i o n  w h i c h  s h o u l d  l e a d  
t o  a s t a b l e  s t e a d y - s t a t e  p l a s m a  i n  t h e  l a s e r  p r o p u l s i o n  
c o n f i g u r a t i o n .  
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E X P E R I M E N T A L  A R R A N G E M E N T  

A b l o c k  d i a g r a m  o f  t h e  e x p e r i m e n t a l  s y s t e m  is shown i n  
F i g u r e  1. A L u m o n i c s  Mode l  203 T r a n s v e r s e  E x c i t e d  
A t m o s p h e r i c  (TEA) c a r b o n  d i o x i d e  p u l s e d  l a s e r  h a v i n g  a beam 
d i v e r g e n c e  o f  0.1, m i l l i r a d i a n  h a l f - a n g l e  was u s e d  a s  t h e  
e n e r g y  s o u r c e .  F i g u r e  2 s h o w s  t h e  t ime  d e p e n d e n c e  o f  a 
t y p i c a l  p u l s e  f r o m  t h e  TEA l a s e r  when o p e r a t e d  a t  4 0  KV a s  
r e c o r d e d  b y  a R o l f i n  Model  7 4 1 0  p h o t o n  d r a g  d e t e c t o r .  Mode 
l o c k i n g  i s  c l e a r l y  e v i d e n t  i n  t h e  p u l s e  s h a p e .  The o v e r a l l  
p u l s e  d u r a t i o n  i s  a p p r o x i - a t e l y  100  n a n o s e c o n d s  w i t h  a r i s e  
t ime t o  t h e  maximum o f  t h e  e n v e l o p e  d e f i n e d  by t h e  mode 
l o c k i n g  p e a k s  o f  a p p r o x i m a t e l y  30 n a n o s e c o n d s .  T o t a l  
e n e r g y  i n  t h e  l a s e r  p u l s e  was m e a s u r e d  u s i n g  a S c i e n t e c h  
M o d e l  3 6 4  c a l o r i m e t e r  a n d  was d e t e r m i n e d  t p  b e ,  o n  a v e r a g e ,  
5 . 8  j o u l e s .  

The p l a s m a  t o  b e  s t u d i e d  was c r e a t e d  w i t h i n  t h e  
a l u m i n u m  t e s t  c h a m b e r  shown .  The c h a m b e r  was e v a c u a t e d  
t h e n  b a c k f i l l e d  w i t h  h i g h  p u r i t y  h y d r o g e n  t o  t h e  d e s i r e d  
p r e s s u r e .  The T E A  l a s e r  was f i r e d  w i t h  t h e  beam t r a v e r s i n g  
t h e  p a t h  i n d i c a t e d  i n  F i g u r e  1 .  To c o n t r o l  t h e  t o t a l  
e n e r g y  r e a c h i n g  t h e  c h a m b e r ,  c a l i b r a t e d  a t t e n u a t o i s  were 
i n s e r t e d  i n  t h e  beam p a t h .  A s o d i u m  c h l o r i d e  f l a t  was 
i n s e r t e d  a s  a beam s p l i t t e r  t o  s a m p l e  t h e  beam by u s e  o f  
t h e  l o w e r  p h o t o n  d r a g  d e t e c t o r .  The r e m a i n i n g  beam was 
t h e n  f o c u s e d  to a p o i n t  w i t h i n  t h e  t e s t  c h a m b e r  l o c a t e d  a t  
t h e  l e v e l  o f  t h e  q u a r t z  v i e w i n g  w i n d o w s .  A s e c o n d  l e n s  was 
p l a c e d  b e y o n d  t h e  c h a m b e -  t o  c o l l e c t  t h a t  p o r t i o n  o f  t h e  
l a se r  beam w h i c h  was t r a i I o m i t t e d  t h r o u g h  t h e  c h a m b e r  a n d  t o  
f o c u s  i t  o n t o  a s e c o n d  p h o t o n  d r a g  d e t e c t o r .  

The v i e w i n g  windows  were 6 m i l l i m e t e r  (mm) t h i c k  
q u a r t z  f l a t s ,  e a c h  h a v i n g  a f i v e  c e n t i m e t e r  ( c m )  d i a m e t e r  
v i e w i n g  a p e r t u r e .  The N a C l  w indows  were 3.8 cm t h i c k .  The 
f o c u s i n g  l e n s  f o r  t h e  m a i n  beam i n t o  t h e  c h a m b e r  h a d  a 
f o c a l  l e n g t h  o f  30 c m .  The l e n s  u s e d  t o  f o c u s  t h e  
t r a n s m i t t e d  beam o n t o  t h e  u p p e r  p h o t o n  d r a g  d e t e c t o r  h a d  a 
f o c a l  l e n g t h  o f  2 5  cm. The l e n s  u s e d  t o  f o c u s  t h e  i n p u t  
beam s a m p l e  o n t o  t h e  f i r s t  p h o t o n  d r a g  d e t e c t o r  h a d  a f o c a l  
l e n g t h  o f  10 cm. 

P o l y e t h y l e n e  was u s e d  f o r  a t t e n u a t i o n ,  b o t h  fo :  
p r i m a r y  beam e n e r g y  c o n t r o l ,  a n d  t o  i n s u r e  n o n - s a t u r a t i o n  
o f  t h e  p h o t o n  d r a g  d e t e c t o r s .  E x p e r i m e n t s  were p e r f o r m e d  
t o  d i r e c t l y  m e a s u r e  t h e  e f f e c t  o f  t h e  p o l y e t h y l e n e  
a t t e n u a t o r s  o n  t h e  beam p a t t e r n .  No e f f e c t  was f o u n d .  
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RESULTS 

The r e s u l t s  a r e  d i v i d e d  into f o u r  s e p a r a t e  c a t e g o r i e s  
as  f o l l o w s :  ( I )  s p a t i a l  a n d  t e m p o r a l  d e v e l o p m e n t  o f  
p l a s m o i d s ,  (ii) l aser  power d e n s i t y  r e q u i r e d  t o  a c h i e v e  
h y d r o g e n  b reakdown ( t h r e e h o l d )  a s  a f u n c t i o n  of p r e s s u r e ,  
( i i i)  a b s o r p t i o n  of l aser  e n e r g y  by  h y d r o g e n  a s  a f u n c t i o n  
? f  p r e s s u r e  I - ’  beam power d e n s i t y ,  a n d  ( i v )  s p a t i a l  a n d  
t e m p o r s l  t e i ,  - - e t u t e  m e a s u r e m e n t s .  

P r e v i o u s  work ( 6 )  h a s  r e p o r t e d  i n  considerable d e t a i l  
l aser  i n i t i a t e d  p l a s a o i d  d e v e l o y r i e n t  a n d  m o t i o n  a t  o n e  
a t m o s p h e r e  p r e s s u r e  in a i r .  F i g u r e s  3, 4, 5 ,  a n d  6 show 
s t r e a k  a n d  f r a m i n g  p h o t o g r a p h s  o f  p l a s m a  d e v e l o p m e n t  i n  
h y d r o g e n  a t  0 . 5 ,  1.0, 2.0,  a n d  3.0 a t m o s p h e r e s  p r e s s u r e .  
Each of  t h e  f r a m i n g  p h o t o g r a p h s  r e p r e s e n t  a s e q u e n c e  o f  
t h r e e  e x p o s u r e s ,  r e a d i n g  i n  t i n e  f r o m  t o p  t o  bo t tom.  The 
e x p o s u r e  o f  e a c h  f r a m e  is tor 20 n s  w i t h  a n  i n n e r f r a m e  
d e l a y  o f  50 as .  F o r  t h e s e  p h o t o g r a p h s ,  t h e  f o c a l  p o i n t  is 
t o  t h e  l e f t  w i t h  t h e  l a s e r  s o u r c e  b e i n g  l o c a t e d  t o  t h e  
r i g h t .  Pot t h e  s t r e a k  p h o t o g r a p h s ,  t i m e  i n c r e a s e s  f r o m  t o p  
t o  b o t t o m  w i t h  a f u l l  s t r e a k  t i m e  of  200 n s .  The f o c a l  
p o i n t  is l o c a t e d  t o  t h e  l e f t  w i t h  t h e  laser  s o u r c e  at t h e  
r i g h t .  The s p a t i a l  d i m e c s i o n s  shown a r e  a p p r o x i m a t e l y  
twice  t h e  a c t u a l  l e n g t h s ,  t h a s  t h e  t o t a l  l e n g t h  of p l a s m a  
o b s e r v e d  i6 a p p r o x i m a t e l y  o n e  cm. 

It is c lea r  f r o m  F i g u r e  3 t h a t  t h e  p l a s m o i d s  d e v e l o p e d  
a t  0 .5  a tmoRphere  move o n l y  s l i g h t l y  f r o m  t h e i r  o r i g i n a l  
l o c a t i o n s .  A l l  p l a s m o i d s  a p p e a r  w i t h i n  a 70 n s  p e r i o d  a n d  
have  r a d , a t e d  away mos t  o f  t h e i r  e n e r g y  w i t h i n  70 n s .  
T h e r e  a p p e a r s  t o  be no  r a d i a t f o t l  c o u p l i n g  b e t w e e a  d i s t i n c t  
p l a s m o i d s .  

F i g u r e  4 s t o w s  a s t r e a k  p h o t o g r a p h  v e r y  s imi l a r  t o  
t h o s e  p r e v i o u s l y  y e p o r t e d  f o r  a i r  a t  o n e  a t m o s p h e r e  
p r e s s u r e .  P l a s m o i d s  are  c l e a r l y  s e e n  i n  t h e  f r a m i n g  
p i c t u r e s  a n d  t h e s e  a r e  s e e n  t o  be f u l l y  fo rmed  w i t h i n  70 
ns, w i t h  most of  t h e  e n e r g y  d i s s i p a t e d  d t h i n  100 cs. The 
p l a s m o i d s  move upbeam a t  a maximum s p e e a  o f  a p p r o x i m a t e l y  
5 0 , 0 0 0  a d s .  
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F i g u r e  5 p r o v i d e s  s t r e a k  a n d  f r a m i n g  p h o t o g r a p h s  
h a v i n g  c o n s i d e r a b l e  s t r u c t u r e s .  P l a s m o i d s  a p p e a r  t o  be  
c r e a t e d  s e p a r a t e l y  a t  t imes,  e a c h  moving w i t h  i t s  own s p e e d  
upbeam. I n  o t h e r  cases ,  t h e r e  i s  s t r o n g  r a d i a t i v e  
i n t e r a c t i o n  b e t w e e n  p l a s r n o i d s .  A g a i n ,  o n s e t  o f  t h e  i n i t i a l  
s p a r k  t o  f u l l  d e v e l o p m e n t  o f  t h e  t o t a l  p l a s m a  o c c u r s  i n  
l ess  t h a n  70 n s .  Also s p e e d s  of i n d i v i d u a l  p l a s m o i d s  a r e  
r e l a t i v e l y  s l o w ,  w i t h  t h e  u p p e r  l i m i t  b e i n g  a p p r o x i m a t e l y  
75,000 m l s .  

The i m z g e s  shown i n  F i g u r e  6 a p p e a r  t o  b e  more o f t e n  
l i k e  t h o s e  a t  0.5 a t m o s p h e r e  t h a n  a n y  o t h e r  shown a b o v e .  
I n d i v i d u a l  p l a s m o i d s  a p p e a r  t o  d o m i n a t e  t h e  p l a s m a  
d e v e l o p m e n t .  However,  t h e s e  p l a s m o i d s  d o  a p p e a r  t o  move 
q u i t e  r a p i d l y  s h o r t l y  a f t e r  c r e a t i o n  f o r  a d i s t a n c e  of 
a b o u t  o n e  t o  two m i l l i m e t e r s ,  t h e n  q u i c k l y  come t o  res t  
w h i l e  r a d i a t i n g  away t h e i r  e n e r g y .  

I n  o r d e r  t o  d e t e r m i n e  t h e  power d e n s i t y  r e q u i r e d  t o  
a c h i e v e  t h r e s h o l d  (b reakdown of t h e  gas w i t h  t h e  f o r m a t i o n  
of a r a d i a t i n g  p l a s m a ) ,  a d e t e r m i n a t i o n  o f  t h e  f o c a l  s p o t  
s i z e  was r e q u i r e d .  This was c a l c u l a t e d  t o  be t h e  
d i f f r a c t i o n  l i m i t  a s s u m i n g  t h e  beam i n t e n s i t y  t o  be u n i f o r m  
a c r o s s  t h e  beam area .  A l t h o u g h  b u r n  p a t t e r n s  o n  t h e r m a l l y  
s e n s i t i v e  f i l m  shcw t h i s  n o t  t o  be  p r e c i s e l y  t h e  case ,  i t  
i s  r e a s o n a b l y - g l o 9 e .  The c a l c u l a t e d  f o c a l  area was f o u n d  
t o  be 3.97X10 c m  . I n  a d d i t i o n  t o  some s p a t i a l  s t r u c t u r e ,  
t h e  l a s e r  p u l s e  u s e d  i n  t h i s  s t u d y  shows c o n s i d e r a b l e  
t e m p o r a l  s t r u c t u r e ,  t h i s  b e i n g  d u e  t o  mode l o c k i n g  a s  
e a r l i e r  shown i n  F i g u r e  2. 

A S  3 f i r s t  a p p r o a c h  t o  e s t a b l i s h i n g  a t h r e s h o l d  f o r  
h y d r o g e n ,  t h e  power d e n s i t y  o v e r  t h e  f o c a l  a rea  was t a k e n  
t o  be t h e  t o t a l  e n e r g y  i n c i d e n t  f r o m  t h e  l a s e r  d u r i n g  t h e  
p u l s e  d i v i d e d  by t h e  p e r i o d  of  t h e  l a s e r  p u l s e ,  d i s t r i b u t e d  
u n i f o r m l y  o v e r  t h e  f o c a l  a rea .  U s i n g  t h e  p r e v i o u s l y  n o t e d  
l a s e r  p u l s e  p e r i o d  o f  100 n s  a n d  t h e  e n e r g y  f r o m  p h o t o n  
d r a g  d e t e c t o r  m e a s u r e m e n t s ,  d a t a  were a n a l y z e d  a n d  
F i g u r e  7 shows a p l o t  o f  t h r e s h o l d  power d e n s i t y  a s  a 
f u n c t i o n  of h y d r o g e n  p r e s s u r e  f o r  t h r e e  s e p a r a t e  
m e a s u r e m e n t s  a t  e a c h  p r e s s u r e .  Some s c a t t e r  is n o t e d  i n  
t h e s e  r e s u l t s ,  p a r t i c u l a r l y  a t  t h e  l o w e s t  p r e s s u r e .  Even 
s o ,  t h e  g e n e r a l  r e s u l t  a t  0.5 a t m o s p h e r e  d e v i a t e s  m a r k e d l y  
f r o m  wha t  one  would e x p e c t  s o l e l y  f r o m  a n  e l e c t r o n  c a s c a d e  
model of  breakdown.  
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A b s o r p t i o n  m e a s u r e m e n t s  were made by  c o m p a r i n g  t h e  
e n e r g y  r e c e i v e d  by t h e  u p p e r  p h o t o n  d r a g  d e t e c t o r  
( t r a n s m i t t e d )  t o  t h a t  m e a s u r e d  by  t h e  lower p h o t o n  d r a g  
d e t e c t o r  ( i n c i d e n t ) .  E a c h  m e a s u r e m e n t  w a s  c o r r e c t e d  f o r  
a t t e n u a t i o n  a n d  r e f l e c t i o n s .  A r a t i o  was t a k e n  of t h e  
p o w e r  d e n s i t y  p a s s i n g  t h r o u g h  t h e  f o c a l  v o l u m e  t o  t h a t  
i n c i d e n t  u p o n  t h e  f o c a l  v o l u m e .  T h i s  was d o n e  f o r  e a c h  o f  
t h e  f o u r  p r e s s u r e s  p r e v i o u s l y  i n d i c a t e d .  T h e s e  r e s u l t 6  a r e  
p l o t t e d  i n  F i g u r e  8 .  I t  is c l e a r  t h a t  t h e  t r a n s i t i o i i  
b e t w e e n  b r e a k d o w n  o f  c h e  h y d r o g e n  i n t o  a p l a s m a  a n d  n o  
b r e a k d o w n  i s  r e a s o n a b l y  w e l l  d e f i n e d  f o r  e a c h  p r e s s u r e .  
T h e s e  power  d e n s i t i e s  a r e  i n d i c a t e d  b y  t h e  d o t t e d  l i n e  on 
e a c h  g r a p h .  F o r  i n c i d e n t  power  d e n s i t i e s  b e l o w  b r e a k d o w n ,  
t r a n s m i s s i o n  is a l w a y s  h i g h  s i n c e  a l l  losses  a r e  d u e  t o  
r e g u l a r  p a t h  l e n g t h  a t t e n u a t i o n  d u e  p r i m a r i l y  t o  
s c a t t e r i n g .  Once t h r e s h o l d  i s  r e a c h e d ,  more  o f  t h e  
i n c i d e n t  e n e r g y  i s  r e m o v e d  d u e  t o  t h e  p r e s e n c e  of t h e  
i o n i z e d  s p e c i e s  a n d  f r e e  e l e c t r o n s .  A s  t h e  power  d e n s i t y  
i n c r e a s e s ,  t h e  , lumber o f  c h a r g e  c a r r i e r s  i n c r e a s e s ,  t h u s  
p r o d u c i n g  more  a b s o r p t i o n .  
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The r e s u l t s  o b t a i n e d  a b o v e  were f u r t h e r  s u p p o r t e d  
by m e a s u r i n g  t h e  r e l a t i v e  t r a n s m i s s i o n  as  a f u n c t i o n  o f  
time f o r  a s i n g l e  l a s e r  p u l s e  f o r  two s e p a r a t e  c a s e s  a t  t h e  
same p r e s s u r e  w h e r e  b r e a k d o w n  o c c u r r e d  i n  e a c h  case .  
F i g u r e  9 a  s h o w s  t h e  t r a n s m i s s i o n  when t h e  power  d e n s i t y  is 
o n l y  s l i g h t l y  a b o v e  t h r e s h o l d .  F i g u r e  9 b  s h o w s  t h e  
r e s p o n s e  f o r  a power  d e n s i t y  c o n s i d e r a b l y  a b o v e  t h r e s h o l d .  

T h e s e  f i g u r e s  show t h a t  t h e  e a r l y  t i m e  mode s p i k e  
p r o d u c e s  low t r a n s m i s s i o n  f o r  t h e  ca se  n e 3 r  t h r e s h o l d ,  
w h e r e  maximum e n e r g y  i s  a b s o r b e d  i n  f o r m i n g  t h e  f i r s t  
p l a s m o i d  a t  t h e  f o c a l  v o l u m e .  A s  t h e  f i r s t  s p i k e  
d i m i n i s h e s ,  t h e  p o w e r  d e n s i t y  l e v e l  m o m e n t a r i l y  f a l l s  b e l o w  
t h r e s h o l d  a n d  t r a n s m i s s i o n  is i n c r e a s e d .  T h i s  p a t t e r n  
r e p e a t s .  

For t h e  case  shown i n  F i g u r e  9 b ,  t h e  i n i t i a l  mode 
s p i k e  b e h a v e s  i n  much t h e  same m a n n e r  a s  f o r  F i g u r e  9 a .  
However ,  as  t h e  p l a s m a  is f o r m e d  a n d  s u s t a i n e d  by  t h e  
e x c e s s  e n e r g y  r e q u i r e d  f o r  b r e a k d o w n ,  t h e  a b s o r p t i o n  
b e c o m e s  more  n e a r l y  c o n s t a n t .  S m i t h  ( 7 )  h a s  r e p o r t e d  n o  
e f f e c t s  on b r e a k d o w n  o r  t r a n s m i s s i o n  d u e  t o  t h e  s h a p e  o f  
t h e  l a s e r  p u l s e .  I t  w o u l d  a p p e a r  t h e  a b o v e  r e s u l t s  i n  
F i g u r e  9 b  a r e  c o n s i s t e n t  w i t h  t h a t  f i n d i n g .  However ,  f o r  
p o w e r  d e n s i t i e s  n e a r  t h r e s h o l d ,  mode s p i k i n g  is a 
s i g n i f i c a n t  f a c t o r  in t h e  a b s o r p t i o n .  

S p e c t r o s c o p i c  d a t a  a c q u i r e d  u s i n g  p h o t o g r a p h i c  p l a t e s  
were t a k e n  by  i m a g i n g  a l o n g i t u d i n a l  p o r t i o n  of t h e  p l a s m a  
o n t o  t h e  2 mm h i g h  s l i t  o p e n i n g .  T o t a l  l i g h t  i n t e n s i t y  was 
i n s u f f i c i e n t  t o  p e r m i t  p l a t e  r e c o r d i n g  o f  t h e  s p e c t r u m  f o r  
a s i n g l e  s h o t .  T h e r e f o r e ,  100 e x p o s u r e s  were a c c u m u l a t e d  
on e a c h  p l a t e .  A l t h o u g h  s u c h  a p r o c e s s  w i l l  n e c e s s a r i l y  
p r o d u c e  some s p a t i a l  a v e r a g i n g  d u e  t o  s h o t - t o - s h o t  
v a r i a t i o n s  I n  s t r u c t u r e ,  e x a m i n a t i o n  o f  f r a m i n g  a n d  s t r e a k  
pho togw- tphs  o f  h u n d r e d s  o f  s h o t s  u n d e r  t h e  same c o n d i t i o n s  
show g e n e r a l  s h o t - t o - s h o t  s p a t i a l  r e p r o d u c i b i l i t y .  

The r e s u l t i n g  s p e c t r u m  was t h e n  s - a n n e d  
p h o t o m e t r i c a l l y  f r o m  t o p  t o  b o t t o m  t o  d e t e r m i n e  t h e  
v a r i a t i o n  o f  t o t a l  t ime  i n t e g r a t e d  l i g h t  o u t p u t  f r o m  t h e  
p l a s m a  a s  a f u n c t i o n  of a x i a l  p o s i t i o n .  
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o f  Hydrogen as a Function of Average Power Density. 
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F i g u r e  10a s h o w s  t h i s  r e s u l t  a t  3.0 a t m o s p h e r e s  f o r  
H - a l p h a  w h i l e  F i g u r e  1 0 b  s h o w s  t h e  same r e p r e s e n t a t i o n  a t  
3.0 a t m o s p h e r e s  f o r  H-be ta .  O n l y  s l i g h t  s p a t i a l  
v a r i a t i o n s  a r e  s e e n  f o r  a g i v e n  p r e s s u r e .  However ,  t h e  
r e s u l t s  show t h e  e f f e c t  o f  l i n e  b r o a d e n i n g  a s  p r e s s u r e  i s  
i n c r e a s e d  a s  c a n  b e  s e e n  f r o m  t h e  c o r r e s p o n d i n g  l i n e  a t  0 .5  
a t m o s p h e r e .  

The l i n e  p r o f i l e s  o b t a i n e d  f o r  H - a l p h a ,  b e t a ,  gamma, 
a n d  d e l t a  were u s e d  t o g e t h e r  w i t h  t h e  c o n t i n u u m  l e v e l  of 
r a d i a t i o n  a t  t h e s e  w a v e l e n g t h s  t o  c a l c u l a t e  t h e  p l a s m a  
t e m p e r a t u r e  by t a k i n g  t h e  l i n e - t o - c o n t i n u u m  r a t i o .  F o r  
H - a l p h a ,  t h e  c a l c u l a t e d  t e m p e r a t u r e  was 18,00OK, w h i l e  f o r  
e a c h  h i g h e r  f r e q u e n c y ,  t h e  r a t i o s  p r e d i c t e d  s u c c e s s i v e l y  
h i g h e r  t e m p e r a t u r e s .  T h i s  i n d i c a t e s  t h e r m a l  e q u i l i b r i u m  
h a s  n o t  b e e n  a c h i e v e d .  

The p h o t o m u l t i p l i e r  d a t a  f r o m  t h e  s p e c t r o g r a p h  f o r  
e a c h  w a v e l e n g t h  e x a m i n e d  s h o w e d  a n  i n i t i a l  r i s e  i n  l i g h t  
o u t p u t  t o  a maximum o v e r  a p e r i o d  o f  a p p r o x i m a t e l y  200 n s ,  
f o l l o w e d  by a d e c a y  t o  a p p r o x i m a t e l y  30% of t h i s  p e a k  i n  
a n o t h e r  200  n s .  T h i s  r a d i a t i o n  l e v e l  was s u s t a i n e d  f o r  
a p p r o x i m a t e l y  o n e  m i c r o s e c o n d ,  f o l l o w e d  by  a n  e x p o n e n t i a l  
d e c a y  t o  z e r o  i n  a p p r o x i m a t e l y  o n e  m i c r o s e c o n d .  
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Figure  10.  R e l a t i v e  L i n e w i d t h  o f  H-Alpha ( a )  and 
H-Beta ( b )  a t  3 . 0  Atmospheres Scanned a t  Three 
S p a t i a l  L o c a t i o n s  W i t h i n  t h e  Plasma. C o m -  
par iaon  l e  Shown t o  a Center  Scan o f  Each Line 
a t  0 . 5  Atmosphere P r e s s u r e .  
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A l t h o u g h  t h e  o b j e c t  o f  d e f i n i n g  t h e  e a r l y  t ime 
v e l o p m e n t  of a l a s e r  s p a r k  p l a s m a  i n  h y d r o g e n  h a s  b e e n  
c o m p l i s h e d ,  t h e  m a r k e d  d i f f e r e n c e s  b e t w e e n  h y d r o g e n  a n d  

a i r  w e r e  u n e x p e c t e d .  The p r o c e s s e s  i n v o l v e d  i n  s t a b i l i z i n g  
t h e s e  p l a s m o i d s  a r e  n o t  y e t  u n d e r s t o o d  a n d  a d d i t i o n a l  
d e t a i l e d  e x p e r i m e n t a l  s t u d i e s  a n d  a n a l y s e s  a r e  r e q u i r e d  
b e f o r e  a f u n d a m e n t a l  e x p l a n a t i o n  w i l l  b e  o b t a i n e d .  

Laser  s p a r k  t h r e s h o l d s  i n  h y d r o g e n  as  a f u n c t i o n  of 
p r e s s u r e  b e h a v e d  a s  w o u l d  b e  e x p e c t e d  f o r  a n  e l e c t r o n  
c a s c a d e  p r o c e s s  e x c e p t  f o r  t h e  a n o m a l y  a t  0.5 a t m o s p h e r e .  
A l t h o u g h  t h e  v a l u e s  o b t a i n e d  were c a l c u l a t e d  as  t i m e  
a v e r a g e s  f o r  s p e c i f i c  a s s u m p t i o n s ,  t h e  r e s u l t s  a r e  d i r e c t l y  
u s a b l e  f o r  t h e  s p e c i f i e d  s y s t e m .  F o r  o t h e r  s:dtems, 
p a r t i - u l , s r l y  f o r  non-mode l o c k e d  l a s e r s  a n d  f o r  l a s e r s  w i t h  
d i i * - e 9 - t  -11: c-.am p a t t e r n s ,  t h e  r e p o r t e d  n u m b e r s  l a y  n o t  be 
u s a b l c -  I n  a d d i t i o n ,  d e t a i l e d  a t t e n t i o n  s h o u l d  b e  g i v e n  t o  
t h e  t e m p o r a l  s t r u c t u r e  o f  t h e  l a s e r  p u l s e  t o  a s c e r c a i n  
w h i c h  p a r a m e t e r  o r  p a r a m e t e r s  c o n t r o l  b r e a k d o w n :  t e m p o r a l  
a v e r a g e  p o w e r  d e n s i t y ,  s p a t i a l  a v e r a g e  p o w e r  d e n s i t y ,  o r  
p e a k  power  d e n s i t y .  

A b s o r p t i o n  d a t a  seem c o n c l u s i v e  i n  t h a t  a h i g : . e r  
p e r c e n t a g e  of  i n c i d e n t  power  is a b s o r b e d  a s  t h e  i n c i d e n t  
power  . . eve1  is i n c r e a s e d .  T h e r e  a p p e a r s  t o  b e  n o  
s i g n i f i c a n t  p r e s s u r e  d e p e n d e n c e  up t o  t h r e e  a t m o s p h e r e s .  
T h i s  e f f e c t  was o b s e r v e d  n o t  o n l y  f o r  t o t a l  p u l s e  e n e r g y ,  
b u t  also f o r  t h e  mode s p i k e s  of t h e  l a s e r .  

The s p e c t r o s c o p i c  r e s u l t s  i n d i c a t e  o n l y  t h a t  t h e  e a r l y  
t ime  ~ ~ l a s m a  i s  n o t  i n  l o c a l  t h e r m a l  e q u i l i b r i u m ,  e v e n  
w i t h i r z  l o c a l  p l a s m o i d s .  
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ABSTRACT 

A PRELIMINARY SURVEY OF PLANKTON AND PERIPHYTON IN THE TURN BARGE CANAL 

AW BASIN AREA OF KENNEDY SPACE CENTER, FLA. 

by 
Grover D. Barnes 

1983 ASEEINASA Sununer Faculty Fellow 
with 

C. Ross Hlnkle 
and 

Carlton Hall 
6 i O - 2  

BIONETICS 
Kennedy Space Center, Fla 32899 

This project is a preliminary survey of plankton and periphyton in the Turn 
Barge Canal and Basin area of Kennedy Space Center, Fla. 32899,during the 
suumer of 1983. The study initiates a long range monitoring program for 
the Kennedy Space Center. 

Various steps are necessary to implement the plankton and periphyton study. 
Intervisitation with members of Bionetics is necessary to initiate the 
sampling program. 
are collected and identified for the study. 
the Department of Environmental Engineering, Brevard County Courthouse, 
will be visited to identify past plankton and periphyton projects on the 
Kennedy Space Center. A computer search in Oceanic and Water Resources 
Abstracts is made to determine prior investigations in the area included 
in this project. A statistical design will be selected to analyze data 
from the research project. Three samplinq stations are to be identified 
for collecting plankton saqles and samples will be collected biweekly 
from 22 June 1983 t o  4 August 1983. An assessment will be made of plankton 
groups from the sampling stations. 

Collection and identification of supplies and equipment 
Harbor Branch Consortium and 
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INTRODUCTION 

The Role of Kennedy Space Center 

The primary r o l e  of Kennedy Space Center (KSC) i n c l u d e s  t h e  

launching oE v e h i c l e s  i n t o  o u t e r  space using chemically fue led  

rocke ts  from Launch Pads 39A and 39B. The t o t a l  land area for  KSC 

is s l i g h t l y  more than 56,500 h e c t a r e s .  

Descr ip t ions  of Previous .‘?.gal S t u d i e s  

With t h e  except ion of s t u d i e s  conducted by Harbor Branch 

Consortium, F t .  P ie rce ,  F lor ida ,  i n  t h e  Indian River (1973-1975) 

and t h e  F l o r i d a  Department of Natural  Resources a t  Hutchinson 

Is land ,  F lor ida  (1971-1974), no comprehensive a l g a l  surveys have 

been conducted i n  shallow nearshore waters of t h e  At lan t ic  Ocean 

between KSC and S t .  Lucie I n l e t ,  F lor ida .  Conger (1954), s t a t e d  i n  

h i s  h i s t o r i c a l  review of diatom s t u d i e s  of t h e  Gulf of Mexico t h a t ,  

“ the  few s t u d i e s  made have been of somewhat casua l ,  quite l i m i t e d ,  

and l o c a l i z e d  na ture  leav ing  almost t h e  e n t i r e  s h o r e l i n e  and open 

water a r e a s  of t h e  Gulf and F l o r i d a  mmple ts lyunexylored .”  
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Proposed Polygeneration Site and Assessment 

A feasibility study is being done on a polygeneration facility 
(PF) on the Kennedy Space Center (KSC) in Brevard County, k-iorida. 
KSC borders the Indian and Banana Rivers, important estuarine eco- 
systems. 

Extensive surveys for the proposed PF were conducted. Three 
potential sites have been selected. 

The design of the PF facility will utilize a combined cycle coal 
gasification system to produce 12 tons of liquid hydrogenfday. Best 
available control technology will be utilized to limit environmental 
pollution. 

The source of make-up atter is groundwater from the Florida 
aquifer or a mixture of groundwater and treated sewage effluent from 
RSC. If any available technology (Luthy, 1981) is economically 
feasible, no discharge to surface waters will occur. If wastewater 
is eliminated, the effluent will be discharged into the Turning Basin 
or Turn Barge Canal which empties into theBanaa River, a Class 111 
Outstanding Florida Water Stream. Available technology within econo- 
mic restraints-wtll be utilized t o  control air pollution with emissions 
including the removal of sulfur, nitrogen, and particulates. 

Long Term Monitoring Program 

The Long Term Monitoring Program for phytoplankton communities in 
the waters of KSC is -'esigned to allow for the assessment of major trends 
in community product1 ,ty and dynamics through tAme with the ultimate 
goal of developing a numerical model for KSC waters. This program is 
based on a progression of evaluation (systems approach) which will address 
both long term trends and site specific or project specific data needs as 
required for future environmental impact assessments. Estimates of pro- 
ductivity (chlorophyll and biomass) will be made in conjunction with on- 
going long term water quality surveys. 
bcth selected long term and short term project specific stations will be 
utilized to a8sesr phytoplankton community structure, dynamics and diver- 
sity within the varsous aquatic systems present at KSC. Similarly, peri- 
phyton studies will be incorporated as needed to assess potential en- 
vironmental impacts associated with STS operations and specific con- 
struction activities such as the proposed Polygeneration Project. By 
integrating these various tasks during t?ie early years of the long term 
program, the maximum utility of data can be achieved for the identifi- 
cation of unique, c o m n  or otherwise interesting community types and 
distributions at KSC. Because little is currently known about phyto- 
plankton in the KSC region, these data will be instrumental in develop- 
the initial conceptual models of the area and in determining methods 
and techpiques for future long term monitoring. 

Microcosm studies conducted at 
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c1 imat 0 logy 

Both tropical and meteorological phenomena influence the weather at 

KSC. The warm Florida current affects conditions in this area even where 

the Fiorida peninsula moves northwest from this current. 

From May to October, the predominant wind directinn is southeast a- 

round the Bermuda Anticyclone. Almost daily thunderstorms occur and ap- 

proxinately 70 per cent of the average rainfall occurs during this per- 

iod or wet season. The average monthly precipitation is 10 cm. 

Temperatures during the wet season average 2 6 O C  and rarely exceed 

32OC. During the present experiment. (22  June 1983 to August 1983). tem- 

peratures frequently exceeded the upper average temperature. 

Topography 

The general topography of the present study is influenced by a ma- 

rine terrace system formed during t:ie Pleistocene Esoch. 

South barrier beach and dune systems are evident. 

are formed between the dunes and terraces evolve from the plains. 

Banana and Indian Rivers are submerged terraces inundated by brackish 

water. 

by the Silver Bluff marine terrace on the Northeast andPamlico ranrrine 

terrace on the west. The Pamlico and Silver Bluff Terraces are 8 to 11 

A North-to- 

Plains or flatlands 

The 

The KSC area is part of a barrier beach system which I s  bordered 

m and 0 . 9  to 2 . 4  m, respectively in elevation. 
v-7 



The present study included five stations: Station 1 (the mouth 

of the Turn Barge Canal on the Banana River), Station 2 ( near the mid 

point of the Turn Barge Canal), Station 3 (the Turning Basin), Station 4 

(a marsh swale with a predominate growth of saw grass- Cladium 

jamaicensis),and Station 5 (a marsh swale with bunch grass- Spartina 

bakeri) as the predominate grass (Figure 1). Station 1 is included in 

the Long Range Monitoring Program while Stations 2-5 are located near 

a proposed Polygeneratim Site. 

Geology 

KSC was covered repeatedly by the sea during the Eocene Epoch. 

During these fntrusions, limestone formations were exposed to erosion. 

A thick series of sand, silts and clay comprise the existing Oligocene 

and lower Miocene deposits. The top strata influencing this project 

generally consisis of loose to fairly compact fine sands and shelly 

sands. The texture of the silts and clays vary from moderately stiff 

to sof t .  The five general s o i l  associations (Paola-Pomello-Astatula, 

Canaveral - Palm Beach - Welaka, Myakka - Eau Gallie - Immokalee, 
Copeland - W&asso and Sale Water Marsh - Salt Water Swamp Associations) 
at KSC and Cape Canaveral Air Force Station (LCAFS) were conglomerates 

of shell, limesione and sand deposited in the Pleistocene and recent 

eras (Koller, 1978). 
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Dr. Grover D. Barnes 

Outline of the 1983 NASA/ASEE Summer Fellowship Program Objectives 

I. 

11. 

111. 

IV . 

V. 

VI. 

VII. 

Intervisitation with members of Bionetics to implement a 
phytoplankton sampling program in the Turn Barge Canal and 
Basin at Kennedy Space Center. 

Collect and identify equipment and supplies necessary for the 
project. 

Visit Harbor Branch Consortium and the Department of Environ- 
mental Engineering, Brevard County Courthouse,to identify past 
phytoplankton projects on the Banana River. 

Run a computer search in Oceanic and Water Resources Abstracts 
to determine prior investigations in phytoplankton research. 

Select a statistical design to analyze data from the research 
project . 
Identify three sampling stations and collect phytoplankton sam- 
ples biweekly after 22 June 1983. 

Identify phytoplankton groups found in the project sites. 
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BODY OF REPORT --- 

Essentially all of the objectives of the 1983 NASSIASEE Summer 

Fellowship Program were completed. Meetings were held with various 

members of the Environmental Branch (Drs. Ro&Hinkle and Paul Schmalzer, 

David Breininger, Mark Provancha and Jane Provancha) to implement the 

phytoplankton sampling program in the Turn Berge Canal and Turning Basin 

area. 

sources. Harbor Branch Consortium and the Department of Environmental 

Engineering, Brevard County Courthouse, weic visited on 14 June 1983 

and 8 June respectively. No organized studies were conducted in the 

Banana River to identify periphyton or plankton populations. 

search in the Oceanic and Water Resources Abstracts showed no past 

periphyton or plankton experiments in the Banana River area. 

of the objectives are discussed in the Methods 'or Results and Discussion 

sections. 

Equipment and supplies were collected and ordered from various 

A computer 

The rest of 

Met hcd s 

A Completely Randomized Block Design vi11 be used to study analysis 

of variance and correlation of numbxs of organisms and numbers of 

divisions of marsh and estuarine algae. 

each station for sampling replication with treatment levels (Stations) 

and blocks (time). 

Three samples were collected at 
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Periphyton samplers were placed a t  the  s t a t i o n s  on 7 Ju ly  1983. 

Periphyton samples were co l lec ted  using a sampling devise  similar t o  a 

Catherwood Diatometer (Weber, 1973 and EPA, 1978) a t  t h e  f i v e  s t a t i o n s  

(Figure 1) iuit ial?;-  on 22 Ju ly  1983. 

Diatometer was scrape2 from microscope s l i d e s  and preserved i n  12.5% 

methanol. 

a t  s t a t i o n s  one and two respect ively.  The drop method (Prescot t ,  1942) 

and standard techniques (A.P.H.A., 1960) were used t o  count t h e  

organisms. 

Contrast  Microscope. 

Blue M Lab Heat Muffle Furnace and ve r i f i ed  f o r  secondary i d e n t i f i c a t i o n  

using lOOOx magnification. 

Periphyton from the  Catherwood 

Grass s h d q a n d  a Goby were observed grazing on t h e  s l i d e s  

Organisms were enumerated using an Olympus BH-2 Phase 

Diatoms were incinerated f o r  1 h r  a t  1000° F i n  a 

Physical parameters were col lec ted  a t  similar times throughout t h e  

present study (Table 1). Conductivity and s a l i n i t y  were higher  a t  

s t a t i o n s  1-3 (estuar ine water) than s t a t i o n s  4-5 (freshwater marsh 

swales). Temperature was general ly  lower a t  s t a t i o n s  four  and f i v e  due 

t o  shading. Oxygea and pH were lower i n  the  marsh sua ie s  due to a high 

organic content a,?d decaying vegetation. 

and f i v e  could prola'uiy be c l a s s i f i e d  as acid lakes .  

water was brown in t he  swales throughout t he  study. 

s t a t i o n s  were: S t a t ion  one - 3 m, s t a t i o n  two - 0.2 m, s t a t i o n  th ree  - 
0.2 m, btn t ion  f o w  - 0.3 and s t a t i o n  f i v e  - 0.2 E. 

t o  4 August 1483, water l eve l s  dropped approximately 0.6 m a t  s t a t i o n  4 

It appeared t h a t  s t a t i o g s  four 

The color  of t he  

The depth of the  

From 7 Ju ly  1983 
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TABLE I 

SURFACE PHYSICAL DATA FOR THE FIVE STATIOYS 

Conduct l v i  ty Sa 1 in i t y Temperature Oxygen 
Station ( @os) (mg 1-l) ("0 (mg 1-1) pti 

22 June 1983 
1 28600 16.2 29 .O 5.5 7.6. 
2 * 15.8 29.5 5.1 6.4 
3 * 15.1 29.7 5.6 8.6 
4 * * * * * 
5 * * * * * 
7 July 1983 
1 31000 16.0 34.0 7.1 8.8 
2 31000 16.0 32 .O 4.6 8.4 
3 31000 16.5 33.0 7 . 1  8.4 
4 * * 26.0 1.6 5.2 
5 * * * * * 
22 July 1983 
1 34000 18.5 33.0 6.2 9.1 
2 * * * * * * * * * * 
4 120 * 26.0 1.6 5.2 
3 

5 320 * 28.0 2.1 4.1 

4 Aug 1983 
1 33800 18.2 33.0 8.1 5 .O 
2 34000 19.0 34.0 6.3 8.9 
3 38000 18.5 32 .O 6 .1 8.9 

0 27.0 1.6 4.1 
30.1 4 .O 2.8 

4 120 
5 335 ' 1.2 

-- 

* Data not collected 
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and 0.5 m at station f ive .  

moved 4 m south at station four and 20 m north at  stat ion f ive  to 

maintain similar depths. 

at both sites. 

scations four anc? f ive on 22 July 1983 and at  stat ions one, four and five 

on 4 August 1983. 

22 July 1983, the periphyton samplers wece 

VegetP'ion w a s  the same as the previous location 

A strong hydrogen su1.fide odor w a s  detect ibie  at 



Results and Discussion 

Community Composition 

Thirty-seven species of v a i o u s  groups of organisms were 

iden t i f i ed  a t  the sampling s ta t ions :  Cyanophyta (11 species) Chrysophyta 

(14), Chlorophyta (61, Thallopkyta (21, Euglenopbyta (1) , Protozoa (1) , 

Rotifera (1) and Decapoda ( l ) ,  (Table 11). The photosynthetic bacterium 

(Chlorobium sp.), a f r e e  swimming organism, was the  predominate species 

a t  a l l  s t a t ions ,  especial ly  four and f ive.  

su l f ide  w e r e  detected a t  s t a t ions  four and f i v t  and t h i s  organism I s  

High leve ls  of hydrogen 

species spec i f ic  fo r  hydrogen stllf fde. 

i n  other  s tudies  (Czeczuga, 1965; Juday aqd Manning, 1941) and sewage 

oxidations ponds (Godniew and Winberg, 1951). Chromatium sp. is a red 

shotosythet lc  bacterium and was observed a t  s t a t i o n  one. 

apparently was not tolerant  of hydrogen sulfide.  

Chlorobium - sp. w a s  reported 

Chromatium sp. 

Species of algae have been c l a s s i f i ed  according t o  t k c i r  pollu- 

t i ona l  s t a t u s  by Whipple et  al. (1948). 

l i s t e d  as oolysaprobic by Vhfpple and the  former group was col lected 

only i n  s t a t i o n  one and the latter i n  s t a t ion  five.  

Spirulina and Aphanotheca were 

Species col lected 

in the  present study t h a t  were l i s t e d  as mesosaprobic by Whipple were: 

Osc i l la tor ia  sp., Euglena sp. and Navicula radiosa. All three species 

were found only i n  s t a t ion  one, while Osc i l la tor ia  sp. was observed i n  

s t a t i o n  two 3s w e l l .  

-- 

Groups col lected i n  the present study tha t  were 
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T-ABLE 11 

PHYTOPLANKTON, BACTERIA AND Z O O P L A ! ! N  
SPECIES I N  PERIPHYTON AND PLANKTON 

Cy-phyta 
Anabalna subcylindrica F egeli 
Aphanothece stagnina (Spreng) A. Braun 
Caloth~tagnalla Gomont 
Chaetoceros sp. 
Chrococcus pallidw Naegeli 
Cosmarlum sp. 
Oscillatorla amoena Comont 
Oscillatorla nigro-viridis Thwaites 
Phormidium fragile (Me~eghini) Gamont 
Ibbdoderma lineare Schddle 6 Lauterborn 
Splrulina subsalsa Oersted 

Chrysophyta 
Asterionella gracllllii Bassal 
Ragillaria crotouensis Kitton 
Grammatophorcangulosa Ehrenberg 
*OSignur SP. 
Melosirs moei1Iformi.s (Muller) Agardh 
Navicula radiosa Kueteing 
Nevicul. sp. 
-.- 

h’ittschia sp. 
littschi. linearis Agardh and W. Smith 

~~ 

Pleurosigma sr . 
Rhisoeelenla set1 era Brightwell 
- Bhopalodla glbba +- Ehrenberg) 0. Muller 
Stephanodiscus nlagrae Ebrenberg 
Thalarsiothrix frawnfeldli - Cleve and Grunow 

Chlorophy t a 
Ankistrodesmus spiralla (Tumer) Lemerwm 
Cnu: 
G l e o z  ~ l c u l o s a  Naegeli 
Kirchneriella aubeolitaria G.S. West 
Wnsectla ecalari. Bas0 
Stlgeoclonium subsecudum Kuctzing 

tetrapedia (Kirchner) Wm. and G.S. West 

Thallophyta 
Chloroblum sp. 
Chromatium sy. 
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TABLE 11 (Continuedr 

Eugleaophyta 
Euglena sp. 

Protozoa 
Paramecium sp. 

Rotifera 
Re rat ella coc c lear is (Gos de) 

Decavoda 
Paiaemonetes Fugio Holthuis 
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c la s s i f i ed  as oligosaprobic were: 

hungaria and Rhopalodia gibba, 

one. 

F rag i l l a r i a  crotonesis ,  Navicula - 
These species were observed a t  s t a t ion  

Palmer (1962) l i s t e d  genera of algae tha t  are to l e ran t  of organic 

pol lut ion and clean water environments. 

Navicula, Osc i l la tor ia  and Phormidium. 

a t  s t a t ion  one. 

Examples included Euglena, 

These organisms were col lected 

Hutchinson (1967) gives a c l a s s i f i ca t ion  of lakes by phytoplankton 

types c l a s s i f i ed  according to  dominant species. 

w a s  l i s t e d  as a eutrophic diatom plankter and w a s  observed a t  s t a t ions  

F r a g i l l a r i a  crotonesis  

one and three  i n  the  present study.. Cosmarium w a s  l i s t e d  as a eutrophic 

desmid indicator.  Cosmarium w a s  found a t  s t a t i o n  three.  

The r o t i f e r s ,  especial ly  - Keratella cochlear is ,  were the  most abun- 

dant zooplankters observed in  the  present study. Kera ts l la  cocluear is  

is perhaps the  most common planktonic perennial r o t i f e r  od lakes i n  the  

temperate region (Hutchinson, 1967). This species  w a s  considered gen- 

e r a l l y  to be eutLophic by Pe j l e r  (1957). Keratella s p .  and Polyarthra 

sp. were the  predominant zooplankton species during the  l a t e  spring i n  

ex iched  ponds (Ewing and Dorris, 1970). Edmondson (1964) recorded 

higher reproductive rates f o r  Keratella cochlear is  about 15 C than fo r  

many other  species. Hutchinson (1967) reported ma:.imum C e m i t y  of 

-- 

Karatella - cochlearis in the  summer and rare winter occurrence i n  Lake 

Clac, Sweden. The mean da i ly  temperature ( 2 6 . 5  C) of the  present study 

probably favored t h i s  species. A trend i n  zooplankton could not be 
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observed in the present study since a homogenizer was used to separate 

algal clumps and many zooplankton were destroyed or mutilated beyond 

recognition. 

Presett (1962) ported species of algae that were specific in 

acid bog lakes (usually kettlehole Sphagnum bogs): Cyanophyta 

(Scytonema ocellatum, Hapalosiphon pumilus and Chrococcus Prescotti), 

Microspora (Chlorophyta), Batrachospenrmm and Oedogonium. None of 

these s?ecies or genera were found in the acid marsh swales of this 

study. Rhabiderma lineare was found abundantly in the swales and --- 

other stations. Prescott reported this species to occur in acid lakes. 

Fresh water Cyanophyta were reported to adapt to brackish or rarine 

environments within 6 hrs (Humm, 1981). A concentration of organic acids 

and decaying matter were observed in the marsh swales of the present 

study as was present in acid bogs. 

Filamentous ghlorophyta (Prescott, 1962) were noted to be abundant 

in acid bogs. 

found in the marsh swales. 

periphyton at station four. 

Stigeoclonium subsecundum (a filamentous Chlorophyta) was 

This species was more abundant in the 

A visual observtitfsn (4 August 1983) noted 

that this species was 2-6 cm deep in the ditches at station five. 
2 2 Variations in periphyton and bacterial density (x 10 per mm ) were 

TfLlllophyta was observed at all stations on 22 July 1983 ( Table 111). 

generally the most abundant group (nannoplankton). Chlorobiu and 

Chrornatiium z. were the populations present in this group. Lively et. al, 
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TABLE 111 

PERIPHYTON AND BACTERIAL DENSITY (x 10’ per rum2) ON 22 JULY 1983 
AT THE FIVE STATIONS WITH REPLICATES (R) AT KSC 

Station Organism Replicate 1 Replicate 2 Replicate 3 3 

1 Cyanophyta coccoLd 217 119 
Cyanophyta filamentous 0 19 
Chlorophyta coccoid 0 0 
Chlorophyta filamentous 0 0 
Chlorophyta flagellates 0 0 
Chrysophyta centric 3 1 
Chrysophyta Fennate 38 110 
Thallophyta 229 100 

209 
12 
1 
0 
0 
0 

322 
152 

182 
11 
0 
0 
0 
1 

100 
160 

2 Cyanophyta coccoid 213 
Cyanophyta filamentous 0 
Ch’qrophyta coccoid 0 
Ch xo?hyta filamentous 0 
Cb lorophyta f lagellatee 4 
Chrysophyte centric 0 
Chrysophyta pennate 31 
Thallophyta 167 

47 359 
4 0 
0 0 
0 0 
a 0 
0 0 

70 66 
70 144 

- 
203 

1 
0 
0 
0 
0 

56 
127 

3 Lyanophyta coccoid 209 
Cysnophyta filamentous 1 
Chlorophyta coccoid 0 
Chlorolphyta f ilamentous 0 
Chlorophyta flagellates 0 
Chrysophyte centric 0 
Chrysophyta mennate 204 
Thallophyt , 229 

66 579 285 
1 42 15 
0 0 0 
0 0 0 
0 4 1 
8 0 3 

139 136 160 
268 268 255 

4 CyanoFtlyta coccoid 152 
Oamphyta filamentoue 1 
CUorophyta coccoid 64 
Chlorphyta filamentourr 0 
Chlorophyta flagella,= 29 
Chryeophyta centric 8 
Chrysophyte pennate 15 
Thallophyta 480 

507 43 
1 74 
0 0 

42 16 
0 0 
2 0 
4 0 

222 311 

5 Cyanophyta coccoid 48 38 
Cyanophyta fllaawntoue 5 1 
Chlorophyta coccoid 0 0 
3hloroahyta f ifamentous 6 7 

.& ~ - y  ca flagellates 0 0 
I-* ta centric 0 0 
.. ,*-  . *-:3 pennate 13 0 

148 292 11-20 IC.. ’ - e  

79 
6 
0 
5 
0 
4 
1 

379 

-- 
2 34 
25 
21 
20 
10 
3 
6 

3 38 

5s 
4 
0 
6 
0 
1 
5 

273 



(1983) reported a recurrent dominance of small forms (Chlorophytes) in a 

La Ler island estuary: Great South Bay, New York. Cassin (1978) 

and Weaver and Hirshfield (1976) reported a recurrent numerical dominance 

of Chlorophytes (photosynthetic organisms or bacteria) in abarrier island 

estuary (Fire Island Inlet, Long Island, N.Y .) . 
(personal communication) stated that the biomass and numerical enumeration 

of nannoplankton have been a neglected area of plankton and periphyton 

investigations. 

were numerically dominant, and contributed approximately half of the 

Ralph Montgomery 

In the Great South Bay Study, 2-4 p chlorophytes 

total phytoplankton biomass. 

forms in this study. 

The concentration of the 
2 organisms x 10 per m. This 

Organisms from 2-6pm were the dominant 

Cyanophyta coccoids ranged from 38 to 507 

group compriaed the second highest density 

at all stations. 

of this group. From 8/18/1967 to 11/24/1967, Weber (1973) found periphyton 

densities of 3 to 19 organisms x 10 per rmn in the Ohio River near 

Cincinnati above a sewage outfall. Early in .his experiment, filamentous 

Cyanophyta and pennate diatoms were the dominant groups and at the latter 

of the study, pennate and centric diatoms were the abundant forms. 

Densities in the Ohio River were -: wer chan in this study. Pollution and 

colder temperatures probably caused lower density values in periphyton in 

the Ohio River. 

This was probably due to the environmental adaptiblllty 

2 

Percent composition of total SacLerla and periphyton number8 on 22 

July 1983 on glass slides at the five stations at KSC followed the same 
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trends as density. (Table IV). In abundance, pennate Lhrysophyta were 

third among organisms in the present study. 

pennates were the second most abundant organism above a sewage outfall 

on the Ohio River in August. 

one and three. 

have been due to increased nutrient (dissolved ortho-phosphate) and 

trace element (dissolved silicate ) circulation in the Banana River. 

Walker and Steidinger (1979) stated that high counts of large or chain- 

forming 'net phytoplankton represent estuarine and coastal species 

suggesting a resident population from the Indian River at Hutchinson 

Island, Fla. 

influence in the Hutchinson Island Studv.. No dinoflagellates were . 

o'7served in this study. 

this study probably indicatz an estuarine habitat. 

In Weber's study (1973), 

Pennates were more abilndant at stations 

This may Pennate diatoms were larger at station one. 

Dinoflagellates were designated as indicnirors of oceanic 

The species composition of the periphyton in 

Skeletonema costatum-s-qrecurrent dominant in many areas along the 

east coast - the Cape Fear estuary (Carpenter, 1971), the James River 

estuary (Marshall, 1967), Old Plantation Creek, Virginia (Marshall. 

1980), Narragansett Bay (Pratt, 1959), Long Island Sound (Conover, 

1956; Staker & Bruno, 1978), and Great Pond, Massachusetts (Hulkurt, 

1956). 

field, 1976; Cassin, 1978; Weaver, 1973), Hutchinson Island, Fla. 

(Walker and Steidinger, 1979) and Indian River in Florida (Gibson, 1975) 

have found S. costatum to be seasonally dcminant. Walker and Steidinger 

Previous studies in the Great South Bay (Weaver and Hfrsch- 
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TABLE IV 

PERCENT COMPOSITION OF TOTAL BACTERIA AND PERIPHYTON NUMBERS 
ON 22 JULY 1983 ON GLASS SLIDES AT THE FIVE STATIONS 

S ta t ion  Organism Repl ica te  1 Replicate  2 Replicate  3 % 
- 

1 Cyanophyta coccoid 36.8 33.9 30.2 34 .O 
Cyanophyta fi lamentous 0 5.5 1.6 2.7 
Chlorophyta coccoid 0 0 1 G.3 
Chlorophyta filamentous 0 0 0 0 
Chlorophyta f l a g e l l a t e s  0 0 0 0 
0.rysophyta c e n t r i c  0.6 0.9 0 0.5 
Chrysophyta pennate 36.8 31.2 46.4 38.1 
Thallophyta 23.8 28.5 21.8 24.7 

2 Cyanophyta coccoid 
Cyanophyta filamentous 
Chlorophyta coccoid 
Chlorophyta f ilamentous 
Chlorophyta f l a g e l l a t e s  
Chrysophyta c e n t r i c  
Chrysophyta pennate 
Thallophyta 

3 Cyanophyta coccoid 
Cyanophyta filamentous 
Chlorophyta coccoid 
Chlorophyta filamentous 
Chlorophyta f l a g e l l a t e s  
Chrysophyta c e n t r i c  
Chrysophyta pennate 
Thallophyta 

4 Cyanophyta coccoid 
Cyanophyta filamentous 
Chlorophyta coccoid 
Chlorophyta filamentous 
Chlorophyta f l a g e l l a t e s  
Chrysophyta c e n t r i c  
Chrysophpta pennate 
Thallophyta 

51.4 
0 
0 
0 
0.9 
0 
7.5 

40.2 

31.5 
1 .o 
0.3 
0 
0 
0 

31.6 
35.6 

31.4 
1 .o 

13.4 
0 
6.0 
0.4 
3.2 

44.6 

75.9 67.1 64.8 
4 0 1.3 
0 0 0 
0 0 0 
1.3 0 0.7 
0 0 0 

11.4 5 .? 7.8 
11.4 27.7 26.4 

10.5 
3.2 
0 
0 
0 
0 

29.0 
55.7 

56.2 . 
4.2 
0 
0 
0.4 
0 

13.2 
26.0 

56.1 9.0 
4.1 16.3 
0 0 
0 3.0 
0 0 
0 0 

13.2 3.0 
26.4 68.7 

- 
32.7 
2.8 
0.1 
0 
0.1 
0 

24.6 
39.1 

32.1 
7.1 
4.5 
1 .o 
2 .o 
9.1 
6.1 

46.6 

- 

5 Cy?,lophyta coccoid 13.2 19.5 1b.7 16.5 
Cyanophyta fi lamentous 1.3 0.5 1.3 1 .o 
Chlorophyta coccoid 0 0 0 0 
Chlorophyta filamentous 1.7 3.5 1 .o 2 . 1  
Chlorophyta f l a g e l l a t e s  0 Q a 0 
CIirysophyta c e n t r i c  0 0 1 .o 0.3 
olrysophyta pennate 3.8 0 0.3 1.4 
Thallophyta 80.0 v-23 76 5 79.7 78.7 



(1979) repor t  t h i s  organism as t h e  most common c e n t r i c  diatom world 

wide and list t h i s  species  as n e r i t i c  and es tuar ine .  The absence of S. 

costatum i n  t h i s  study is su rp r i s ing .  Several  f a c t o r s  (sampling 

times o r  l i m i t i n g  f ac to r s )  may have prevented the  observance of t h i s  

organism i n  the present  study. 

Conclusions 

Further 8ampling is needed t o  f u r t h e r  enumerate and i d e n t i f y  

phytoplankton and periphyton a t  t h e  f i v e  s t a t i o n s  at KSC f o r  t he  

Long Term Monitoring Program and Assessment f o r  a probable 

Polygeneration site. 

pennate were the  dominant organisms i n  th i s  study. 

was t h e  mst abundant Thallophyta. 

more abundant at s t a t i o n  one. The absence of Skeletonema costatum 

(a common c e n t r i c  diatom) w a s  su rp r i s ing .  

.ppear t o  be ac id  marsh swaies. 

coccoid found i n  ac id  lakes ,  wen abundant i n  s t a t i o n s  four  and f i v e .  

Thallophyta, Cyanophyta coccoid and Chrysophyta 

Chlorobium sp. 

Pennate diatoms were l a r g e r  and 

Sta t ions  four and f i v e  

Rhabdoderma -- l i n e a r e ,  a Cvanophyta 
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REFLECTANCE MEASUREMENTS, PART I1 

Robert A. Brown, Ph. D., P. E. 
Professor of Industrial and Systems Engineering 

Huntsville, Alabama 
The University of Alabama in Huntsville 

ABS TRACT 

This year's efforts are a continuation of the project 
started during the first year, viz., to improve the produc- 
tivity ,f spectroreflectometer readings taken to monitor 
induced contamination of lenses, mirrors, and coatings in 
the space environment. The efforts were organized in two 
thrusts. 

The first thrust has been to apply more sophisticated 
modelling techniques to the laboratory data collected last 
summer in order to produce a more accurate model of the non- 
linearities and noise sources of the instrumentation. This 
would ultimately allow for correction of known anomalies by 
the digital computer, yielding an anticipated order of mag- 
nitude improvement in the accuracy of the reflectance meas- 
urements, while reducing the total measuring time. 

The second thrust is the construction of acd program- 
ming for a modernized versiDn of the electronics used in 
Backman DK-2 spectroreflectometers. This part of the pro- 
ject suffered because of a schedule lag in fabrication of a 
modified form of the carrier frequency pickoff built and 
tested last year. Separate development of the electronics 
and the computer programming therefore has been partially 
accompl i s:.ed . 
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INTRODUCTION 

In last year's report, the importance of measuring the 
reflectance of paints, lenses, and mirrors was noted. The 
growing commitment to a U. S. space station, with an in- 
orbit life of at least ten years, underscores the need to 
know the reflectance characteristics of thermal coatings, 
lenses, and mirrors, and their contamination over long 
periods of time. 

In about six months, a Long Duration Exposure Facility 
will be launched into orbit, where it will remain for a 
year. One of the experiments on that flight will take 
reflectance measurements over the course of that year. Sup- 
pose that no detectable effects are observed. Does this 
mean that there are no effects? Not necessarily, of course. 
W e  may just not be able to detect the effects over the 
relatively short time period of the flight relative to the 
orbital life of a space station. 

Similarly, accelerated tests on the ground in simulated 
space environments can use greater sensitivity of reflect- 
ance measurements to shorten the testing time. Typical 
repeatability of reflectance measurements using current 
state of the art is about one percent; absolute accuracy is 
two to three percent. Increased sensitivity and accuracy in 
reflectance measurements are highly desirable to support the 
development of long-duration satellites. 

Efforts this year have been directed in two thrusts. 
The first thrust is to apply more sophisticated modelling 
techniques to the measurement of reflectance. As a trial 
these techniques, based upon multiple regression methods, 
have been applied with good results to the data collected 
last year and analysed by simple regression methods then. 

The second thrust has been the systems analysis and 
development of software to use in the modified and rejuve- 
nated Beckman DK-2 spectroreflectometer system, currently 
under construction by a contractor. 

MULTIPLE REGRESSIwN METHOD 

The results of last year's efforts at measuring the 
nonlinearities of the detector response are shown again in 
Table I. Recall that in preparing this table eight separate 
simple linear regressions were run, one for each of the 
source-detector-attenuator-gain combinations. Through the 
special estimating equation Geveloped then, it was possible 
to remove the effects of a large high-level (instrumental) 
noise component in the data and provide estimates of the 
true reflectance with the noise contamination. This showed 
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Table I -- Simple Linear Regressiop Results 
# N aR Coeff. of 

Source Detect. Atten. Gain Pts. Est. Est. Determination 

W PbS 1/10 la 9 0.888mv. 89.2 0.999,991 
! I 200nm. ) 100 7 4.828 88.4 0.999,910 

100B 9 0.753 91.1 0.999,860 
W PMx l/l000 1 9 1.194 104.3 0.997,279 

(575nm.) 20 100 6 0.842 94.3 0.999,757 
D PMx 1/10 1 6 0.920 94.2 0.999,994 

(575nm.) 20 10 4 0.959 95.7 0.999,992 
100 5 8-96? 97.1 0,999,986 

that there was either detector non-linearity or a low level 
(detee-tor) noise component, or both, unaccounted for. One 
of last year's recommendations was that multiple regression 
techniques be used to try to extract this second factor from 
the data. This has now been accomplished. 

For the multiple regression, data in each of the 
separate areas of Table I were lumped together, and an 
additional factor equal to the product of the Gain times the 
Attenuator setting was introduced in the prediction 
equation, as required by the following derivation. 

It is assumed now that the tDtal signal applied to the 
synchronous detection method is the result of three 
components: A difference signal between the sample and the 
reference, which it is desired to recover; noise associated 
with the operation of the detector, which will be amplified 
along with the signal in the electronics; and a high-level 
instrumentation noise resulting from phase and commutation 
errors in the synchronous detection process. (See last 
year's report for a more detailed discussion of these 
sources of noise. ) 

The sample-to-reference ratio, S/R, which we desire to 
estimate was derived as 

where we write N to represent the total noise corrupting 
the sample and reference measurements. The total noise is 
composed of two terms, one independent of and the other 
dependent upon the gain fol'lowing the detector. 

T 

NT I + K . * N D  3 
VI-2 

The two noise components are assumed to be stochastically 
independent and consequently uncorrelated. 

Substituting Eq. VI-2 into Eq. VI-1 and rearranging in 
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the same manner as in the previous report, we arrive at a 
linear multiple regression model of the following form; 

where 

The combined gain-attenuator 
setting. 

X = (R+NT) i ,  j+l The measured reference signal 
2,Lj plus one. 

= (S+N 1 Yi, j T ilj 

B(1) = ND 

The measured sample signal. 

The high-level noise. 

The ?ow-level (gain- 
depsndent) noise, 

B ( 2 )  = S/R The true reflectance. 

Ei, j 
The unique error associated 
with each observation. 

In selecting data for the multiple regression test the 
data used for the construction of Table I were augmented by 
data collected last summer but not used for several reasons, 
First? a replication of the (W,1200nm,) set was not used 
because there was a suspicion that it was taken while there 
was a problem with the PbS detector bias supply. Second, 
some of the very low energy readings produced raw reflectan- 
ces greater than one causing their rejection. 

In choosing to use the available data in the 
multiple regression analysis, it was reasoned that this 
would be a worst-case test; if it could tolerate the 
suspected bad data and still produce reasonable results? 
then there would be that much more confidence in the method, 
Thus it was that sample sizes of 35, 17, and 17 were used. 
The data used are shown in Appendix A t  where 

X(1) = x1 above. 

X ( 2 )  = x2 above. 

X ( 3 )  = y above. 

Appendix B shows the computer program used to implement 
the multiple regression of Eq. VI-3. The results appear in 
Table 11. 
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Table I1 -- Multiple Regression Results 

Tungsten Source, 1200nm.,Lead Sulphide Detector 
COEFFICIENTS 
INSTRUMENTATION ERROR = B( 0) = -.4112026 
DETECTOR ERROR = B( 1) = -6.2791116E-03 
TRUE REFLECTANCE = B( 2) = 
PREDICTION ERRORS. 
STANDARD ERROR OF THE ESTIMATE 
COEFFICIENT OF DETERMINATION 
(MULT I PLE ) CORRELATION COEFFICI ENT 

.88571873 

-40806102 
,9673858 
-98355772 

Deuterium Source, 575nm., Photomultiplier - x20 Detector 
COEFFICIENTS 
INSTRUMENTATION ERROR = B( 0) - - 
DETECTOR ERROR = B( 1) = 
TRUE REFLECTANCE = B( 2) = 
PREDICTION ERRORS. 
STANDARD ERROR OF THE ESTIMATE 
COEFFICIENT OF DETE9MINATION 
(MULTIPLE) CORRELATION COEFFICIENT 

-1.5115794 
3.4859903E-02 
-97255672 

1.1428448 
-8 40 246 3 
-91664949 

Tungsten Source, 575nm., Photomultiplier - x20 Detector 
COEFFICIENTS 
INSTRUMENTATION ERROR = B( 0) = 
DETECTOR ERROR = B( 1) = 
TRUE REFLECTANCE = B( 2) = 
PREDICTION ERRORS. 
STANDARD ERROR OF THE ESTIMATE 
COEFFICIENT OF DETERMINATION 
(MULTIPLE) CORRELATION COEFFICIENT 

-1.3421217 
12.465887 
94618434 

-626342' 5 

.94205753 
-8874724 

Note that the results at 575nm. allow us to compare the 
technique under two quite different conditions due to the 
large difference in energy output of the deuterium and 
tungsten sources at that wavelength. The difference in the 
true reflectance as measured by the conditions is about 
2.6%, well within the normal absolute accuracy for the 
machine using constant incident energy. Thus the wide 
variations in slit width and gain setting have been well 
tolerated by the regression method. 

Additional runs were made with modifications to the 
program to test whether the detectars might have nonlinear 
response which could be pulled out of this data. Among the 
variations tried were: 

Logarithms of all measurements 
Squares of all measurements 
Squares of all measurements except gain 
Squares of variables with cross product. 
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The last of these was particularly directed toward pulling 
out a nonlinear term between gain and incident energy. NGne 
of these variations performed as well overall as the simple 
model described in Eq. VI-3. The results of these 
variations are shown in detail in Appendix C. 

The objective of finding a better way to treat the 
observational data has been achieved with these results. 
Further demonstration of the advantages of the method of 
multiple linear regression now awaits the completion of the 
fully digital measurement and control system for the DK-2 
spectroreflectometer. 

FULLY DIGITAL MEASUREMEYT AND CONTROL 

To aid in the achievement of fully digital measurement 
and control of the DK-2, a systems analysis was performed, 
and the results are presented next. Activity analysis of 
what goes on during a measurement run is shown in Fig. 1. 

Read Data 
I 
I 

I \ 
I \ 
i 
V / 

V 
Process Data ---- > Control DK-2 

> Plot ----- 
Archive --/ 

Figure 1 -- Activities during a run 
Some data are read regarding the reference and sample values 
of reflected light. These are then processed, presumably by 
calculating an updated value of reflectance for  the present 
wavelength. When an endpoint is reached, the machine is set 
for the next wavelength-slit combination and new data are 
read until the next endpoint is reached. When all 
wavelengths have finally been measured, the data are plotted 
and archived i f  the plot is found acceptable. 

Fig. 1 represents the activities only during one data 
(or zero) run. To take a system view of the whole process, 
it would be desirable to also look at and set up for a 
sequence of runs. A sample time schedule of runs is shown 
in Fig. 2. This Is illuminating because it shows the 
importance of a turn-on and turn-off sequence of events 
which digital control of the DK-2 should also handle. It 
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Turn on (power up). 

Command mode -- Set sequence (schedule) of calibration 
and data runs. 

Zero run -- Determine the no-light detector response 
(DC bias). 

Calibration Run -- Find differences between sample and 
reference paths. 

Data Run 1 -- Sample and Reference measurements for 
sample 111. Plot optional. 

Data Run n -- Sample and Reference measurements for 
sample In. Plot optional. 

Zero run. 

Calibration Run -- Same as above; comparison shows any 
drift. Can possibly interpolate drift corrections for 
each data run. 

Plots (optional) . 
Turn off (power down) . 

Figure 2 -- Sample time schedule 
also shows that other things beside data runs are important. 
The zero runs, for establishing the dark response of the 
detector(s), and the calibration runs, to establish 
differences between the sample and reference light paths, 
are essential for accurate work and must be provided for. 
An additional advantage of going to the all-digital machine 
is that these corrections can be applied automatically to 
a l l  data taken within the same time period, increasing the 
potential for correcting for drift. 

Control of the DK-2 can be broken down into two major 
subheadings. First, there is a requirement for supervisory 
control, by which is meant a high level of control directed 
toward the gross behavior of the mzr.’line. Examples of tasks 
to be performed under supervisory control are turning on and 
off and warming up the equipment, prompting the operator for 
the next manual step, and selecting a light source and 
detector combination. 



Second, there is low level, feedback control. Such 
closed-loop control is used to maintain some characteristic 
of the machine or measurement process constant. In 
particular this type of control may be used to determine the 
endpoint (the point at which no further data are needed at a 
particular wavelength) for measurement. 

Three different endpoint criteria can be easily 
identified: 

i. Constant energy -- Slit width set to 
maintain constant reference reading, in- 
sofar as possible. Number of readings at 
each wavelength fixed. This is the cur- 
rent mode of operation. 

ii. Constant resolution -- Slit width a 
function of wavelength to keep delta- 
lambda constant. Number of readings at 
each wavelength fixed. 

iii. Constant error -- Slit width as in 
(i.) or (ii.) above, but observation time 
(number of sample measurements averaged) 
varies to yield constant maximum error of 
the statistical estimators. 

Many activities must be carried out in ordez to read 
data. An outline listing of these is contained in Appendix 
D. 

All of the foregoing considerations result in a flow 
chart for digital reflectance measurement as shown in Fig. 
3. It will be noted that there are two loops in the flow 
chart, an inner loop and an outer loop. The inner loop 
deals exclusively with the flow of computation during a 
single data run. It is traversed many times as the machine 
is directed through many different wavelength settings, and 
many datum readings for each wavelength in order to 
implement the desired endpoint criterion, as described 
above . 

Each of the activities shown in the flowchart of Fig. 3 
has been further analyzed. It was not possible to 
completely program any of them except one, for doing so will 
depend upon particular features of the hardware which is 
ultimately built. For now, the analysis has stopped with a 
detailed outline of each of the flowchart activities; these 
are presented in Appendix E. Finally, Appendix F shows the 
command mode program, in (2880 BASIC language, a compilable 
version of BASIC. A l l  other activities will be programmed 
as subroutines called by this main program. 
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Figure 3 -- Flowchart for digital reflectance measurement 
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RESULTS AND CONCLUSIONS 

The following results have been obtained: 

1. An extension of the regression model 
for reducing reflectance measurement data 
has been developed. 

2. The extended model has been used to 
analyse an augmented set of data collec- 
ted last year, with good results. 

3. Systems analysis has been done on the 
whole problem of digital reflectance 
measurement. 

4. An outline of the logic to be imple- 
mented in the digital computer and a 
flowchart of this logic have been pre- 
pared. 

The following conclusions have ueen reached: 

1. Data reduction of reflectance data by 
means of multiple regression techniques 
is feasible. 

2. On-line control of the measurement 
process, in order to increase productiv- 
ity, repeatability, and accuracy, is 
feasible. 

ACKNOWLEDGEMENTS 

M y  grateful thanks for the opportunity to conduct these 
investigations go to Mr. Don R. Wilkes, my NASA counterp.rt 
and contact for the summer. I wish to thank Dr. G. Karr, 
ASEE, and NASA for providing the facilitating framework 
under which this work was performed. 

VI-11 



APPENDIX A -- M U L T I P L E  R E G R E S S I O N  DATA 

TUNGSTEN S O U R C E ,  1200  nm. 

NUMBER 
X ( 1 )  X ( 2 )  X(3)  

1 0 0  1.77 1.77 
1 0 0  2.04 2.05 
10B 2.33 2.29 
1 0 0  2.68 2.56 
1 0 0  3.01 2.88 
188 3.44 3.30 
1 0 0  3.99 3.79 
1 0 0  5.26 4.95 
1 0 0  7.66 7.14 
1 0 0  1 .75  1.74 
1 0 0  1.98 1.90 
1 0 0  2.22 2.17 
1 0 0  2.53 2.44 
1 0 0  2.88 2.71 
1 0 0  3.21 3.06 
1 0 0  3.75 3.51 
1 0 0  4.88 4.62 
1 0 0  7.17 6.54 

t P e = = I = = t I t = S = E E E I  

OF O B S E R V A T I O N S  = 35 
X ( 1 )  X ( 2 )  X ( 3 )  

1 0  1.31 1.26 
1 0  1.79 1 .62  
1 0  2.73 2.44 
1 0  3.35 3.01 
1 0  4.51 4.03 
1 0  7.03 6.29 
1 0  9.75 8.67 
1 0  1.29 1.17 
1 1.45 1.30 
1 1.81 1.62 
1 2.26 2.02 
1 2.76 2.46 
1 3.82 3.46 
1 5.10 4.56 
1 6.52 5.84 
1 8.11 7.23 
1 9.90 8 , 2 4  

= :PPr=ft==fPP=rDE 

V I - 1 2  



NUMBER OF OBSERVATIONS = 1 7  
X ( 1 )  X ( 2 )  X ( 3 )  

.1 2.86 2.72 1 2.45 2.34 

.1 2.46 2.34 1 0  6.42 6.24 
0 1  2.11 2.01 1 0  3.80 3.70 
.1 1.77 1.69 1 0  2.35 2.28 
0 1  1.43 1.37 1 0  1.62 1.59 
.1 1.12 1.08 1 0  1 097 
1 8.65 8.28 100  8.69 8.58 
1 7.17 6.85 100 4.68 4.68 
1 4.53 4.37 

z==I?=PIP=PIPIPPD= 
X ( 1 )  X ( 2 )  X ( 3 )  

e E I r L e C e E Z a r r r r P I  

NUMBER 
X ( 1 )  X ( 2 )  X ( 3 )  

.001 2.81 2.80 

.001 2,79 2.78 

.001 2.77 2.76 

.001 2.73 2.70 

.001 2.62 2.58 
0001 2.33 2.22 
.001 2.03 1.93 
.001 1.71 1.61 
.m01 1.08 1.02 

P P P P I P I O = = e E P D P r = P  

OF OBSERVATIONS = 17  
X ( 1 )  X ( 2 )  X ( 3 )  

.01 ~ . 0 0  4.63 
001 1.39 1.33 
.1 7.84 7.46 
. I 5.09 4.94 .& 3.7? 3.65 
.1 2.76 2.72 
.1 1.86 1.91 
.1 .90 .94 

'PsPlrPIPIcPI=~PIP 
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ORMINAL PAGE 
OF POOR QUALW 

APPENDIX B -- MULTIPLE REGRESSION PROGRAM 
100 REM PROGRAM "FINDRZA.2" FOR FINDING REFLECTANCE IN NORTH STAR i3ASIC 
110 REM USES MULTIPLE REGRZSSION TECHNIQUES TO PULL OUT DETECTOR AND 
120 REM INSTRUMENTATION RMS NOISE. 
130 REM COPYRIGHT 1983 BY ROBERT A. BROWN 
140 P = 2 \ REM # OF INDEPENDENT VARIABLES 
150 INPUT "NUMBER OF OBSERVATIONS ", N 
160 DIM X(P+l,N), S(P+l,P+l), B(P+l), E(N) 
170 FOR J = 1 TO N 
180 PRINT "OBS'N m ,  J,R ENTER Xl,...,XP,Y " 
190 $OR I = 1 TO P+l 
200 INPUT1 " ", X(1,J) 
210 IF 1=2 THEN X(I,J)=X(I,J) + 1 \ REM TRANSFORM X(2) 
2 20 NEXT I 
2 30 PRINT 
240 NEXT J \ REM ALL DATA IN, NOW COMPUTE SUMS 0) SQUARES 
250 PRINT\PRINT\PRINT "CALCULATING SUMS" 
260 FOR I = 1 TO P+l \ REM FIND SUMS OF VARIABLES 
270 FOR J = 1 TO N 
280 X(I,B)=X(I,0) + X(1,J) 
290 NEXT J 
300 NEXT I 
310 PRINT\PRINT\PRINT "CALCULATING MEANS" 
320 FOR I = 1 TO P+l \ REM SUBTRACT OFF MEANS OF VAR'S. 
3 30 X(I,0) = X(I,0)/N \ REM CALCULATE MEAN OF I'TH IND. VAR. 
340 FOR J = 1 TO N 

360 NEXT J 
350 NEXT I 
380 PRINT\PRINT\PRINT "CALCULATING SUMS OF SQUARES" 
390 FOR I = 1 TO P+l \ REM FIND SUMS OF SQUARES 
408 FOR I1 = 1 TO I 
410 FOR J = 1 TO N 
4 20 S(1,Il) = S(1,Il) + X(I,J)*X(I!, 1)  
4 30 NEXT J 
440 IF Il<>I THEN S(I1,I) = S(1,Il) 
4 50 NEXT I1 
460 NEXT I 
470 PRiNT\PRINT\PRINT "CALCULATING COEFFICIENTS" 
480 B(0) = X(P+1,0) 
490 FOR I = 1 TO P 
500 B(1) S(I,P+l)/(S(I,I)+lE-64) \ REM TO PREVENT DIVIDE BY ZERO ERROR 
510 B(B) = B(0) - B(I)*X(I,O) 
520 NEXT I 
530 FOR I = 0 TO P \ REM PRINTOUT 
540 IF I=0 THEN PRINT "INSTRiJMENTATION ERROR = ", 
560 IF 1x2 THEN PRINT "TRUE REFLECTANCE = ", 
570 PRINT "B(",I,") = ", B(1) 
580 NEXT I 
590 PRINT\PRINT\PRINT "CALCULATING PREDICTION ERRORS." 

350 X(1,J) = X(1,J) - X(I,@) 

5 50 IF iL1 THEN PRINT "DETECTOR ERROR = I 
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600 FOR J = 1 TO N 
610 E(J) = X(P+l,J) \ REM PUT IN Y VALUE 
5 20 FOR I = 1 TO P 
6 30 E(J) = E(J) - B(I)*X(I,J) 
640 NEXT I 
6 50 E(0) = E(0) + E(J)*E(J)  \ REM GET ERROR SUfl OF SQUARES 
660 NZXT J 
670 C = EI')/S(P+l,P+l) 
690 C1 = A-C 
700 IF Cl<=0 THEN C2=0 ELSE C2 = SQRT(C1) 
710 IF P = 1 THEN C2 = C2*SGN(B(1)) 
720 E SQRT (E (B)/jN-(P+l) ) ) \ REM STD, ERROR OF ESTIMATE 
730 PRINT "STANDARD ERROR OF THE ESTIMATE", TAB(SB),E 
740 PRINT "COEFFICIENT OF DETERMINATION", TAB(50), C1 
750 PRINT " (MULTIPLE) CORRELATION COEFFICIENT", TAB (50), C2 
760 END 

ORIGINAL PAGE 19 
OF POOR QUALITY 
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ORIGINAL PAGE IS 
OF POOR QUALm 

APPENDIX C -- OTHER RESULTS 

FINDRZB.2 -- LOGS OF ALL MEASUREMENTS ---- 

w1200 
CALCULATING COEFFICIENTS 
INSTRUMENTATION EEZROR = B( 0) = 
DETECTOR ERROR = B ( 1) = 
TRUE REFLECTANCE = B( 2) = 

CALCULATING PREDICTION ERRORS. 
STANDARD ERROR OF THE ESTIMATE 
COEFFICIENT OF DETERMINATION 
(MULTIPLE) CORRELATION COEFFICIENT 

D575 
CALCULATING COEFFICIENTS 
INSTRUMENTATION ERROR = B( 0) = 
DETECTOR ERROR = B( 1) = 
TRUE REFLECTANCE = B( 2) - - 

CALCULATING PREDICTION ERRORS. 
STANDARD ERROR OF THE ESTIMATE 
COEFFICIENT OF DETERMINATION 
(MULTTPLE) CORRELATION COEFFICIENT 

w575 
CALCULATING COEFFICIENTS 
- 
INSTRUMENTATION ERROR = B( 0) = 
DETECTOR ERROR = B( 1) = 
TRUE REFLECTANCE = B( 2) = 

CALCULATING PREDICTION ERRORS. 
STANDARD ERROR OF THE ESTIMATE 
COEFFICIENT OF DETERMINATION 
(MULTIPLE) CORRELATION COEFFICIENT 

-.9471414 
-2.1879843E-02 
-97156212 

7.6973973E-02 
,9833804 
.99165538 

-1.0936337 
,12120414 
1.0045559 

. 3084682 

.8493336 

.92159297 

-.6770683 
6.47842813-02 
.98647691 

-14744318 
-9440524 
.97162359 
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ORlGlNAL PAGE 19 
OF POOR Quam 

FINDR2C.2 - -- SQUARES -- OF ALL MEASUREMENTS 

w1200 
CALCULATING COE FF I c I ENTS 
INSTRUMENTATION ERROR = B( 0) = 
DETECTOR ERROR = B( 1) = 
TRUE REFLECTANCE = B( 2) = 

CALCULATING PREDICTION EknORS 
STANDARD ERROR OF THE ESTIMATE 
COEFFICIENT OF DETERMINATION 
(MULTIPLE) CORRELATION COEFFICIENT 

D575 
CALCULATING COEFFICIENTS 
INSTRUMENTATION ERROR = B( 0) = 
DETECTOR ERROR = B( 1) = 
TRUE REFLECTANCE = B( 2) = 

CALCULATING PREDICTION ERRORS. 
STANDARD ERROR OF THE ESTIMATE 
COEFFICIENT OF DETERMINATION 
(MULTIPLE) CORRELATION COEFFICIENT 

w575 
CALCULATING COEFFICIENTS 
INSTRUMENTATION ERROR = B ( 0) = 
DETECTOR ERROR = B( 1) = 
TRUE REFLECTANCE = B( 2) = 

CALCULATING PREDICTION ERRORS. 
STANDARD ERROR OF THE ESTIMATE 
COEFFICIENT OF DETERMINATION 
(MULTIPLE) CORRELATION COEFFICIENT 

4.094836 
-8.1754428E-04 
-79860265 

4.987219 
-9474212 
.'37335564 

-4.94967 
3.284767E-03 
,94226116 

10.871484 
-8397751 
.91639244 

-4.46891 
1093.2991 
.90094516 

5.6867258 
,8656901 
.93042469 
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FINDR2D.2 - -- SQUARES -- OF ALL MEASUREMENTS EXCEPT GAIN 

wi 200 
C 'LCULATING COEFFICIENTS 
I'JSTRUMENTATION ERROR = B( 0 )  Z= 

- -  

ItETECTOR ERROR = B( 1 )  = 
'RUE REFLECTANCE = B( 2) = 

CALCULATING PREDICTION ERRORS . 
STANDARD ERROR OF THE ESTIMATE 
C3EFFICIENT OF D ZERMINATION 
:4ULTIPLE) CORRELATION COEFFICIENT 

c 575 
CALCULATING COEFFICIENTS 
INSTRUMENTATION ERROR = B( 0 )  = 
D3TECTOR ERROR = E( 1 )  = 
TRUE REFLECTANCE = B( 2) = 

-- 

CALCULATING PREDICTION ERRORS. 
STANDARD ERROR OF THE ESTIMATE 
COEFFICIENT OF DETERMINATION 
(MULTIPLE) CORRELATION COEFFICIENT 

w575 
CALCULATIau COEFFICIENTS 
INSTRUMENTATION ERROR = B( 0 )  = 
DETECTOR ERROR = B( 1 )  = 
TRUE REFLECTANCE = B( 2 )  = 

CALCIJLATING PRE3ICTION ERRORS. 
STANI)ARD EPSO? OF THE ESTIMATE 
COEFFICIENT .F DETERMINATION 
(MULI IPLF' CORRELATION COEFFICIENT 

4.592471 
-8.7473041E-02 
,79868265 

5.073625 
.9455835 
,97241118 

-5.940334 
-33068476 
.94226116 

10.644372 

.91999978 

.a463996 

-4 .a09397 
113.85488 
.90094516 

5.7246838 
.8599793 
.92735069 
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FINDR3.2 - -- SQUARES - OF VARIABLES WITH CROSS PRODUCT 

w1200 
CALCULATING COEFFICIENTS 
INSTRUMENTATION ERROR = B( 0) = 
DETECTOR SRROR = B( 1) = 
TRUE REFLKTANCE = B( 2) = 
CROSS-SQRS B ( 3) = 

CALCULATING PREDICTION ERRORS. 
STANDARD ERROR OF THE ESTIMATE 
COEFFICIENT OF DETERMINATION 
(MULTIPLE) CORRELATION COEFFICIENT 

D575 
CALCULATING COEFFICIENTS 
- 
INSTRUMENTATION ERROR = B( 0) = 
DETECTOR ERROR = B( 1) = 
TRUE REFLECTANCE = B( 2) = 
CROSS-SQRS = B( 3) = 

CALCULATING PREDICTION ERRORS. 
STANDARD ERROR OF THE ESTIMATE 
COEFFICIENT OF DETERMINATION 
(MULTIPLE) CORRELATION COEFFICIENT 

w575 
CALCULATING COEFFICIENTS 
INSTRUMENTATION ERROR = Et( 0) = 
DETECTOR ERROR = B ( 1) = 
TRUE REFLECTANCE = B( 2) = 
CROSS-SQRS 5 B( 3) 

CALCULATING PREDICTION ERRORS. 
STANDARD ERROR OF THE ESTIMATE 
COEFFICIENT OF DETERMINATION 
(MULTIPLE) CORRELATION COEFFICIENT 

.7425231 
-8.17544283-04 
.79860265 
4.0561396E-05 

4.5835647 
-9542869 
.97687609 

-9.2951087 
3.284767E-03 
-94226116 
7.3774898B-05 

25.887292 
-0358762 
.18941013 

-9.8909567 
1093.2991 
.90094516 
77.201779 

17.848107 
-.4443783 
0 



APPENDIX D -- READ DATA ACTIVITIES 
A. Monochromator setting. 
B. Slit setting. 
C. Light source setting: 

1. Setting. 

2. Verifying. 

1. Type setting. 

a. Deuterium. 
b. Tungsten. 

D. Detector setting: 

a. Lead sulphide (PbS). 
b. Photomultiplier x 1 (PM x 1). 
c. Photomultiplier x 20 (PM x 20). 

a. xl to ~10,000 
b. xl0 increments maximum (min. of four decades). 

2. Gain setting (in electronics). 

3. Verifying. 
E. Power on or off. 

1. Items. 
a. Electronics. 
b. Deuterium lamp. 
C. Photomultiplier tube high voltage. 
d. Lead sulphide detector bias. 

2. Verifying -- cf. C2 and D2 above. 

1 . Reference. 
2. Sample. 

F. Reference/sample mirror position. 
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APPENDIX E -- SUBROUTINE OUTLINES 
I . TURN-ON FUNCTIONS 

A. Electronics. 

1. Power up. 

2. Calibrate gains. 

B. Deuterium lamp. 

1. Heaters 

2. Delay; may go on and come back to this. 

3. High voltage. 

4. Delay; ditto (2) above. 

C. PbS detector bias supply. 

1. Power up. 

2. Calibrate ( 3 ) .  

D. Photomultiplier (PM) tube high voltage. 

1. Power up. 

2 . Calibrate ( ? )  . 
E. Initialize Status Vector in COMMON area. 

11. COMMAND MODE FUNCTIONS 

A .  Prompt operator; get 

1. 

2. 

3 .  

Description of next test Series. 

Feedback control mode. 

a. Constant energy. 

b. Constant delta-lambda. 

C. Constant error. 

optional plot instructions. 

VI-21 



B. 

c. 
D. 

E. 

Set up for ( A o ) .  

1. Batch-mode command list. 

2. Set Status Vector. 

Turn off Repeat Run Flag in Status Vector. 

Provide overall abort capability. 

Receive control from Archive Results: More to do? 

1. Yes -- to (B.) above. 

2. No -- to Turn Off. 
111. STATUS VECTOR 

A.  Linear array. 

1. Vector represents the current "state" of the 

process. "State" includes 

a. Machine settings. 

b.  Decision variables for entering each of the 

possible next states. 

2. Elements are integers. 

3 .  Type of contents: 

a. Flags -- 16 bits. 
i. 0000H = False. 

ii. 0FFFFH = True. 

b. Numbers 

i. If integer, then the number itself. 

ii. If real, then the index to a linear 

array of real numbers. 
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B. Similar to a "stack". 

1. A means of passing information from one program 

function to 3nother. 

2. Except, 

a. No last-in-first-out rule. 

b. Constant size (but not all items are necess- 

arily meaningful at any given time). 

C. Elements. 

0. Next phase pointer. 

i. Dicke mode on/off. 

2. Detector code. 

3. Source code. 

4. Amplifier gain. 

5. A/D converter value. 

6. Mirror position code (Dicke mode off). 

7. End point decision value. 

8. Current decision value. 

9. End-point decision mode. 

10. Repeat run flag. 

11. Repeat measurement flag. 

12. End of run range. 

13. Abort flag. 

IV. SET UP 

A. Read and interpret Status Vector (repeat run?). 

8 .  Prompt operator to insert sample or reference. 
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C. 

D. 

Make machine settings (and verify). 

1. Monochromator. 

2. slits. 

3. Detector. 

4. Electronics gain. 

5. Source. 

N, 8 . :  Order of taking data s h o u l d  be randomized. 

1. Eliminate electronic drift. 

2. Eliminate cumulative mechanical tolerance errors. 

V. COLLECT DATUM (ONE READING) 

A. Mirror position (if in Dicke mode). 

1. Sample. 

2. Reference. 

3. Store (in Status Vector?). 

B.  A/D converter. 

1. Read. 

2, Store (in status Vector?), 

VI. PROCESS DATUM 

A .  Fetch datum from Status Vector. 

B. Increment data counter. 

C. Calculate statistic(s). 

1. Mean 

2. Error estimates, corrected reflectance. 

D. Place decision statistics in Status Vector. 

VII. END POINT DECISION 

A, Fetch statistics form Status Vector. 

1. Current value. 

2. Decision value. 
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B. 

C. 

D. 

E. 

Fetch end-point decision mode code. 

Fetch decision mode program. 

Decide, alter repeat measurement flag. 

1, Take more data at current machine settings (set). 

2, Go on to next settings (reset). 

Branch to Set Up. Implies 

1. Resetting mechanical and switch settings. 

a. Monochromator. 

b. Slits. 

C. Etc. 

2. Ensures that setting errors will be included in 

e r ror estimates. 

VIII. RUN FINISHED DECISION 

A. Fetch last monochromator setting. 

B. Compare to end of run range. 

C. Branch. 

1. Repeat. 

a. Set Repeat Run Flag in Status Vector. 

b. Go to Set Up. 

2. Go to Plot routine for visual inspection. 

IX. REPEAT RUN DECISION 

A .  Prompt operator to: 

1. Repeat run. 

2 .  Archive results. 

3. Abort. 

B. Accept input and execute. 
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X .  ARCHIVE RESULTS 

A.  C a l l  up data  base  program. 

B .  Enter data  from S t a t u s  Vec tor .  

C .  Execute  data  base  s t o r a g e .  

D .  Return t o  Command Mode. 

XI. TURN-OFF 

A. Prompt operator  to remove l a s t  sample.  

B .  Reverse  Turn-On f u n c t i o n s .  
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APPENDIX F -- EXAMPLE DIGITAL CONTROL PROGRAM 
REM COMMANDOBAS -- THE CENTh'AL PROGRAM FOR INTERPRETING 
REM COMMANDS T O  RUN THP BECKhAN DK2 SPECTROREFLECTOMETER. 
REM WRITTEN IN CB-80 BY R08dRT A. BROWN, 8/18/83 

REM DECLARATIONS 

COMMON STATUS (1 ) 
INTEGER FALSE, TRUE, STATUS 
STRING ALPHA 
N = 15 
DIM STATUS (N) 
DEF 
FEND 
D "  
FEND 
DEF 
FEND 
DEF 
FEND 
DEF 
FEND 
DEF 
FEND 
DEF 
FEND 
DEF 
FEND 
DEF 
FEND 
D EF 
FEND 

REM DEFINE 

TURN. ON EXTERNAL 

SET.UP EXTERNAL 

COLLECT . DATUM EXTERNAL 

PROCESS.DATUM EXTERNAL 

END . POINT EXTERNAL 

RUN.FINISHED EXTERNAL 

PLOT EXTERNAL 

REPEATORUN EXTERNAL 

ARCHIVEORESULTS EXTERNAL 

TURN. OFF EXTERNAL 

CON STANTS 

FALSE = 0 :\DEFILE TRUE AND FALSE 
TRUE = 0FFFFH 

R Eh? ST.,RT OF PROGRAM 

FOR I=0 TO N 

NEXT I 
STATUS(1) = 0 :\IdITIALIZE STATUS LECTOR 

1 

2 

CALL TURN.ON :\TURN ON 61 WARM UP ALL EQUIPMENT 
GOT0 DISPATCHER 
CALL SET.UP :\SET UP MACHINE 
GOTO DISPATCHER 
CALL COLLECT.DATUM :\GET THE DATUM FOR A WAVELENGTH 
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GOTO DISPATCHER 

GOTO DISPATCHER 

GOTO DISPATCHER 

GOTO DISPATCHER 

GOTO DISPATCHER 

GOTO DISPATCHER 

GOTO DISPATCHER 

STOP 

3 CALL PROCESS.DATUM :\DO THE DATA LEDUCTION 

4 CALL END-POINT :\EN3UGH DATA? 

5 CALL RUN.FINISHED :\ALL WAVELENGTHS DONE? 

6 CALL PLOT :\PLOT RESULTS FOR UALIDITY CHECK 

7 CALL REPEAT,RUN :\DO IT OVER? 

8 CALL ARCHIVE RESULTS :\SAVE THE RUN 

9 CALL TURN.OFF : \ALL DONE -- SECURE 

DISPATCHER: :\THIS ROUTINE CONSULTS THE STATUS VECTOR AND 
:\DETERMINES THE NEXT ACTIVITY TO BE DONE. 

IF STATUS(13) THEN \FIRST, CHECK THE ABORT FLAG 
PRINT 'RUE.! ABORTED' :\ 
GOTO 1 

ON STATUS(0) GOTO 1, 2, 3, 4 ,  5 ,  6 ,  7,  8 ,  9 

END 
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THE ARC CLOUD COME+LEx 

BY 

Kenneth C. Brundidge 
Professor of Meteorology 
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College Station, Texas 

ABSTRACT 

Thunderstorm gust fronts, frequently identifiable as arc clouds, 
have come to be recognized as triggering mechanisms for new convective 
activity at points of intersections. Arc clouds are recognizable as such 
only by high resolution ~teorologic~lsatellite observations and may take 
on several configurations, depending upon the circumstances. A situation 
in which an arc cloud is associated with a large convective area is called 
an arc cloud complex. 
cloud complex cases, based upon a combination of satellite, radar and 
conventionalmeteorological observations. 
Interactive Data Access System (McIDAS) of the Atmospheric Sciences Division 
of the Systems Dynamics Laboratory, Marshall Space Flight Center. 
A discussion is presented describing the circumstances which led to the 
development of the arc clouds and their subsequent impact upon their 
environment. 

A detailed analysis is presented of several arc 

Use also is made of the Man-Computer 
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Introduction 

Over the past 10-15 years, the high-resolution meteorological satellite 
has been revealing atmospheric convective activity on a scale which is up 
to two orders of magnitude smaller than can be resolved by standard meteoro- 
logical observations. This unique view of atmospheric events provided by 
the Geostationary Operational Environmental Satellite (GOES) also has shown 
that frequently convection is organized along lines and that where these 
lines intersect is a point where intense convection is likely to develop 
(Purdom, 1973, 1976). 

Thunderstorm areas are the precursors of a line of low-level convective 
cells which Purdom (1973, 1976, 1979) has called collectively the "arc cloud." 
This line has been identified by Purdom as the boundary of the mesohigh 
which is created in the surface pressure field by the ccld downdrafts from 
the thunderstorm cells (Byers and Braham, 1949; Fujita, 1963). The Leading 
edge of the cold air spreads outward from the storm area like a gravity 
current. On the basis of measurements made on an instrumented tower, Charba 
(1974) and Goff (1976) have found that this leading surface has many of the 
properties of a cold front in that a gusty wind shift (called the gust front) 
occurs as it passes a given point and there is a sharp drop in temperature 
and dewpoint temperature. 

As it undercuts and lifts the warmer, moister air ahead of it, the arc 
cloud is formed where conditions permit. 
in good agreement with the tower observations has been developed by Mitchell 
and Hovermale (1977). 
occurring in the trade wind flow of the tropics have been described by Zipser 
(1969) and Black (1978). 

A numerical model of gust fronts 

Phenomena resembling the arc cloud gust front but 

Thunderstorm gust fronts, a; delineated by their associated cloud 
pattern and observed by GOES, MY have a variety of shapes and scales. 
Gurka (1976) has examined some ECO gust front situtations and found that 
he could classify them into four types, three of which were associated with 
thunderstorms. 
to be "generally formed by a shortwave trough 
flow aloft or in the sobthwesterly flow ahead of a large-scale upper trough." 
With an eastward moving system, the gust front was found to be on the southern 
and eastern edges of the convective area. 

The greatest number of these (66) were called type 1 and found 
embedded in northwesterly 

Gurka distinguished between three versions of type 1 front situations. 
Type 1A represents a duster of thundeston,is with an oval-shaped leading edge 
and with the anvil cirrus blowing northward with anticyclonic curvature. 
An arc cloud as such is not apparent in the satellite imagery for this form. 
Type 1B has the general appearances of the type 1.2 storm mass except that 
a comma-shaped appendage appears on its south side. 
from the appendage is a solid line of growing convective cells, i.e. and arc 
cloud; cirrus blow-off from the arc cloud appears in the otherwise clear 
area between the arc and the main cloud mass. 

Extending westward 

Type 1C is a weaker version of 
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1B wi th  t h e  a r c  cloud broken i n t o  segments of low-level convection and 
with a c l e a r  area t o  t h e  n o r t h  s i d e  of  t h e  arc. 
Gurka, i t  appears  t h a t  t ypes  1B and 1 C  are stages i n  t h e  d i s s i p a t i o n  of a 
type  lA storm. 

Although not  s t a t e d  by 

Maddox (1980) has desc r ibed  
mesoscale convective complex" (MCC). 

a type  of s torm area which he  ha; named a 
He states t h a t  t h e  genes i s  of t h e  

The growing s torms e n t r a i n  mid- 

11 

MCC l ies  wi th  a number of i n d i v i d u a l  thunderstorms which develop i n  close 
proximity t o  form large s torm complex. 
t roposphe r i c  a i r  which becomes involved i n  the  storms as evapora t iona l ly -  
cooled downdrafts. The downdrafts produce mesohighs and co ld  outf low 
boundaries a t  t h e  ground. 
large mesohigh and outf low boundary. 
i n  t h e  convergence zone at  t h e  outf low boundary and r a i n  f a l l s  over a very 
l a r g e  area. 

A merging of t h e  mesohighs produces a s i n g l e  
I n t e n s e  new convect ion is produced 

I n  o rde r  t o  be c a l l e d  an MCC by Maddox, t h e  s torm area must show 
c e r t a i n  c h a r a c t e r i s t i c s  i n  t h e  I R  sa te l l i te  imagery: 

1. 

2 .  

There must be a contiguous cloud s h i e l d  wi th  I R  temperature 
less than -32°C Over an area of at least  105km2. 
The i n t e r i o r  of t h e  co ld  cloud r eg ion  must have a n  ?R 
no warmer than -52OC over  an area g r e a t e r  than 5x10 km . emperature 4 5  

Other requirements are t h a t  t h e  s i z e  cr i ter ia  be  maintained f o r  a t  least 
6 h r s  and t h a t  t h e  cloud s h i e l d  be n e a r l y  c i r c u l a r .  
i n  a s torm area looking very much l i k e  type  lA storms i n  Gurka's (1976) 
c l a s s i f i c a t i o n  system. 
on cloud-top temperature,  however. 

These c r i t e r i a  r e s u l t  

Gurka imposed no l i m i t a t i o n s  on s i z e  o r  cond i t ions  

Maddox hypothesizes t h a t  a d i s s i p a t i o n  stage of t h e  MCC is reached 

One of 
when " in t ense ,  convective elements no longe r  develop," which is i n d i c a t e d  
i n  t h e  sa te l l i t e  imagery by a c h a o t i c  appearance of t h e  clouds.  
t h e  reasons he suggested f o r  t h i s  demise is t h a t  ' t h e  co ld  a i r  dome. beneath 
t h e  system may become s o  i n t e n s e  t h a t  t h e  s u r f a c e  convergence zone moves 
away from t h e  r eg ion  of mid-and upper- level  subsidence." 
movements of t he  outflow boundary while  d i s s i p a t i o n  of t h e  main s torm 
area is occurr ing sugges t s  t h a t  an arc cloud would appear i n  the s a t e l l i t e  
imagery and t h a t  t h e  MCC t a k e s  on t h e  appearance of a type 1 B  o r  1 C  cloud 
p a t t e r n  i n  Gurka's (1976) c l a s s i f i c a t i o n  s y s t e m .  

This outward 

The arc cloud cases t o  be d i scussed  h e r e  bear  a c l o s e  resemblence t o  
the  MCC i n  t h e i r  early s t a g e s ,  although perhaps not meeting a l l  of t h e  
cond i t ions  demanded by Maddox. Because of t h i s  s i m i l a r i t y  and the  s i m i l a r i t y  
t o  t h e  type 1 cloud p a t t e r n s  desc r ibed  by Gurka (19761, they w i l l  be  r e f e r r e d  
t o  as "arc cloud complexes" (ACC). 

The importance of t h e  s tudy  of ACC's  l i e s  i n  t h e  f a c t  t h a t  t h e  a r c  
clouds a s s o c i a t e d  with such systems may be maintained f o r  many hours a f t e r  
t he  main storm area has  begun t o  d i s s i p a t e  and t h a t  they can t r i g g e r  new 
storm development of s i g n i f i c a n t  s i z e  hundreds of miles away from t h e i r  
b r i g i n .  Thus, t h e r e  can crevelop a sequence of s torm events  extending over 
s e v e r a l  days. It should be noted t h a t  t h e  s c a l e  of t h e  ACC is meso-$ t o  
rneso-a (Orlanski ,  1975) while being composed of elements i n  the  meso-y range. 
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Thus as noted earlier,  many of t he  f ea tu res  which are observable by satel l i te  
and radar  measurements cannot be resolved by t he  synopt ic  observat ions,  
forc ing  one t o  draw conclusions based t o  a l a rge  degree on surmise. 

Case 1 - 1 7  May, 1982 

During the predawn hours of 1 7  May, 1982 an arc cloud appeared i n  north,  
c e n t r a l  Texas. Over t h e  next 10 h r s . ,  i t  moved southward and outward from 
its source region a t  speeds which var ied  from about 3ms-l on its east 
s i d e  t o  about 12ms-1 on its south s i d e  and about 6ms-1 on i ts  western 
f lank.  
northward from the  Gulf Coast of ea s t e rn  Texas t o  another storm area i n  
Missouri. 
during the  evening of 1 7  May i n  f a r  west Texas. 

I n  i ts  late s tages  i t  marked a l i n e  of convective storms extending 

It 21so appears t o  have been involved i n  storm development 

The progenitor of t h i s  a r c  cloud was found from examination of the synoptic 
weather naps  t o  have been a storm a rea  t h a t  formed i n  Kansas and western 
Oklahoma on 16 May, 1982. 
f ront  analyzed by the  National Weather Service (NWS) t o  extend from South 
Dakota t o  the  Texas Panhandle and beyond t o  the  southeast  corner of New 
Mexico. This w a s  found t o  be a very shallow f ron t  and very d i f f i c u l t  t o  
j u s t i f y  south of Kansas on the  b a s i s  of the temperature f i e l d s  of t h e  lower 
troposphere. The storm area expanded southward i n t o  the  Texas panhandle 
during the  night of 1 7  May and showed s igns  of becoming an ACC i n  the  I R  
imagery of GOES-EAST about 1000 GMT. 

This storm area w a s  on the  east s i d e  of a s t a t iona ry  

To study the chain of w e n t s  f o r  t h i s  case hourly,  s ec t iona l  maps 
fo r  the period 0900 GMT, 1 7  May through 0000 GMT, 18 May were analyzed 
f o r  temperature and pressure.  
and a l t ime te r  s i t t i n g  w a s  analyzed at  an increment of 0.03 inches of Hg 
which corresponds t o  a lmb increment i n  pressure.  For the most p a r t  
t h e  reported da t a  were a l l  accepted a s  va l id  and u t i l i z e d  and the  ana lys i s  
was subject ive.  However, fea tures  i n  the  temperature and pressure f i e l d s  
were ca re fu l ly  checked f o r  cont inui ty .  Also, the  analyses were coordinated 
with the GOES-EAST imagery and the  NWS Radar Summary maps. Other items used 
i n  the study were the  NWS maps a t  t he  mandatory RAOB levels f o r  0000 GMT and 
1200 GMT on 1 7  May; soundings from OKC, AMA, SEP, CGG, MAF, VCT and LCH; 
and ana lys i s  of divergence and ver t ical  cross  sec t ions  obtained through 
the Man-Computer In t e rac t ive  Data Access System (McIDAS) of NASA's Marshall 
Space F l ight  Center. 

Temperature was analyzed a t  2'F increments 

Figure 1 shows the  ana lys i s  of the  sur face  r epor t s  a t  1200 GMT, 1 7  May. 
The heavier  l i n e s  represent  the  pressurn. ana lys i s  and the  t h i n  l i nes  are 
isotherms. The l i g h t  shading represents  areas  i n  which MDR l e v e l  1 re- 
f l e c t i v i t y  w a s  reported according t o  the  1135 GMT Radar Summary. It is  
assumed t h a t  l i g h t  r a i n f a l l  was occuring i n  these  areas. MDR l eve l s  3 
and 5 a r e  shown by gradations i n  shading. 
the ACC a re  indicated by th& s q u a l l  l i n e  svmbolisn. The GOES-EAST I R  imagery 

The southern and eas te rn  edges uf 
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i o  h r s .  earl ier shows an MCC-like s torm cavering most of Kansas, t h ree - fou r ths  
cf Oklahoma and t h e  e a s t e r n  h a l f  of t h e  Texas panhandle. The Radar Summary a t  
the time showed a broad band of  levels 3 and 5 ce l l s  extending from a po in t  
s4,mewhere south of Lubbock, TX. (LBB) northeastward i n t o  sou the rn  Kansas. 
Tops of t h e s e  thunderstorms ranged up t o  59x103ft and ha i l  was r e p o r t e d  a t  
one po in t  i n  Kansas. From then  u n t i l  t h e  time of Fig.  I, t h e  a x i s  of  s t r o n g e s t  
convection slowly r o t a t e d  clockwise,  p i v o t i n g  about t he  c e l l  c l u s t e r  between 
Lubbock and Ab i l ine  (ABI) . Thus, t he  a x i s  of levels 3 and 5 came i n t o  a 
p o s i t i o n  along t h e  southern and e a s t e r n  edges of the ACC shown i n  Fig.  1. 
During t h e  per iod t h e  cloud tops  lowered and warmed. 

The p res su re  a n a l y s i s  i n  Fig.  1 shows t h e  ACC mesohigh and t h e  temperature 
a n a l y s i s  shows a dominance of  cold a i r  along t h e  high pressue a x i s .  
sharp temperature 
convect ion,  I n  t h e i r  Thunderstorm P r o j e c t  r e p o r t ,  Byers and Braham (1949) 
remark ' t ha t  a p x k e t  of c o l d e r  temperature  is u s u a l l y  l e f t  behind by the  
gust  f r o n t  of an i n d i v i d u a l  moving thunderstorm. 
cold a i r  was observed t o  g radua l ly  undergo mod i f i ca t ion  due t o  t u r b u l e n t  
mixing. These obse rva t ions  match t h e  cond i t ions  found i n  t h i s  ACC Case, 
making i t  appear t h a t  t h e  ACC behaves = a  s i n g l e ,  huge thunderstorm. 

A 
g r a d i e n t  l i es  along the  gust  f r o n t  under the s t r o n g e s t  

This remaining l a y e r  of 

One o t h e i  Zaature t h a t  should be noted i n  Fig.  1 is t h e  numerous 
r e p o r t s  of fog i n  e a s t e r n  Texas and Louis iana.  
moist s u r f a c e  a i r  i n  t h i s  area was a ready source  of energy €or storm 
development. The 1200 GMT sounding at Longview, TX (GGG) shows t h e  l a y e r  
from t h e  ground t o  850 mb w a s  s a t u r a t e d  and c o n d i t i o n a l l y  uns t ab le .  
o t h e r  hand, t h e  1200 GMT saunding a t  Midland, TX. (W) was a b s o l u t e l y  s t a b l e  
t o  800 mb. The s u r f a c e  dewpoint temperature  inc reased  through t h e  morning 
hours over  Louisiana and sou the rn  Arkansas as t h e  s o u t h e r l y  flow from t h e  
Gulf of Mexico inc reased  i n  t h a t  area. 

Warm (no te  isotherms) ,  

On the  

Although not shown h e r e ,  i t  should be noted t h a t  t h e  ACC i n  Fig.  1 
l i e s  j u s t  t o  t h e  east of a major trough l i n e  a t  500 mb. It is p o s s i b l e  
t h a t  a s h o r t  wave i s  moving through t h i s  trough a t  t h i s  t i m e  b u t  i t  a l s o  
is p o s s i b l e  t h a t  t he  minor changes t h a t  could be made i n  t h e  NWS a n a l y s i s  
of h e i g h t s  and temperatures simply r e f l e c t  t h e  influents of t h e  ACC on t h e  
l a rge r - sca l e  environment. 

The GOES-EAST I R  imagery f o r  1230 GMT is given i n  Fig.  2 and t h e  v i s i b l e  
imagery of 1300 GMT is  Fig.  3. 
f a i n t  band of clouds a t  a temperature  warmer than -32OC, according t o  t h e  ME3 
scale; however, i t  is e a s i l y  seen i n  t h e  v i s i b l e  imagery of Fig.  3. By t h i s  
time the  parent  storm has e s s e n t i a l l y  s p l i t  i n t o  an eastern and a western 
po r t ion .  It is t h e  e a s t e r n  p o r t i o n  which appears  t o  be connected with t h e  
arc cloud and t o  a l a r g e  degree matches Gurka's type 1B gust  f r o n t .  
r a t h e r  than c i r r u s  blowoff,  t h e  clouds behind t h e  a r c  cloud are middle and 
lower le-.el  clouds having temperatures  arocnd -2O'C t o  -3OOC. 
cloud marks the  p o s i t i o n  of t h e  s q u a l l  l i n e  i n  Fig.  1 from Waco, TX. (ACT) 
t o  west of ABI. It  i s  seen from t h i s  t h a t  t h e  clouds behind t h e  a r c  cloud 

The a r c  cloud appears  i n  Fig.  2 only as a 

However, 

The arc 
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were s t i l l  producing p r e c i p i t a t i o n .  
region even tua l ly  became e s s e n t i a l l y  clear of clouds.  
of t h e  ACC a l s o  sl.x.3v d i s s i p a t e d ;  by 1330 GMT t h e  cloud t o p  temperatures  
were everywhere i n  Texas warmer than  -32OC and remained t h a t  way f o r  t h e  
next 6.5 h r s .  

As w i l l  be  seen  later (Fig. 6 )  t h i s  
The western p o r t i o n  

By comparing Figs .  1-3, i t  can be seen  t h a t  Stephenvillq,TX (SEP) 
l i es  i n  t h e  outf low region.  behind t h e  arc cloud and between t h e  two main 
convective region appearing i n  Fig. 2. It was t h e  only upper-air  sounding 
s t a t i o n  t o  be so  loca ted ;  Oklahoma City (OKC) l i e s  t o  t h e  no r th  underneath 
t h e  upper-level cloud s h i e l d .  
Fig. 4. It is seen t h a t  t h e  atmospheric columm over SEP was e s s e n t i a l l y  
s a t u r a t e d  from t h e  ground t o  somewhere around 500 mb and t h a t  t h e  cloudy 
air was no co lde r  than about -2O'C, t hus  v e r i f y i n g  t h e  I R  i n d i c a t i o n s  i n  
Fig. 3. 
t he  ground t o  about 830 mb t h e  wind was from a n o r t h e a s t e r l y  d i r e c t i o n .  
Also, t he  air  i n  t h i s  l a y e r  can be seen  from t h e  sounding t o  be p o t e n t i a l l y  
co lde r  than t h e  a i r  above i t ,  hence it is hypothesized t h a t  t h i s  is a i r  
which has descended i n  s a t u r a t e d  downdrafts and is spreading ou t  behind 
t h e  arc cloud. 
about 11OOm. 
appearing i n  the  SEP sounding between 500 and 600 mb. 
layer has wet-bulb p o t e n t i a l  temperature (ew) o f  13' - 14OC. 

va lues  of eW are found i n  t h e  l a y e r s  from 545 t o  562 mb and from 458 t o  515 

mb. 
l a y e r s  j u s t  below them and also provide a i r  f o r  s a t u r a t e d  downdrafts with Ow 

va lues  matching those  i n  t h e  co ld -a i r  dome. 

The 1200 GMT sounding a t  SEP is given i n  

The wind r e p o r t s  on t h e  right-band s i d e  of  Fig.  4 show t h a t  from 

This would make t h e  depth of t h e  co ld  a i r  l a y e r  at  SEP 
This may provide an exp lana t ion  f o r  t h e  s u p e r a d i a b a t i c  l a y e r s  

The a i r  i n  t h e  s u r f a c e  
The same 

I n t r u s i o n s  of c o l d e r ,  d r y e r  a i r  i n  t h e s e  l a y e r s  would produce s u p e r a d i a b a t i c  

The 1200 GMT sounding a t  OKC a l s o  shows a co ld ,  s a t u r a t e d  l a y e r  with 
t h e  same va lues  of eW a s  a t  SEP. 

t h e  lowest 3Omb and it  is capped by what appears  t o  be a subsidence inve r s ion .  
Sa tu ra t ed  cond i t ions  are aga in  found above 64Omb, r e p r e s e n t i n g  t h e  middle and 
high clouds seen over OKC i n  Figs. 2 and 3. 

However, a t  OKC t h i s  l a y e r  i s  confined t o  

A ques t ion  'lo be answered then is, where is t h e  i n t r u s i o n  a i r  coming 
from? 
west with values  of O3 i n  t h e  mid l e v e l s  of t h e  t roposphere which are c l o s e  

t o  t h e  r equ i r ed  va lues .  

The 1200 GMT soundings a t  MAF and AM4 both show a i r  moving from t h e  

As mentioned e a r l i e r ,  once t h e  a r c  cloud was formed i t  expanded outward 
This r equ i r ed  a d ive rgen t  wind f i e l d  i n  t h e  s u r f a c e  layer toward t h e  south.  

of t he  s o r t  shown i n  Fig. 5 f o r  1700 CMT. The a n a l y s i s  was obtained o b j e c t i v e l y  
using t h e  McIDAS and the  l i n e s  are drawn a t  a n  increment of  5x10'5~'~. 
The divergence c e n t e r  co inc ides  with t h e  p o s i t i o n  of t h e  mesohigh a t  t h i s  time 
and t h e  a x i s  of the  convergent region i n  sou theas t  Texas l i es  almost along t h e  
a r c  cloud p o s i t i o n .  
region was experiencing r a i n  a t  t h i s  time. 

A l a r g e  part of t h e  area encompassed by t h i s  convergent 
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It was p o s s i b l e  t o  accu ra t e ly  p inpo in t  t h e  time of the  arc cloud 
passage a t  College S t a t i o n ,  TX. (CLL) on t h e  b a s i s  of recorded measurements 
a t  t h e  Department of Meteorology a t  Texas A&M Unive r s i ty .  
s h i f t e d  from 120' t o  270' a t  1610 GMT and t h e  p r e s s u r e  jumped 0.5 mb. 
The maximum wind gus t  of 27 m i  h r - l  (12 ms-l) occured a t  1620 GMT. 
gust  speed matched t h e  arc cloud speed obtained by t r a c k i n g  t h e  arc cloud 
i n  t h e  s a t e l l i t e  imagery. 
p r i o r  t o  t h e  arr ival  of t h e  arc cloud due t o  a thunderstorm t h a t  developed 
t o  t h e  west of t h e  s t a t i o n .  However, otherwise sequence of even t s  
agree with those  r epor t ed  by Charba (1974) i n  h i s  s tudy  of gus t  f r o n t s .  

There, t h e  wind 

This  

R a i n f a l l  a c t u a l l y  s t a r t e d  a t  CLL a t  1540 GMT, 

By 1930 GMT t h e  a r c  cloud had expanded i n t o  a r i n g  of about 800 km 
diameter (F ig .  6 ) .  Continuous thunderstorm a c t i v i t y  had occurred on i t s  e a s t e r n  
f l a n k  while c l e a r i n g  took p l ace  i n  t h e  c e n t r a l  p o r t i o n  of t h e  area. 
l i n e  of only low l eve l  convection marks t h e  southernmost p o r t i o n  of t h e  
a r c  cloud and an expanse of s t ra tacumulus 
This s i t u a t i o n  most c l e a r l y  resembles a type 1 C  arc cloud.  
of t h e  a r c  cloud a t  1400 and 1600 GMT are shown by l i n e s  of c ros ses .  
square i n  no r th  c e n t r a l  Texas g ives  t h e  p o s i t i o n  of SEP. 
of t h e  western p o r t i o n  of t h e  ACC is t h e  patch of s t r a t acumulus  and c i r r u s  
over western Oklahoma and t h e  l i n e  of cumulus i n  an arc shape j u s t  t o  t h e  
west of SEP and i n t e r s e c t i n g  t h e  western f l a n k  of t h e  arc cloud. A c l o s e  
examination of t h i s  p o r t i o n  of Fig.  6 r e v e a l s  a cumulus c e l l  j u s t  t o  t h e  w e s t  
of t h i s  i n t e r s e c t i o n  near  t h e  New Mexico border.  
gent region (Fig.  5 )  as w e l l  as being a t  t h e  p o s i t i o n  of t h e  s t a t l o n a r y  f r o n t  
i n  Fig. 1. An hour la ter  a c l u s t e r  c;f a t  least  10 towering cumulus appeared 
a t  t h i s  po in t  ( s ee  Fig.  8). I n  y e t  another  h a l f  hour t h e s e  cumulimelded i n t o  
a s i n g l e  storm area which i n  t u r n  became p a r t  of a l i n e  of storms extending 
ac ross  t h e  e a s t e r n  p o r t i o n  of New Mexico i n t o  Colorado. 

A t h i n  

remains on t h e  western f i ank .  
The p o s i t i o n s  

A l l  t h a t  remains 
A small 

This p o i n t  a l s o  is i n  a conver- 

The suyface a n a l y s i s  f o r  2000 GMT (Fig.  7) shows the  changes t h a t  took 
place over Texas i n  t h e  8 h r .  pe r iod  a f t e r  t h e  t i m e  of Fig.  1. The mesohigh 
became poorly def ined and t h e  main p r e c i p i t a t i o n  area (shaded) became elongated 
i n t o  a s q u a l l  l i n e .  The isotherms i n  Fig.  7 s t i l l  show cons ide rab le  packing 
along t h e  s q u a l l  l i n e  and i t s  ex tens ion  i n t o  f a r  west Texas, i n d i c a t i n g  t h a t  
t he  d i s s i p a t i n g  arc cloud s t i l l  had t h e  thermal p r o p e r t i e s  of a quasi-cold 
f r o n t  but  was incapable  of i n i t i a t i n g  new convection i n  t h e  s t a b l e  a i r  of 
south Texas. 

The temperatures  i n  Fig.  7 over c e n t r a l  Texas i n d i c a t e  warming i n  t h a t  
a r e a  of 15' - 20°F. P l o t s  of s u r f a c e  temperature ve r sus  time were made f o r  
MWL, ABI, DFW, ACT, SJT  and CLL and compared with p l o t s  f o r  DRT and SHV. 
The la t te r  two s t a t i o n s  remained o u t s i d e  t h e  arc cloud through 2000 GMT. 
It was found t h a t  as t h e  a r c  cloud passed a given s t a t i o n ,  t h e r e  was a drop 
i n  temperature t o  a value 6'- 8'C below t h a t  a t  t h e  s t a t i o n s  o u t s i d e  t h e  arc. 
However, w i th in  a few hours ,  t h e  exact  period va ry ing  from one s t a t i o n  t o  
another ,  t he  temperature began t o  r ise a t  a rate which matched t h a t  a t  DRT 
and SHV. A l l  of t h e  s t a t i o n s  reached t h e i r  maximum temperature  w i t h i n  an 
hour of one another  and as t h e  temperature  again f e l l  i n  l a t e  a f t e rnoon ,  
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t h e  rates aga in  n e a r l y  matched. 
d i f f e r e n c e  of  4O-6OC s t i l l  e x i s t e d  between s t a t i o n s  i n s i d e  and o u t s i d e  of t h e  
arc. 
temperature v a r i a t i o n  and t h a t  t h e  boundary l a y e r  w i t h i n  t h e  arc cloud is v e r i  
slow i n  modifying f o r  systems as l a r g e  as ACC's.  

By 0400 GMT on 18, May 1982 a t e s 7 e r a t u r e  

This i n d i c a t e s  t h a t  a l l  of t h e  s t a t i o n s  were experiencing t h e  d i u r n a l  

Darkow and Livingston (1975) have recommended t h e  use  of a q u a n t i t y  c a l l e d  

A good approximation t o  t h i o  q u a n t i t y  f o r  a p a r c e l  follo-xing 
to ta l  energy o r  s ta t ic  energy (Kre i t zbe rg ,  1964) in t h e  s tudy  and p r e d i c t i o n  
of s eve re  storms. 
ind i n v i s i d ,  a d i a b a t i c  process  i s  

ET = C T t qz + wL, 
P 

where t h e  f i r s t  term cin t h e  r i g h t  is  s p e c i f i c  enti ialpy, t h e  second term is 
p o t e n t i a l  energy p e r  u n i t  mass, and t h e  l a s t  term is s p e c i f i c  l a t e n t  hea t  
energy ( t h e  mixing r a t i o ,  w, has been used as an approximation t o  s p e c i f i c  
humidity).  
gene ra l ly  is t w o  o r d e r s  of  magnitude smaller than t h e  o t h e r  energy components. 
It follows t h a t  ET shoud be  conse rva t ive  p rope r ty  of a p a r c e l  like 8 
i f  t h e  assumptions are s a t i s f i e d .  
observat ions f o r  s e v e r  1 s e l e c t e d  times between 0000 GMT, 17 May and 0000 GMT 
18 May, 1382. As would be expected, t h e  p a t t e r n s  of E were found t o  p r i m a r i l y  

r e f l e c t  t h e  temperature p a t t e r n s  with va lues ,  at 0900 GMT as a n  example, o u t s i d e  
t h e  ACC ranging from 325 t o  345 Jg" and from 310 t o  320 Jg-' i n  t h e  cold a i r  
i n s i d e  t h e  ACC per imeter .  P a r c e l s  at t h e  grc-qnd are c o n s t a n t l y  being r ep laced  
by o t h e r  p a r c e l s  with d i f f e r e n t  va lues  of ET o r  i n  a c t u a l i t y  may be modified 

by d i a b a t i c  processes .  I n  p a r t i c u l a r ,  t h e  d i u r n a l  temperature v a r i a t i o n  appears  
t n  E Also, i t  w a s  found t h a t  t h e  dew-point temperatur&>s i n s i d e  t h e  arc cloud 

increased with time a t  a nuinber of s t a t i o n s ,  presumably as a consequence of evapo- 
r a t i o n  of r a i n f a l l  from t h e  e a r t h ' s  s u r f a c e .  
va lues  of E 
s ta t ion ' ;  byT 0000 GMT, l a  May, 1982. 
t o t a l  energy, rhe  recovery of energy a t  t h e  ground which might then be  a v a i l a b l e  
f o r  f u t u r e  s torm development is more r a p i d  than i f  only i n t e r n a l  energy i s  considered. 

K i n e t i c  energy has  been ignored !n , h i s  s ta tement  because i t  

o r  €le 
W 

This q u a n t i t y  w a s  c a l c u l a t e d  from s u r f a c e  

T 

T' 

Consequently, t h e  d i f f e r e n c e  i n  
between t h e  two masses of a i r  had l a r g e l y  vanished a t  many of t h e  

Therefore ,  from t h e  p o i n t  of view of t he  

2ase 2 - 1 7  May, 1982 

&rka (1976) def ined his type 3 gus t  f r o n t  cloud p a t t e r n  a s  being "a narrow arc- 
shaped l i n e  of convect ive clouds with f a i r l y  uniform tops  and no vigorous develop- 
ment a long t h e  a r c .  
c e l l  o r  c l u s t e r  which is usua l ly  i n  its dying s t age . "  
t o  have developed i n  western Missouri  on t h e  same day as Case 1. 

The arc is c l e a r l y  sepa ra t ed  from t h e  o r i g i n a t i n g  cumulonimbus 
This type of a r c  cloud appears  

A reexamination of Fig.  1 r e v e a l s  a mesoscale trough a s s o c i a t e  with warm 
temperatures extending from Oklahoma i n t o  e a s t e r n  Kansas. 
band of c louds extending roughly along t h i s  trough from the  broad 

Fig.  2 and 3 show a 
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cloud mass over Nebraska and western Iowa. 
(not shown here) reveals the associacion of the cloud band with the warm 
trough even better. 

The 1300 GMT surface analysis 

By 1600 GMT the trough had shifted eastward somewhat into Missouri, 
the associated cloud band also shifted and was composed of high and middle 
clouds, and growing cumulds. It was beginning to look like a cowective arc 
cloud. 
but a packing of isotherms was not evident. 

A temperature gradient of about 3OC per 100 km existed across Missouri 

By 1700 GMT rain was falling from the better-developed cumuli in Iowa and 
northern Missouri and an hour later the cloud band was a thin line of 
towering cumulus and cumulonimbus stretching from north to south across 
central Missouri. Severe thuaderstorm watches had beerl issued for eastern 
Iowa, northeastern Missouri and western Illinois. 
presence of vigorous development along the arc in this case is not in agreement 
with the definition of type 3 cloud patterns. 

It may be noted that the 

The situation at 2000 GMT can be seen in Fig. 7 and 8. By this time 
a pocket of colder temperature (Fig. 7) appeared in central Missouri and the 
isotherms had become packed along the arc cloud, denoted in Fig. 7 by the 
squall line symbolism. 
Oklahoma, and Arkansas. Over the next several hours, a number of thunderstorms 
developed in the viciniiy of this mesohigh and a convection was forged between 
the Missouri and Texas squall lines. 

Amesohigh had formed at the three-state corners of Missouri, 

As described above, tht aevelopment of the arc cloud in this case 
involved a somewhat different scenario than that in Case 1. Here, the arc 
cloud formed in a preexisting trough and without the presencs c .  a -.?ell- 
developed mesohigh. Rainfall came later. Convergent flow is indicate2 
along this trough by the winds in Fig. 1 and conCirmr,f by the contours Ii? 
Fig. 5. 

The scenario parallels that described by Ulanski and Carstang (1978) 
for Florida thunderstorms, based on measurements over a dense network (660 km ) 
of anemometersand rain guages. 
vorticity precedeci radar echoes and rain by up to 90 min. 
the arc cloud developing into a squall line, the space and time scales are 
much greatei than those for individual thunderstorms; however, the chain of 
events was the same. 

They found that convergence and cyclonic 
In the case of 

Case 3 - 19 May 1982 
As in Case 1, the ACC of 19 May, 1982 had its origin during the nighttibe 

hours. Figure 9 i s  the IR image for 1160 i3.Z 2" 19 May and shows a type 2 
ACC over Oklahoma. Earlier satellite observations show Lifizt this storm area 
moved northeastward from Texas into Oklahoma and is part of a flow of moisture 
from the tropics across Mexico and western Texas. 
can still be seen in Fig. 1. 

Some evidence of this connection 



A t  t h i s  t i m e  Oklahoma l ies  on t h e  east s i d e  of a deep longwave trough. 
There is no i n d i c a t i o n  of a s h o r t  wave a t  850 mb; howcver, a pronounced 
shor t  wave (meso 3) can be analyzed at  t h e  700 mb l e v e l  a t  1200 GMT over  
Oklahoma. It is impossible t o  t e l l  i f  it is t h e  cause or t h e  e f f e c t  of t h e  ACC. 
It appears a l s o  with much reduced ampli tde a t  503 mb. 

A por t ion  of t h e  s u r f a c e  map a t  1200 GMT appears as Fig. 10. The heavy 
l i n e s  represent  a r e a n a l y s i s  of t h e  NWS a n a l y s i s  of pressure  at ar i n t e r v a l  
of 1 I& and t h e  t h i n  l i n e s  a r e  temperature a t  2 deg. i n t e r v a l .  The shaded 
area represents  t h e  MDR values  according t o  t h e  1135 
An area  of l e v e l  5 echos i s  seen j u s t  t o  the  nor th  of Wichita F a l l s ,  TX. (SPS). 
These analyses  show t h a t  t h e  storm area is a cold-core mesohigh a t  t h e  ground 
A p a r t i c u l a r l y  pronounced axis of warmer temperatures appears on t h e  east s i d e  
of t h e  radar  echo p a t t e r n  which played an important r o l e  i n  subsequent events .  
The region of warreer temperatures i n  t h e  south  and southeas te rn  p o r t i m  of Fig. 
io a l s o  has higher  dewpoint temperatures and thus g r e a t e r  s t a t i c  energy. 

Radar Summary. 

This ACC underwent a rapid decay i n  t h e  next few hours and exhib i ted  a 
For easr i n  t h e  followirig much d i f f e r e n t  behavior than was seen i n  Case 1. 

discussion,  c e r t a i n  fecitures i n  Fig. 9 have been labeled.  The main s torm 
has been labeled A. B marks t h e  left-hand segment of an  arc cloud wich a l s o  
can be seen i n  Fig. 9 t o  extend along t h e  south s i d e  of A. 
of middle and high clouds which had no apparentconnect ion with t h e  ACC at 
t h i s  time. Fig. 11 shows these  same f e a t u r e s  at 1200 M. The cloud band, 
C ,  has moved easttrard as has t h e  mass, A. Bowever, B has remained near ly  
2 t a t i o r . y  and i n  t h i s  v i s i b l e  image from GOES-EAST, i t  can be seen  t h a t  
B contains  mauv towering cumuli. The i s o l i n e s  i n  Fig.  11 represent  s u r f a c e  
values  of equivalent  p o t e n t i a l  temperature,  ee, obtained o b j e c t i v e l y  5y use 

Label C i s  a band 

of McIDAS. A leading d i g i t ,  3, is missing from t h e  8 values .  The outflow e 
region between A and B has  t h e  minimum values  of 8 

values  underneath the  c i r r u s  outflow of A r e f l e c t s  t h e  warm axis i n  Fig. io.  
while &he axis of maximum e 

The f i e l d  of h o r i z o n t a l  divergence f o r  1200 GplT a t  t h e  s u r f a c e  is given 
i n  Fig.  1 2  i n  u n i t s  of 10-5s-1. 
It is seen t h a t  divergence d c - i n a t e s  wi th in  t h e  limits of t h e  ACC. Convergence 
appears t o  t h e  south 
maximum j u s t  t o  t h e  nor th  of SPS where level 5 ecnos were bet.ng obeerved. It is 
expected t h a t  s t r o n g  downdrafts were occuring i n  t h i s  area. 

Again, t h e  a n a l y s i s  w a s  obts ined objec t ive ly .  

I n  p a r t i c u l a r ,  no te  zhe divergence and west or t h e  ACC. 

Fig. 13 shows t h e  s i t u a t i o n  a t  1600 GMT. Again, f e a t u r e s  A: B ana C from Fig. 
9 have been i d e n t i f i e d .  The i s o l i n e s  are i s o t h e r m  i n  deg. F. It is seen t h a t  
the cloud mass haa d i s s i p a t e d  i n  t h e  s t rongly-divergent  regior. shown i n  Fig.  12. 
It appears t h a t  rain-out has occurred here ,  leaving a t h i n  a r c  cloud on t h e  south 
s i d e  of the ACC. Also, i r  appears t h a t  t h e  outflow has spread westward t o  the  cloud 
band, C ,  making i t  an extension of t h e  arc cloud. 
stratacumulus with some c i r r u s  according t o  t h e  hourly observat ions.  A t  t h i s  t i m e ,  
the  g r e a t e s t  temperature d i f f e r e n c e s  e x i s t  between OKC and DFV t o  t h e  south  and 
between OKC and AMA t o  the  west. 

Cloud band C is composed of 

This  is because t h e  temperature o u t s i d e  t h e  a r c  
had gone up by a g r e a t e r  amount than they had tit StatioilS i n s i d e  the  a r c  
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cloud. 
i n  north Texas l o s t  much of its d e f i n i t i o n  by 1630 GMT. 

Af te r  1600 GMT, t h e s e  temperature d i f f e r e n c e  decreased and t h e  arc cloud 

This ACC d i f f e r e d  from t h e  one i n  C a s e  1 i n  t h a t  the  a r c  cloud i t se l f  i n  
t h i s  ins tance  showed no independent motion. The e n t i r e  mass, inc luding  
t h e  a r c  cloud once it  w a s  formed ( w i l l  d e l i n e a t e d  by 1445 GMT), d r i f t e d  
eastward a t  about 1Oms-I; however, t h i s  t r a n s l a t i o n  speed is d i f f i c u l t  t o  
a s c e r t a i n  from the  satell i te image because of t h e  r a p i d  d i s s i p a t i o n  of t h e  
w e s t  s i d e  of t h e  main cloud mass. 

Also, t h e  arc cloud i n  t h i s  case  was i n a c t i v e  i n  the  sense of i n t e r a c t i n g  

By 1800 M, t h e  axis of warm s u r f a c e  temperature had aoved 
with its environment t o  produce continuous convection. However, two i n t e r e s t i n g  
th ings  d i d  occur. 
i n t o  e a s t e r n  Oklahoma; t h e  w a r m e s t  temperature i n  t h e  area w a s  repor ted  a t  
Ft .  Smith, Ark. (FSM). As t h e  remains of t h e  ACC moved a c r o s s  t h i s  area i n t o  
Arkansas, t h e r e  w a s  a sudden r e j u v i n a t i o n  of t h e  system s t a r t i n g  with t h e  ap- 
pearance i n  t h e  1832 GMT sa t e l l i t e  imagery of two new convective c e l l s  on the  
Oklahoma-Arkansas border. 
growth c f  deep convection i n  t h e  Texas panhandle j u s t  t o  t h e  w e s t  of cloud 
band C (see Fig. 13). 
g ives  t h e  satel l i te  imagery at 2200 GMT. The superimposed a n a l y s i s  is t h e  
s u r f a c e  temperature f i e l d  i n  deg. C. Over t h e  next 4.5 h r . ,  t h e  systems i n  
western Kansas and t h e  Texas panhandle were respons ib le  f o r  e i g h t  r e p o r t s  
of tornadoes and two r e p o r t s  of l a r g e  h a i l .  It is impossible t o  t e l l  what i f  
any r o l e  cloud band C MY have played i n  t h i s  development. 

The o t h e r  i n t e r e s t i n g  t h i n g  was t h e  explos ive  

Both of t h e s e  developments can be seen  i n  Fig.  14 which 

Some factors probably c o n t r i b u t i n g  t o  t h e  s h o r t  l i f e  and r e l a t i v e  
unimportance of t h e  arc cloud i n  t h i s  case (Fig. 13) may b e  seen  i n  t k ?  sounding 
ar: 1200 GMT f o r  OKC (Pig. 15). F i r s t ,  i t  is seen t h a t  t h e  co ld-a i r  l a y e r  
a t  t h e  ground is very shallow, amounting t o  only about 200 m i n  depth.  
Secondly, t h e  wind i n  t h i s  l a y e r  h a s  no component t o  t h e  south;  t h e r e f o r e ,  
t h e  o u t f l o v  i p  -ot  undercut t ing and l i f t i n g  t h e  warmer, moister ,  s u r f a c e  a i r  
i n  northern Texas to  maintain t h e  convection. Thirdly,  d e s p i t e  t h e  f a c t  t h a t  
a t  12OC GMT OKC is i n  t h e  middle of t h e  ACC (Fig. 11) i t  is seen  t h a t  the  
sampled column is  not  s a t u r a t e d  between roughly 600 and 750 mb-two i n t r u s i o n s  
of dryer  a i r  are evident .  The source of t h i s  a i r  must l i e  somewhere i n  t h e  t r i a n g l e  
formed by AMA, MAF, and SEP. The soundings a t  those  s t a t i o n s  show t h a t  t h e  
dewpoint spread i n  t h e  source  region is of t h e  order  of 15OC. 
o b j e c t i v e  a n a l y s i s  of divergence shows convergence of t h e  o r d e r  of 5x10- $01 over 
western Oklahoma between 500 and 850 mb. It thus appears t h a t  t h i s  storm was 
s indl tanous ly  r a i n i n g  i t s e l f  out and drawing dryer  a i r  i n t o  t h e  system, thus  
reducing t h e  energy stioply. 

F i n a l l y ,  
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Conclusions and Recommendations 

This s tudy has descr ibed themeternologica l  condi t ions  assoc ia ted  with 
two a r c  cloud complexes (ACC) and one c a s e  of an arc cloud f o m i n g  independently 
of a storm complex. 
of how a r c  clouds are formed, e s p e c i a l l y  i n  t h e  two ACC cases. 

It has not  provided a d e f i n i t i v e  answer t o  t h e  ques t ion  

The answer t o  the  ques t ion  may depend upon t h e  way i n  which i n d i v i d u a l  
thunderstorm cel ls  develop and move r e l a t i v e  t o  t h e  s torm mass as a whole. 
I n  Case 1 , t h e  MER ce l l s  moved i n  a fash ion  svgges t ive  of t h e  radar  echo 
behavior descr ibed by F u j i t a  and Brown (1958), Browning and Ludlum (1960) 
and Browning (1982), p r i o r  t o  t h e  formation of t h e  arc cloud i t s e l f .  
Nilhelmson and Chen (1982) have s imulated t h i s  behavior i n  a numerical model, 
showing t h a t  new c e l l  development occurs  a f t e r  t h e  r a i n f a l l  from an earlier 
ce l l  reaches t h e  ground. 
is an important f a c t o r  i n  t h e  formation of t h e  arc  cloud. 
region f o r  a well-defined arc cloud seems t o  be on t h e  s o u t h  s i d e  of t h e  
storm complex, t h e  formation may depend upon a correct set of circumstances 
involving c e l l  p o s i t i o n s  and r a i n f a l l ,  and perhaps r a i n f a l l  rates. 

The r e s u l t s  of Case 3 make it  appear t h a t  r a i n f a l l  
Since t h e  p r e f e r r e d  

Other r e l a t e d  unanswered ques t ions  a r e :  (1) What is necessary f o r  t h e  
a r c  cloud t o  be s u s t a i n e d  and moving over long t i m e  per iods?  
clouds form i n  t h e  e a r l y  morning hours ,  f requent ly  before  dawn? 

(2) Do a l l  arc 

I n  hopes of answering these  ques t ions ,  i t  is suggested t h a t  t h e s e  
s t u d i e s  be  expanded upon by an  examination of r a d a r  f i lms  i n  conjunct ion with 
r a i n f a l l  records from t h e  c l i m a t o l o g i c a l  network. 
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ABSTRACT 

Insta-Foam is used as a thermal insulator f o r  the 
non-critical area of the External T a n k  during the pre- 
launch phase to minimize icing. It has two components, 
A and B. There are three classes of compounds in A, and 
five in B. The purpose or' this project is to identify 
the substances in each mixture, to determine the test 
variability ar,d t o  recommend material acceptance crite- 
ria. Some work has been done on Component B. It was 
only possible t o  identify two species. 
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INTRODUCTION 

Insta-Foam is a urethane polymer. A urethane is an 
amide-ester of carbonic acid, R-NH -0-R', product of an 
isocyanate and an alcohol: E 

H-0-R ' catalyst R-NH -0-R' 8 
Therefore, Insta-Foam is a two-component system. Com- 
ponent A has polyisocyanates, blowing agent, and stabi- 
lizers; Component B has the polyols, catalysts, blowing 
agents, stabilizers and fire retardant. The blowing 
agents are Freon 11 and Freon 12, the stabilizers are si- 
licone surfactants, the catalysts are tertiary amines, 
and the fire retardant is tri-( -chloro-isopropyl) phos- 

als are tedius and not suitable f o r  the present purposes 
(Ref. 1 - 7). High performance liquid chromatography 
(HPLC) was chosen for the instrumentation, because other 
urethane foams, such as CPR 488 and NCF1,have been ana-lyzed 
for similar purposes. Zven though identification of 
each compound has never been done on those foams, it was 
possible to show which would constitute a bad o r  good 
lot. 

phate (FCF). Methods for testi R g individual raw materi- 

OBJECTIVES 

1. Identify each substance in Component B. 
2. Determine test variability in two o r  three determina- 

3 .  Recommend material acceptance criteria. 
tions on each lot. 

INSTUMENTATION AND RESULTS 

The liquid chromatography instrument with a gradient 
programmer is by Waters Associates. It has a uv detector 
at 254 nm and a RI detector, and is connected to a Perkin 
Elmer IC75 variable wavelength detector chosen at 210 nm. 
Each u-J detector was connected to a recorder. After 
Sigma 15 data station was repaired in the mid-July, it 
replaced the recorder on LC75. 

tried, and the linear gradient (6) seems to be the most 
Different gradient curves ( 5 , 6  and 9 )  have been 
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effective in this case. 

Gel Permeation column, p-styragel lOOB, was used 
with solvent THF. Four fractions (Figure 18) were sepa- 
rated by tedius collections, because the preparative LC 
is not in working order. The first fraction (A) was a 
cryztcilline needle. The melting point and the heat 
capacity as determkned by differential thermal analysis 
(Figure 22) are 51 C and 16.21 cal/g, respectively. 
Chromatograms from C18 column and the NMR spectrum are 
shown in Figures 19-21. The other three fractions are 
viscous liquids. Their chromatograms are not included 
in this report, but can be obtained from the author o r  
her counterpart (Figures 22-27) 

,u-Bondpak C18 was used with gradient elution from 
20% acetonitrile/80% water to 90% acetonitrile/lO% water 
in 90 minutes. Two problems were encountered. One was 
pressure build-up. At about 2000 psi, leaks were ob- 
vious at the injection port which should withstand a 
pressure of 5000 psi o r  more. Another problem was sol- 
vent purity, especially of water. A good lot of 
Burdick Jackson brand acetonitrile and very pure water, 
(Ref .  8)  produced baselines shown in Figure 1. When 
that batch of acetonitrile ran out, the Fisher HPLC 
brand was used, and the baselines are not as good (Fig. 
10). Since relatively straight baselines were never 
obtained during this summer, even after filtering the 
water through C18 Sep-Pak and acetonitrile through 
Silica-Porasil Sep-Pak, the other chromatograms must be 
viewed with the residual baselines in mind. (Guard 
colwns may alleviate this problem). After being very 
c z r e f k l  with the purities of the solvents, reproducible 
resultr with knovrn urethane foams were obtained (Ref.9). 
NCFT is shown in Figure 2. Chromatograms of Ci?R 488 
and references are not shown here (2-i through 2-v). 

Three lots of Insta-Foam, Polyol raw material and 
fire retardant (PCF) were then analyzed. With the excep- 
tion of PCF, part of the chromatograms seems to be depen- 
dent on the quantity injected (all approximately 5% solu- 
tions). Only those of the lot no. 2321 and poly01 are 
presented as a function of quantity in this report (Fig. 
3,4, 5,lOcp 11, 1 2  and 13). 

From chromatograms with 254 nm detector (Figures 5, 
9 ,  12, 13, 17), the presence of PCF can be easily seen 
as a sharp peak at a reten+,ion .bAme of 20 min. and poly- 
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01s a t  approximate ly  2 ,  4, 15, and 28 niin. Which coIli- 
~ourd ! :  produced t h e  two o t h e r  s h a r p  peaks (35 and 42 min) 

no; known a t  t h i s  time. 

iEYliT41 chromatograms u s i n g  210 nm d a t e c t o r  ( F i g .  3 ,4 ,  
6, 8, IOc, 11, 14, 16) ,  i t  i s  a l i t t l e  more difficul-8;.  
The peak a t  approximately 20 min. f o r  PCF sonet imes ’)e- 
comes a s h o u l d e r  o r  even being b u r i e d  iinder a s t r o n g l y  
abso rb ing  peak. Po lyo l s  can be d e t e c t e d  a t  5.9, 11.00, 
11.65 and 19.15 which may c o a l e s c e ,  p a r t i c u l a r l y  t h e  
l a t t e r  t h r e e ,  as t h e  amount of  m a t e r i a l  i n j e c t e d  i n c r e a s e s .  
Sharp peaks a t  35 and 42 min. i n  t h e  2-54 nm a r e  also s h a r p  
a t  210 nm. Two peaks a t  around 8 2  min. a r e  p r e s e n t  i r :  a l l  
t h r e e  lots of  Insta-Foam and a b s e n t  i n  po lyo l  and PCI’. 
They may be due t o  t h e  amine c a t a l y s t s  o r  s i l i c o n e  sic- 
factants. Howe-Jer, f o r  l o t  no .  22501, t h e r e  are two o t h e r  
peaks ( 79, 84 min.)  which a r e  a b s e n t  i n  o t h e r  l o t s .  

CONCLUSION AND RECOMMENDATION 

1 .  
2 .  

3. 

4 .  

5. 

6 .  

Po lyo l s  and PCF can  be i d e n t i f i e d  q u a l i t a t i v e l y  by HPLC. 
A n  in t r ins ic  l i m i t a t i o n  o f  HPLC is  t h e  requirernenx f o r  
each  compound i n  t h e  mixture  t o  abso rb  i n  t h e  uv r e g i o n .  
An e x t e n s i o n  o f  t h i s  is tha t  some subs t ances  absorb  more 
s t r o n g l y  t h a n  t h e  o t h e r s .  Unless t h e  absorbances of 
i n d i v i d u a l  compounds are known, peak h e i g h t s  o r  areas 
can on ly  be used ccmpara t ive ly  b u t  n o t  q u a n t i t a t i v e l y .  
Ask the Insta-Foam Manufacturer  f o r  samples of amine 
c a t a l y s t s ,  and s i l i c o n e  s u r f a c t m t s  i n  o r d e r  t o  i d e n t i -  
f y  t h e  remaining peaks.  
A much more time-consuming a l t e r n a t i v e  i s  t o  f i x  ?:he 
PrepLC, s e p a r a t i n g  t h e  u n i d e n t i f i e d  peaks f o r  fur i iher  
s t u d y .  
Peaks q, t  79 and 84. min. i n  l o t  22501 b u t  a b s e n t  h i  o t h e r s  
noee t a  be i n v e s t i g a t e d  o f  t h e i r  importance f o r  accep- 

c i ’ i t e r i a :  Do t h e y  c o n t r i b u t e  any d i f f e r e n c e  as f a r  
a.7 F’ln-iiY;se t e n s i o n ,  bond t e n s i o n ,  compressive s t r e n g t h  
ar.2 .delis’ liy are concerned? 
Th-; riumt.~r of  t h e o r e t i c a l  plai.r,s fr>r HPLC co1unr.s need be 
bc c:lec;:t:d from time t o  t ime .  The re fo re ,  t h e  s tandard 
chemical? f o r  v a r i o u s  columns shou ld  be purchased ,. 
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MECHANICAL PROPERTY CHARACTERIZATION OF 
P-100/934 C R  APHITE-EFOXY COMPOSITE MATERIAL 

Raymond C. Clinton, Jr. 
Instructor of Mathematics 

Georgia Institute of Technology 
Atlanta, Georgia 30332 

ABSTRACT 

The objective of this research project was to define procedures for the 
evaluation of properties of advanced fiber-reinforced composite materials and to 
demonstrate this technology on a specific material system. The procedures 
included quality control, fabrication techniques, specimen machining, test 
meth Jdologies, and data collection and interpretation strategies. The material 
selected for study was Union Carbide's Thornel P-100 carbon fiber combined with 
Fiberite's 934 epoxy resin in unidirectional tape form. 

The success of any project of such nature is primarily dependent on quality 
control, and thus m a p r  emphasis was placed on this &ea. Tests on the prepreg 
material, including gel time, resin solids content, tack, volatile content, and flow 
are detailed. The steps of t h e  fabrication and machining processes a r e  described. 
Both destructh 2 and nondestructive techniques were employed to assess the 
properties of t h e  cured laminates. 

Tests to determine tensile strength and modulus, compressive strength and 
modulus, interlaminar and inplane shear str,ngth, and flexural strength and modulus 
a re  discussed. The results of these experiments are compared with da ta  generated 
by researchers at Union Catuide. 
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1. Introduction 

Research on advanced fiber-reinforced composite materials began only 
twenty years ago. During these yc-ars, the strength and stiffness properties of the 
fibers have been steadily improved. The development of stronger and more 
specialized matrix materials also has helped to overcome limitations and extend 
the applications of this technology. Such applications are increasing rapidly due to 
the advantages these materials offer over conventional isotropic mtterials. Tile 
primary advantages a r e  high strength-to-weight and high stiff ness-to-weight ratios, 
dimensionai stability, and the capability to tailor the  material to satisfy specific 
design requirements. To properly utilize these materials, a reliable data  Lase of 
properties which may be used as guides in establishing design allowables is critical. 

One area in which the benefits derived from the use of composites are 
being realized, and in which composites are counted upon to play an increasingly 
significant role is space structures. Two major requirements in space structures 
a r e  a high stiffness-to-weight ratio and dimensional stability, e.g., t h e  space 
tekscope. The P-100 graphite fiber is ideally suited to space applications because 
of i ts  ultra-high modulus and potential low cost. Before this fiber can be used to 
its full potential, accurate, reliable material properties must be established. 

The objective of this research project was to define procedures necessary 
for the characterization of mechanical properties of advanced fiber-reinforced 
composite materials, and to demonstrate this tect.qology on t h e  P-100/934 material 
system. Procedures which were involved included quality assurance tests 
employing both destructive and nondestructive techniques, fabrication process, 
specimen production, test methodolcgies? and data collection and analysis. 
Particular effort  was devoted to quality control. 
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2. Test Materials 

The carbon fiber studied in the investigation was Union Carbide 
Corporation's Thornel P-100. This recently developed continuous filament which is 
produced from a pitch precursor has an  ultra high modulus 600 Msi). I t  is important 
to note that the f h e n  did have UC-304 sizing but were not shear treated. Typical 
fiber properties supplied by the manufacturer are shown in Table i. The graphite 
filaments we= combined with 334 epoxy resin and supplied by Fiberite Corporation 
in 6 inch wide pre re ta e form, product designation hy-E 2034E. The Fiberite 
934 epoxy is a 350 F resin system used for a vai.!ety of high performance aerosrice 
applications including the payload bay doors of ?he space shuttle. 

8 g  

2.1 Prepreg Quality Tests 

Visual inspection of t h e  prepreg material revealed severe flaws. Along one 
edge of the tape, fibers had been badly skewed. This damage extended into the 
material to a depth which varied between one and two inches, and continued 
throughout the entire length of the roll. The problem was cvercome by cutting off 
a portion of t h e  edge as will be explained in Section 2.2. 

Another serious flaw involved the  epoxy resin system. The characteristics 
observed in the material were similar to those commonly found in prepregs in which 
the resin h3s advanced beyond &stage. There was a marked loss 01 flexibility and 
a complete lack of tack. Quality control tests were conducted in an at tempt  to 
determine the  nature and severity of t h e  problem. Samples were also returned to 
Fiberite for parallel tests. 

The quality tests included the  following: resin solids content (method R- 
151, volatile content (method QCl-C-V-I4), resin flow (method Qci- C-F-42), gel 
t ime (method (3-21, and tack (method QCI-C-T-I). The procedures followed were 
those recommended by Fiberite, as designated in parentheses above. These 
property tests, with the  exception of the tack test, a r e  also covered ny ASTM 
standards D3529, D3530, D3531, and D3532, respectively, which foi F ractical 
purposes are identical. Briefly, the tack test consists of attaching one strip of 
material, (I" x 3,' with fiber direction parallel to 1" dimension) to a clean corrosion 
resistant steel  plate with light pressure and then similarly attaching a second strip 
to the first strip. The plate is positioned such that the specimen length is vertical. 
The specimen must remain in the  position for 3C minutes. 

The results of these tests are presented in Table 2. Fiberite did not 
conduct tack test on the  returned samples due to the  obvious condition of the 
material'). The values obtained for the remaining properties were typical of those 
one would eFcct from a %orrnalf1 batch i.e., well within specifications. I t  
appeared tbst the resin system had not advanced to a detectable or deleterious 
level beyond &-stage. 

The presence of the previously described undesirable properties was not 
explained by the test results. But, it was necessary that the problems be 
eliminated before test panel fabrication for seven I reasons. Principal among these 
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were the greatly increased possibility of dhmage to the  fibers during handling, a 
possible effect on the resin distribution in the cured laminate, and excessive 
difficulty in maintaining correct ply orientation and butt  joint tolerances during the 
fabrication process. 

Formation of a thin surface layer w a s  assumed to be the  source of both 
problems. This assumption was not inconsistent with the findings of the  quality 
tests in that the size of t h e  proposed layer was insufficient to influence the  macro 
scale properties measured. At the time, it was believed that  the  layer consisted of 
highly polymerized resin*. A short-duration soak in an acetone-rich atmosphere 
was used in an at tempt  to restore tack and flexibility to the material. The 
t reatment  was successful in these areas; itowever, it also introduced two potential 
problems: (I) a retarding effect on polymerization due to plasticization and (2) an 
increase in volatile content which could lead to an  increase in void formation in the  
laminate. 

Volatile content, gel t ime and tack tests were conducted on several groups 
of samples which has been exposed to different duration soaks. All passed the  tack 
test, but it was determined tha t  t h e  volatile content increased with exposure time. 
A five minute exposure appeared the most suitable, as the volatile content was 
found to be in the range, 1.53% + .14%, safely below the  vendor recommended 
maximum of 2.0%. AI?*#, the ga t ime was unaffected, measuring 12.4 - + 0.5 
minutes. 

Differential scanning calorimetry (DSC) tests were also run on t h e  samples 
to investigate the effect of the five minute acetone-atmosphere soak on the  
polymerization process of the 934 resin. A representative plot in which t h e  
responses of the treated and virgin material a re  shown is presented in Figure 1. 
Two principal results of the  tests may be observed in this graph. First, if the  
treatment had resulted in residuaJ acetone being left  in the matrix, a peak would be 
expected in the range around 69 C where the acetone would have been driven off. 
No suchgeaks were seen. Second, the polymerization peak of the treated sample, 
near 215 C, was .ict shifted with respect to that  of t h e  virgin sample. The curve 
size difterence is due simply t o  the variation in sample size. 

The above results and the  similarity of t h e  characteristics of both curves 
support the conclusion th  the polymerization process was not affected by 
exposure to  the acetone atmosphere. The t reatment  was therefore incorporated 
into the fabrication procedure. 

2.2 Test Panel Description and Fabricatim 

The number and sizes of t h e  panels were selected to optimize the  use of 
the limited and costly material. A total of five panels were produced from which 
specimens were obtained for the five different mechanical property tests. Test 
panel dimensions and ply crientations a r e  provided in Table 3. The mechanical 
properties were used as panel desimnations. 

*Subsequent evidence has suggested tha t  the layer may instead have been an oxide 
film. 
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Table 1. Typical Fiber Properties "ThorneP P-LOO Fiber Grade VS-0054 

- 
Property U.S. Customary Upits - Value 

Tensile Strength Ib/inL x 10' 
2 6  Tensile Modulus Ib/in x 10 

Density Ib/in3 

Filament Diameter lil 
Elongation at Break % 

Elastic Recovery % 

Carbon Assay % 

Surface Area m2/g 
Thermal Conductivity 
Electrical Resistivity Ohm-crn x 

Longitudinal CTE at 7OoF (2loC) 
Specific Heat at 70°F (21OC) 

BTU-ft ./hr.(f t ?)OF 

P P M P F  
BTU/lb°F 

325 
100 

0.078 
11 

0.5 
100 

99 + 
1 

30G 
2.5 

-0.9 
0.22 

Table 2. Results of Prepreg Quality Tests 

-_^_I__ 

M SFC Fiberite 
Resin Solids Content 37.4% 39%(l! 
Volatile Content .62% .60% 
Resin Flow 12.6% 22.1% 
Gel Time 12.6 min(2' 9.8 min 
Tack Failed - 

(3) 

') 

(2) Test conducted at 325'F 
(3) Test conducted ~t 350°F 

Value supplied in vendor cerrif ication 
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Table 3. Test Panel Diniensions and Ply Orientation 

- Panel Dimension 

Tensi!e 11" x 14" 
Compressive 7.Yt x 11.5tt 

Inplane Shear IO" x 12" 

Short Beam Shear 3" x 6" 
Flexure 8" x 6" 

Fiber Orientation Stackine; Order 

Parallel to IItt dimension 
Paraliel to 7.5" dimension 
5 45' with respect to 12" dim. 
Parallel to 3" dimension 
Parallel to 81c dimension 

- O12 
+ 452s 

O12 

'24 

Laminate construction Jr the  tensile, compressive, and ip; - c.  ear 
panels was complicated by the fiber damage near t h e  edge of t h e  tape as previously 
described. These areas  were c u t  from the  sections used in t h e  interior of the  panel. 
But, since one inch of material was trimmed from the perimeter of the a . w d  panel, 
a one inch wide flawed region was left  on those sections which were pw:tione4 at 
the edges of t h s  laminare. All edge splices in the above three p a h  's  were 
staggered a minimum of one inch in adjacent plies, and the  pattern was not 
repeated within a 5 piy thickness. The short beam shear and flexure panels did not 
require butt joints. 

The fabrication process was begun by thawing the prepreg and cutting the 
required number of sections from the roll. Each section was then placed in an  
acetone-rich atmosphere for five minutes, with the single rly of backing paper 
remaining on the  material. The individual plies were inspected to determine thz 
extelit of fiber damage and assigned a specific position in the layup sequc- .-. 3n 
this basis. 

The laminate and support materials were assembled and enclose1 within a 
cork dam constructed around the perimeter of the laminate. The .?llowing 
stacking order was used: 

1. 
2. 

3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 

11. 
12. 

One half inch aluminum cure plaie 
Teflon-coated, adhesive-backed separator fi!m covering cure plate 
working sirface 
One Diy of Teflon film (1 mil) 
One ply of porc:Is Teflon-coated glass cloth (TXIO40) 
Graphitelepoxy laminate 
One ply of oorous Teflon-coated elass cloth (1 X 1040) 
Bleeder paper 
1 .ightwe+jht glass cJoth bleeder 
One ply of Tef!on iilm (f r i l l  
One half inch aluminum cure plate coa*-d with a release agent 
(Release All 75) 
T.#o plies of 181 glass for overbleed 
A vacuum bag covering the entire assembly 2nd sealed tc the ciirc 
plate. 

The a m w n t  of resin to  be removed from the layul; was calculated, and the 
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appropriate number of plies of each bleeder material was selected to achieve the 
proper absorption. 

Test panels were cured in a heated press. Fiberite cure cycle A-9, listed 
below, was followed. 

1. 
2 
3. 
4. 

4 

c .  
7. 
8. 
9. 
10. 

Vacuum bag entire assembly 
Apply full  vacuum at rooin temperature for 30 minutes to debulk 
Maintain vacuum t h m q h o u t  entire 

Hold at  250 F (+5 - 10%) for IS 5 mmutes 

Hold at 250% (+5 - IO%)@ 100 (+5 -0) psiJor t 5  2 5 minutes 
turet0350 F(+IO-O%at2 - 5  F p c r m h u t e  

Raise Hold at temT 350 (4-10 - 0%) for 2 houn + I5 minutes 
Cool und.: pressure and vacuum to M o w  175%. 

Raise temperature to 250* (+5 - 
minimalpn?pJre 

Apply 100 (+5 -0) psi pressure 

2' - 5% per minute under 

Thermocouples were inserted in the edges of the laminate to monitor the 
teemperaTure. Using these the heating elements of the press were cycled 
on and off to achieve the desired temperature rise rate. 

2.3 Laminate Quality Tests 

Several different methods were employed in an attempt to ensure that  the 
panels were of acceptable qua!ity. The maja interests were the fiber volume 
traction and the patssible effects of the  acetone treatment on t!'ie polymerization 
process of the resin and the void content of each panel. ?he methods utilized to 
investigate these areas were ultrasonic C-scan, diffmtial  scarrning calorimetry, 
thermomechanical analysis, optical microscopy, and resin dqestion. 

All ultrasonic C-scans were run using a Sperry Reflectascope Model S O .  
The tensile panel was the first bo be scanned. Due to a combination of the manner 
in which the laminate was supported and the equipment settings, only the surface 
characteristics were recorded. The scan was dotted with what were apparently 
sizeable voids. The panel was immediately cu t  into specimens so that  the edges 
could be microscopically examined for voids. None were observed at a 
magnification of 200X. The scan procedure was re-examimd and the problem 
corrected. Unfortunately, the tensile specimens were not scanned individually. 

The C-scan results for the compressive (COM), inplane shear (IPS), short 
beam shear (SBS), and flexure @LEX) panels* are shown in Figures 2-5, 
respectively. The spotr near the  cocners were produced by the posts which 
supported the laminates. With few exceptions, the scans indicate a high degree of 
uniformity in all panels and a lack of voids. 

Prominent areas of high attenuation (noted by the disappearance of the 
trace) were the upper right comer of the IPS panel, Figure 3, and the  left and right 
edges of the SBS panel, Figure 4. In fabrication of the SBS panel, none of the 
damaged edges were removed from the plies. So, the high attenuation was not 

* The one inch trim area around the perimeter of the panels was not removed 
before scan. 
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surprising nor was it of any concern since the specimens were taken from the heart 
of the panel which was quite ur.iform. 

The cause of the nonuniform resp.se around the corner of the IPS panel 
was not completely determined. It was observed that the region closely 
corresponded to a surface pattern on the laminate. Also, fiber content samples 
taken from the area displayed a lower percmtage of resin than was measured in 
other parts of the panel. It is important to note that microscopic examination of 
the two specimens containing portions of the region did not reveal voids at 200x 
magnification factor. The above evidence tends to support the hypothesis that the 
response was due to an uneven resin distribution, or overbleed in the area. 

Results of the microscopic inspection strengthened the conclusions drawn 
from the C-scans relating to the quality of the panels. Several specimens were 
selected from each test group and examined under an optical microscope at a 
magnification factor of 200x. No voids were observed. 

The weight percent of fiber in the cured laminates was determined in 
accordance with ASTM D3171. The results of tests conducted on five specimens cut 
from various parts of each panel are presented in Table 4. Due to the limited 
amount of available material, several of the samples were taken from the trim area 
as noted. The average fiber volume percent was calculated using the fiber density 
and resin density values supplied by the manufacturers and the experimentally 
determined weight percent. Data from high attenuation areas was omitted for 
obvious reasons. 

Table 4. Fiber Content Results 

Panel 

TEN 

COM 

IPS 

SBS 

FLEX 

T 
A 

- 
7 2.1 

68.2* 

69.0 

69.1 

68.7 

Percent Weight Percent Volume 

70.3 75.3T 72.9 73.3 61.0 

67JT 70.0 71.2 70.7 57.9 

68.3 76.14 69.9 76.7A 57.5 

70.0 7 2.4 69.3 71.7 59.1 

74.1T 67.2 70.1 75.2A 58.6 

Specimen taken from trim 
Specimen taken from an area of high attenuation. 

The consistency of the measurements within and among the panels was an 
encouraging result, as was the fact that the fiber volumes were all close to the 
targeted value of 60%. Furthermore, in comparisons of the ultrasonic scans and 
the fiber content data, good qualitative correlations were evident. Thus, the 
results from these quality assurance tests stronglv indicated that all of the panels 
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were of acceptable quality. However, for completeness, an investigation of one 
additional issue was conducted, and it is described below. 

Although no adverse effects on the prepreg material due to the acetone 
treatment were discovered, it was necessary a, study the behavior of the cured 
resin to ensure that the glass transition temperature (T 1 and the polymerization 
process had not been altered. DSC and TMA tests we& conducted on both 934 
resin samples and P100/934 composite samples using a DuPont 1090 Thermal 
Analyzer. 

The principal result from the DSC series was that the polymerization 
process had not been influenced by the treatment, A representative plot supporting 
this conclusion is presented in Figure 6. In the figure, the responses of two samples 
of 934 epoxy which contained no fibers are shown for comparison. Both samples 
were initially heat treated to 3OO0C at 20' C per minute to remove any residual 
monomer. The response represented by the slashed line was from a specimen which 
was cut from the edge of the FLEX panel. The other specimen was taken from the 
edge of a T300/934 laminate which was subsequently used for end tabs. The 
material used in the latter panel was of good quality, and the fabrication process 
was the same as followed in the production of the test panels, with the notable 
exception of the acetone treatment. I t  is readily apparent that  the characterisgcs 
of both curves are very similarbespecially the polymerization peaks near 240 C. 
Apparent T regions around 200 C are observable in the response patterns of both 
s p e c i p y .  b e  T of Fiberite 934 resin has been shown to be in this temperature 

The effect of acetone in the matrix is evident by comparison of the two 
curves shown in Figure 7. The behavior cf a P-100/934 composite specimen taken 
from the SBS panel is represented by the slashed line. The other was a silrilar 
sample w h i 9  had been immersed in liquid acetone for ten seconds and t h e  oven 
dried at 160 C for one tour before testing. The elevated temperature drying would 
certainly have evaporated any acetone remaining on the sample surface. 
Nevertheless, the shapes of the curves differ noticeably. This difference may be 
ascribed to the presence of gcetone in the matrix as evidenced by the acetone peak 
in t h e  solid curve around 60 C. 

range . g 

The salient points observed in the DSC tests are  supported by the results of 
the TMA series. In Figure 8, the dimensional change of a T300/934 composite 
sample taken from the tab panel is plotted versus temperature. A similar 
measurement made on a P-100/934 composite sample from the COM panel is 
presented in Figure 9. Of significance are the correspondence of the inflection 
points of the two curves and the correlation with similar transition regions 
observed in the DSC traces. 

In the initial analpis  of the two samples describedoabove, monomer was 
polymerized during the 10 C/minute temperature rise to 300 C. The second runs, 
shown in Figure 10, provide evidence of this further polymerization by the facts 
that the curves were smoother and the inflection points occured a4 slightly lower 
temperatures. Glass transition temperature regions around 200 C are  evident 
which agree well with the apparent T range noted in the DSC tests. 

g 
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Differential scanning calorimetry results from cured resin samples of 
acetoneatmosphere treated 934 (P-100/934 FLWO and nontreated 
936 (T300/934 TAB). 

- 1- 
Figure 6. 

Figure 7. Differential scanrhg calorimetry results from (a) ttnorrnallt (b) liquid 
acetone immersed samples of atmosphere treated P100/934 
composite. 
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panel). 

Figure 9. Thermomechanical analysis of T300/934 composite (TAB panel). First 
heat cycle .  
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I t  was concluded from the results of t h e  DSC and TMA tests tha t  the five 
minute exposure to the acetone atmosphere did not result in any residual acetone 
of a measurable amount in the matrix as evidenced by the absence of acetone peaks 
in all of the responses. Furthermore, the polymerization process was not altered 
nor was the glass transition temperature affected by the treatment. 

2.4 Specimen Descriptior. 

Test specimens were machined from the panels using a 220 grit  diamond 
wheel mounted on a Strasbaugh slitting saw. Table feed was approximately three 
inches per minute, and coolant flow was used for all cuts. Initially, a one inch 
width of material was trimmed from the perimeter of each panel to remove t h e  
flawed material which had been used at the  edges as noted previously. Visual and 
microscopic inspection of the  specimens revealed no rough edges or machining 
induced flaws. 

Specimen dimensions were established in accordance with ASTM standards. 
The dimensions used are provided in Table 5. Two different lengths of compression 
specimens were chosen to investigate whether a variation in the  length of t h e  
tabbed area would a f fec t  the results. The gage section was held constant at 0.5 
inch for ali tests. For similar reasons, two different widths of short beam shear 
specimens were tested. 

Specimens used for the determination of tensile, compressive, and inplane 
shear properties required end tabs. A fiberglas-reinforced laminate was used as tab 
material for the  tension and inplane shear specimens. I t  was constructed from ten 
plies of a satin weave fabric (Clark-Schwebel style 7781 - Volan finish) and Fiberite 
934 epoxy resin. Tabs cu t  from this panel were 1.5 inches in ength, with an 
appopriate  width matching that of the  specimen type. All had a 45 bevel. b 

Table 5. Test Specimen Di 1 ensions 

Specimen Type Overall Length Width Average Thickness 

0' Tension 9 .Off 0.5" 0.031" 

90' Tension 6.5" 1.0" 0.033" 

0' Compression 5 .O" 
5.5" 

90' Compression 5 .O" 

5.5" 

0.2 5011 0.063 

0.250" 0.063 

Inplane Shear 10.0" 1.0" 0.0461s 
Short Beam Shear 0.75" 0.136" 

0.232" 
0.13511 

Flexure 3.011 1.0" 0.067 
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Unidirectional graphite-epoxy tabs were used for the  compression 
specimens. Fiberite hy-E I034C prepreg was used to construct the  eight-ply 
laminate. The number of plies was chosen such tha t  t he  overall thickness of t he  
tabbed portion of the specimens would comply with ASTM tolerances. Two 
different lengths of tabs, 2.25 inches and 2.50 inches were cu t  from the panel. A 
0.25 inch taper  was milled into each piece. 

All tabs were bonded to the specimens with AF-163-3M, a supported 
structural adhesive manufactured by 3M. This product is an improved version of 
the 250°F curing 3 M  adhesive, AF-126, suggested in ASTM D3039 and is widely used 
in the aerospace industry. Bonding was accomplished using a heated press 
according to the cure cycle recommended by the vendor. No vacuum was applied. 

3. Test and Measurement Procedures 

All tests were conducted according to currently approved ASTM standards. 
Not all of these standards enjoy universal acceptance; the compression and inplane 
shear tests are two prime examples. There are three  standard test procedures 
recognized by ASTM for  compression testing of composite materials. ASTM D34lO- 
75, Test for Compressive Properties of Oriented Fiber Composites, was followed in 
this study. The standard requires use 0. the  so-called "Celanese" test fixture, and 
the specimen design features  an unsupported gage length of 0.5 inch. The other 
two methods a r e  ASTM D695-69 and ASTM C393-62. Additional (8ethods of 
compression testing are evaluated and compared by Clark and Lisagor in a well 
written article which also contains a discussion of the  problems involved in this 
type of testing. 

Inplane shear properties are also determined in a variety of ways. The 
ASTM standard for Inplane Shear Stress-Strain Response of Unidirectional 
Reinforced Plastics, D3518-76, was used to obtain these properties in the  present 
investigation. In this method, shear stress-strain data  is calculated from the 
results of a uniaxial tension te f a + 45' laminate. The theoretical basis for the 
standard is discussed by Rose$'? I n a e  aerospace industry, the  rail shear test is 
generally preferred, but again the  issue is unsettled, as both two-rail and three-rail 
fixtures are u An excellent analysis of the  tro-rail shear test is givzn by 
Whitney, et al?', and a comparison of the 2 45 tensile co n test a;.j the  
symmetric three-rail shear test is presente by Yeow and B r i n s o n y  These are the 
more popular methods, but a substantial research effort has focused on this topic 
and a number of test procedures have been proposed. 

The ASTM test methods for the determination of tensile, interlaminar 
shear, and flexural properties, which were used in this study, are generally 
accepted as standard. Although some imperfections exist, these can normally be 
overcome. An example is ASTM D790-81, the method fof8pbtaining flexural 
properties. In an investigation of this standard, Zweben et. al. reported that  the 
specified procedures provided rd iab le  strength data, but t ha t  the  flexural modulus 
values could De misleading. Sufficiently high span-to-depth ratios or a correction 
for shear deformation a r e  suggested to  correct  the  problem. 

The principal experimental difficulty which arises in tension tests is 
failures which occur outside the gage section. To promote failure in the test 



section, the solution recommended in t h e  standard, ASTM D3039-76, is a re- 
examination of those portions of specimen design relating to the tabs, material, 
adhesive, and configuration, and t h e  gripping method. 

Apparent interlaminar shear strength of composites is determined by the 
short-beam method, ASTM D2344-76. The procedure can normally be used with 
success on carbon fiber reinforced plastics. Problems occur when the  short-beam 
specimens break in a complex mode involving both shear and tensile failures. Data 
from su tests cannot b e  used even as a conservative estimate of the shear 
strength'. Thus it is necessary to examine the  specimen to determine the  failure 
mode. 

All tests were conducted in an Instron machine. The crosshead speed used 
for the  short beam shear, compression, and transverse (90') tension tests vas a 
constant 0.05 inches per minute. For the flexure, inplane shear, and longitudinal 
(0') tension tests, the speed was 0.10 inches per minute. 

The selected span-to-thickness ratio for the  short-beam shear test was 4 to 
1. The ac tua l  ratio was reduced to approximately 3.7 to 1 because the support span 
was fixed at one half inch and the specimen thickness exceeded the design limit. 

The three-point loading method was used in the flex tests. A span-to- 
depth ratio of 32 to 1, which had been used by Union Carbide", was chosen in an 
effort to hold test conditions as constant as possible and thereby enable a better 
comparison of results. However, for the  reasons cited above, the  actual ratio was 
approximately 30 to 1. 

All tension, compression, and inplane shear specimens were instrumented 
with strain gages. Both longitudinsl and transverse gages were attached to the 
shear specimens and five of the 0 tension samples. Back to back longitudinal 
gages were used on the compression specimens to ascertain whether buckling was 
occurring. The strains and the load cell output were recorded automatically by the 
John Fluke computerized data acquisitim system. Strain and calculated stress 
values were stored on a floppy disk. At t h e  conclusion of t h e  test. a printout of the 
results and a stress-strain plot were produced. 

4. Data Presentation and Discussion 

Results of the mechanical property tests are  presented in Table 6. Also 
included in tb 9 P l e  are the values obtained by investigators at [Inion Carbide 
Corporation ' These data were generated with an unspecified epoxy which 
was reportedly representative of commeicial systems. Fiber volume content was 
60%. 

Comparison of the 0' tensile strength results reveals excellent agreement, 
withi.. 2%. Strengths within the ten -ample group varied substantially, as 
evidenced by the coefficient of variation of 12%. However, such a value is not 
unreasonable in composite material tests, especially fiber dominated properties 
which characteristically e h i b i t  greater variability than matrix controlled 
properties. R e  modulus values did not correlate as well, although the difference is 
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Table 6. Results of Mechanical Property Tests 

Property 

Present Investigation 

Union Standard Coeff i c m  t 
Carbide Mean Deviation of Variation 

0' Tensile Strength 165 ksi 

0' Tensile Modulus 62 Msi  

Maximum Strain 2500linlin 

90' Tensile Strength NR 

90' Tmsile Modulus NR 

0' Corn-ressive 
45 ksi 

0' Compressive Modulus 62 M;i 

90' Compressive 

Strength (1) 

Strength (2) NR 

90' Compressive Modulus NR 

Flexural Strength 70 ksi 

Flexural Modulus 46 Msi 

1npli.ie St- -r Strength NR 

Inplane Shear Modulus 800 ksi 

Short Beam Shear 3 ksi 

162 ksi 

68.4 Msi 

2287pinlin 

1.44 ksi 

0.88 Msi 

39.9 ksi 

59.4 Msi 

19.9 ksi 

1.04 Msi 

84.66 ksi 

39.3 Msi 

4.75 ksi 

(1.58 Msi 

2.62 ksi 
2.47 ksi 

(3) 
(4) 

19.45 

3.99 

311.5 

.249 

16.89 

5.34 

4.70 

- 

3.577 

2.99 

.249 

15.91 

,060 
.045 

12.04% 

5.84% 

13.62% 

17.33% 

1.92% 

13.4% 

7.92% 

- 
- 

4.23% 

7.61% 

5.24% 

2.76% 

2.33% 
1.80% 

!I) 
(i) 
(3) Square cross-section 
(4) Rectangular cross-section 

Compression specimen length was 5.Q inches 
Results of a single test, reported for completeness 
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only 10%. The difference is apprently due to t h e  variatim in measured strains, 
which was also in the neighbothood of 10%. Using the simple rule of mixtures given 
in equation (1) a modulus value of 61.2 Msi is predicted for t h e  P-100/934 material. 

El = E V + E m V m  f f  

El = longitudinalmodulus 

Ef = modulus of fiber, 100 Msi 

Vf = volume fraction of fiber 

Em 

'm 

0) = modulus of matrix, 0.5 Msi 

= volume fraction of matrix. 

A representative stress-strain plot is presented in Figure L1. 

The strength data from the transverse tension tests were low and quite 
inconsistent for a matrix dominated property. it is suspsected tha t  the  substandard 
performance may have been due to damage suffered by the specimens before 
testing. Several f o  the extremely fragile six-ply samples were fractured while 
being mounted in the grips, and it is possible that the four specimens which 
survived were damaged in the process of mounting. This explanation is supported 
by the modulus results. The experimentally determined value averaged 0.88 
The transverse modulus calculated from a mechanics of materials approach , 
expressed in equation (Z), is 0.72 Msi. 

Pt'A. 

Ef Em E2 = 
"M EF + FVf Em 

Flaws, as a result of damage or improper fabrication may af fec t  t h e  strength and 
not alter the modulus, whereas substandard quality of the  constituent materials 
normally will influence both properties. 

The compressive properties were obtained from tests on 5 inch long 
specimens. Tests of the standard 5.5 inch specimens are included in thg 
continuation of this project currently in progress at MSFC. Correlations of t h e  0 
strength and modulus values with those reported by Union Carbide are reasonable, 
the differences being 11% and 4%, respectively. The variability within the group 
was moderately high, but again the inconsisterrcy is due in part  to the strong 
influence of the fiber on the property. A representative stress-strain property is 
presented in Figure 12. 

The 90' compressive data was generated from a single test and is reported 
for the sake of completeness. As was the  case with the  transverse tension 
speci nens, difficulties in mounting the specimens in the  fixture resulted in the loss 
of several samples. 

Flexural properties were determined from three-poin t loading tests, as 
explained in the prior section. The flexural strength is defined in the ASTM 
standard to be equal to the  maximum stress in t h e  outer fibers. Maximum fiber 
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F-U. S- . response of OO tension specimen 69. 

Figure 12. Stress-strain response of 0' compression specimen IS. 
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stress was calculated in accorda;rce with t h e  standard, using the  following equation: 
s = 2  3PL 

2bd (3) 

5 = Flexural strength, 

P = maximumload, 

L = supportspan, 

b = beam width, and 

d = beamdepth. 

The tangent modulus formula, given below, was used to calculate the  flexural 
modulus, 

3 L m  EB = - 
4bd3 

where m is the slope of the  tangent to the initial straight-line portion of the  load- 
deflection curve. 

The details of the flexural test procedure were not reported by Union 
Carbide. Since the manner in which the  strength md modulus calculations were 
made is unknown at this time, a meaningful comparison of data is not possible. A 
difference in procedure may account for the  significant differences in t h e  results. 

of 5.75 x 10 psi is substantially lower than tha t  
Both values were obtained experimentally using reported by Union Carbide 

uniaxial tension t e s t s  of + 45 coupons. However, there  are several factors  which 
must be examined for a c l e a r e r  interpretation of the results. Foremost among 
these is the resin systems used. Inplane shear properties are strongly dependent 
upon the matrix material. Since the  resin s y s t y s  Wfered, a straightforward 
comparison is not meaningful. A value of 6.6 x 10 psi has been reported for  a 
T300/934 composite having a fiber volume content of 63%. The test method, which 
may dso influence the results, was not specified. The impact of differences in 
fiber type, fiber volume fractions, and resin type on the experimental results is 
difficult to precisely define. The situation is complicated by the variety of test 
methods employed, the complex interactions a m y  the several factors  involved, 
and the lack of a data base. The value of 5.75 x 10 psi appears reasonable,perhaps 
a bit conservative, but further testing is required to establish the shear modulus for 
this system. 

Interlaminar shear strength is another property which is matrix dominated. 
Again, since the resin system used by Union Carbide was not specified, a direct 
comparison of data  is not valid. A general trend is indicated by the  proximity of 
the results. It must be emphasized tha t  both strengths were obtained from 
specimens constructed with f s tha t  were not shear treated. Shear t reatment  
increases the  strength to 7 ksi . 

5 The shear moduius 

0- 

ib 
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Two groups of short beam shear specimens were tested. One group had a 
width-to-depth ratio of I--1, while that of the second group was 1.7--1. The 
consistency within the data sets was excellent as evidenced by the coefficients of 
variation. In a comparison of muits, a 5% decreest in the strength of the wider 
specimc(pa)was obsped. This behavior agrees with the analysis of Sattar and 
Kellogg (15) for  0 unidirectional spezimens which was later confirmed by 
Kedward . As the width-to-depth ratio increases, the shear stress calculated 
using elementary beam theory becomes increasingly inaccurate. The actual stress 
may be greater than is predicted by theory. The correction factor estimated from 
a graph presented by Sattat A d  Kellogg is in the range of 3% to 4%, in which case, 
the correlation is quite good. 

5. comlusions 

The procedures involved in the mechanical property characterization of P- 
100/934 graphite-epoxy composite material have been described. Quality assurance 
tests were d u c t e d  on the prepreg in an attempt to determine the nature and 
severity of a surface layer which had formed on the material. The results of these 
tests did not indicate any abnormality. A five minute exposure in an acetdne-rich 
atmosphere was successfully used to restore tack and flexibility to the prepreg. 
Both destructive and nondestructive testing techniques were employed to 
determine whether this treatment had adversely affected the prepreg and the cured 
laminates. No deleterious effects were discovered during these tests. Mechanical 
property tests were conducted in accordance with currently approved ASTM 
standards. The results were compared with data generated by researchers at Union 
Carbide. The agreement between the two sets of data was good for  the iiber- 
dominated properties. Although two different resin systems were used and direct 
comparisons of matrix dominated properties were not rneanb 11, supporting 
evidence indicated that these results were quite reasonable. 

The objectives set forth at the initiation of this project were successfully 
accomplished. 
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PRELIMINARY DESIGNS FOR MODIFICATIONS 
TO THE X-RAY SOURCE AND BEAM MONITOR OF THE 

MARSPALL SPACE FLIGHT CENTER'S 
X-RAY CALIBRATION FACILITY 

BY 

W. L. C r o f t  
Professor o f  Physics 

Miss iss ipp i  State U n i v e r s i t y  
Miss iss ipp i  State, Miss iss ipp i  

ABSTRACT 

The o b j e c t i v e  of t h i s  i n v e s t i g a t i o n  i s  to  develop pre- 
l im inary  designs for mod i f i ca t ions  t o  the X-ray source and 
beam monitor of  the MSFC X-Ray C a l i b r a t i o n  F a c i l i t y  t o  meet 
requirements fo r  the c a l i b r a t i o n  of the Advanced X-Ray Ast ro-  
physics F a c i l i t y .  A Rhodium p l a t e d  copper ta rge t  and Rhodium 
f o i l  f i l t e r  a re  proposed as a source of  X-rays o f  approximately 
2.6 kev energy. Bragg s c a t t e r i n g  of the unpolar ized X-ray beam 
f r o m  the present source through an angle o f  90" by a s i n g l e  
c r y s t a l  placed on tbe a x i s  o f  the guide tube i s  proposed as 
a source of approximately monoenergetic plane po la r ized  X-rays. 
A sealed Xenon propor t iona l  counter w i t h  a Bery l l ium window i s  
proposed as a beam monitor f o r  use between 2.5 and 8 kev to  
ob ta in  improved de tec t ion  e f f i c i e n c y .  
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NOMENCLATURE 

Def in i t ion  Symbo 1 s 

Ot 

E 
A 
A e 
P 
c3 
d 
E 
I 
K 

m 
M 
N 

Constant that  determ!.res X-ray absorption i n  gas chamber 

Proport ional counter efficiency. 
X-ray' wavelength. 
Linear absorption coeff ic ient .  
Angle o f  incidence and re f lec t ion  i n  Bragg Scattering. 
Mass density. 

Proportional counter counting rate. 
Distance between two adjacent c rys ta l  planes. 
X-ray energy. 
X-ray intensi ty.  
Proportional i t y  constant between gas density and pressure 

Mass of gas sample. 
Molecular mass of a gas. 
Number of moles in  gas law; order of re f lec t ion  i n  Bragg 

Absolute pressure o f  a gas. 
Universal gas constant. 
Abso 1 u t e  temperature. 

Thickness of absorbing material. 
Atomic number o f  a chemical element, 

when only  pressure varies. 

a t  constant temperature. 

equst ion , 

Volume of  gas. 



I NTRODUCT I ON 

The Marshall Space F l i g h t  Center's X-Ray Ca l i b ra t i on  F a c i l i t y  vJas 
constructed i n  ??76 f o r  use i n  the c a l i b r a t i o n  of the High Energy Astro- 
nomical Observatory-2 (HEAO-2 o r  the E ins te in  Observatory) . I  
(Fig. 1 )  consists of :  (1)  a source chamber which contains a modif ied 
i ndus t r i a l  X-ray generator, (2) an instrument chamber which contains an 
o p t i c a l  bench, LN2 panels and heating panels, ( 3 )  a 1000 f t  by 3 f t  diameter 
guide tube which connects the two chambers, (4) a flow-type proport ional  
counter X-ray beam monitor, (2) a vacuum pumping system which can maintain 
pressures o f  the order o f  IO' t o r r ,  and (6) the wsoc ia ted  instrumentation 
for  the measurement of pressures, temperatures and X-ray spectra. I n  
add i t i on  t o  i t s  use i n  the c a l i b r a t i o n  of HEAO-2 and rocket payloads, 
and i n  t e s t i n g  the X-ray sca t te r i ng  proper t ies of o ther  systems, the 
instrument chamber has proved t o  be valuable f o r  the vacuum bakeout o f  
f l  ight  hardware. 

The fac i  1 i t y  

HEAO-2 was launched i n  November 1978 and dur ing i t s  approximately 3 
years o f  operat ion i t  returned data which revolut ion ized X-ray astronomy.2 
The Advanced X-Ray Astrophysics Faci 1 i t y  (AXAF) i s  being developed t o  pro- 
duce another quantum-jump i n  man's understanding of  the X-ray universe.3 
AXAF w i  11 have an angular reso lu t i on  of approximately 0.5 arc-seconds (a 
fac to r  o f  8 be t te r  than HEAO-2) and a s e n s i t i v i t y  o f  100 o r  more times 
be t te r  than HEAO-2. AXAF w i l l  be launched and serviced on o r b i t  from the 
Space Shut t le  and i s  expected t o  have a useful  l i f e  o f  10-15 years. 

The MSFC X-Ray Ca l i b ra t i on  F a c i l i t y  i s  scheduled t o  be used f o r  the 
t e s t i n g  o f  the AXAF Test M i r ro r  Assembly i n  1984. A proposal t o  modify 
the f a c i l i t y  by, among other things, lengthening the guide tube by the 
add i t i on  of 700 f t  of  5 f t  diameter tube and enlarging the instrument 
chamber t o  accommodate AXAF i s  cu r ren t l y  under review. I f  t h i s  extension 
o f  the c a p a b i l i t y  o f  the f a c i l i t y  i s  approved, i t  w i l l  be used t o  c a l i b r a t e  
AXAF i n  the l a t e  1980's. 
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OBJECTIVLS 

The primary ob ject ives of t h i s  p ro jec t  are t o  produce the pre l iminarv 
designs f o r  modif icat ions t o  the X-rdy source and beam-moniti,r needed to 
extend t h e i r  c a p a b i l i t i e s  t o  meet the reauirements f o r  t e s t i n g  and c a l i -  
b ra t i ng  AXAT: and co provide r e p r i n t s  and .references 
a r t i c l e s .  The fo l l ow ing  top ics are discussed. 

( I )  Thin F i l m  Techniques. 

(2) 

(3 )  

A Boron F i l t e r  f o r  Use a t  Low X-Ray Energ 

l s o l a t l o n  of an X-Ray Line a t  Approximate 

t o  relevant s c i e n t i f i c  

es. 

y 0.1 hev. 

(4) An X-Ray Target and F i l t e r  System t o  produce an X-Ray Beam a t  
an Energy o f  Approximately 2.6 kev. 

( 5 j  A System for  Measuring the Absorption of X-Rays i n  the Monitor 
Proport ional  Counter. 

(6) A Xenon F i l l e d  Proport ional  Counter f o r  Improved E f f i c i ency  i n  
the Energy Range of 2.5 t o  IO kev. 

(7) 

(8) 

A Source of  Approximately Monoenerget IC Plane-Polarized X-Rays. 

Comments on Some Operating Procedures. 

THIN FILM TECHNIQUES 

The X-ray energy range fo r  AXAF i s  0.1 t o  8 kev. Work a t  these low 
X-ray energies requires t h i n  windows f o r  proport ional  counters and t h i n  
substrates for  X-ray f i l t e r s .  
t h i n  ( less than 100&/cm2) p l a s t i c  f i l m s  of Formvar have been d e ~ c r i b e d . ~ , 5  
One popular technique i s  t o  l e t  a small volume o f  Formvar dissolved i n  
ethylene d i ch lo r i de  spread i n t o  a t h i n  f i l m  on a water surface, Tho, f i l m  
i s  usual ly  removed from the water by pushing an open rectangular frame 
down perpendicular t o  the center o f  the f i l m .  This produces a double 
layer o f  the f i l m  on the frame and the process i s  o f t e n  repeated several 
times t o  b u i l d  up a laminated f i l m  o f  several layers o f  t h i s  f i l m  which 
can habe a thickness o f  the order r f  3,&g/cm2. This procedure le.ds t o  
strong f i l m s  which are usual ly  f reL o f  p i n  ho le leaks. These f i l m s  can 
be packaged fo r  l a t e r  use and have a long shel f  l i f e .  

Techniques f o r  r o u t i n e l y  producing strong, 
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THIN FlLH TECHNIQUES (Continued) 

I n  order t o  prevent poor reso lu t i on  and reduced counting rates a t  l o w  
X-ray energies, t $ i n  p l a s t i c  f i lms  used for  counter windows should have 
approximately 500A of aluminum vacuum-evdporated onto them.6 
the window from charging p o s i t i v e l y  and oroducing a region o f  charge com- 
b ina t i on  and a poor f i e l d  d i s t r i b u t i o n .  

This prevents 

The capab i l i t y  t o  produce one's own t h i n  f i lms  can r e s u l t  i n  a 
superior product, the f l e x i b i l i t y  t o  produce f i lms  fo r  s p e c i f i c  app l i -  
cat ions, and a l l  t h i s  w i t h  considerable savings i n  time and expense. 

BORON FILTER 

The Boron/Polypropylene f i l t e r  used i n  the HEAO-2 c a i i b r a t i o n  was 
mjde by air-brushing a suspersion of very f i ne  p a r t i c l e s  of boron onto 
a 1.5 micron polypropylene f i l m .  There i s  some uncer ta in ty  about the 
uni formi ty  o f  the boron layer and since no binder was used the boron i s  
not f i rmly attached t o  the p las t  ic.7 

A technique for producing a boron f i l t e r  w i  h good un i fo rm i t y  and 
adherence t o  a t h i n  sdbstrate has been reported.& This method uses a 
suspension of boron i n  e thy l  alcohol w i t h  a small amount of binder. A 
t h i n  Formvar f i l m  i s  coated w i t h  boron by lowering i t  i n t o  a tank con- 
ta in ing  the bcroc. suspension and then slowly withdrawing i t  by means o f  
a mechanical dr ive.  The amount o f  boron which adheres t o  the f i l m  de- 
pends on the boron concentrat ion and the speed w i t h  which the f i l m  i s  
withdrawn from the suspension. 

Techniques fo r  prod c'ng t h i n  boron 
have a lso been reported. I s 4  However, t h  
than the one described above. 

f i I m s  by vacuum evaporat 
s method i s  more d i f f i c u  

ISOLAT ION OF AN X-RAY L INE AT APPROXIMATEL*I' 0.1 KEV 

Or? 

t 

In  the HEAO-2 ca l i b ra t i on ,  the lowest energy cha rac te r i s t i c  X-ray 
1 ine used was the boron K - l  ine a t  0.185 kev, whi le  the bery l  1 ium target 
was used w i t h  a boron f i l t e r  t o  produce a continuum of low energy X-rays. 
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ISOLATION OF AN X-RAY LINE AT APPROXIMATELY 0.1 KEV (Continued) 

The b e r y l l i u m  K X-ray l i n e  a t  an energy o f  0.1085 kev cou ld  probably 
be made a v a i l a b l e  for the AXAF c a l i b r a t i o n ,  i f  needed, by i n s t a l l i n g  a 
t h i n  Formvar window (made as descr ibed above) on the p ropor t i ona l  counter 
and by us ing  a b e r y l l i u m  f i l t e r  (commercially ava i l ab le )  w i t h  the  Be 
ta rge t  on the X-ray source. Energy r e s o l u t i o n  cou ld  probably be improved, 
if necessary, by use of a more s e n s i t i v e  p reamp l i f i e r .  

AN X-RAY LINE AT APPROXIMATELY 2.6 KEV 

Some c e l e s t i a l  X-ray s w r c e s  o f  as t rophys ica l  i n t e r e s t  have energy 
spectra which peak near 2.6 kev. 
b r a t i o n  of  HEAO-2 d i d  not p rov ide  an X-ray o f  t h i s  energy. However, an 
energy o f  t h i s  value w i l l  be needed i n  the c a l i b r a t i o n  of AXAF and Rhodium 
has been suggested as a poss ib le  ta rge t  material.1° 

The X-ray sources used i n  the  c a l i -  

Table 1 shows tha t  the  s i x  L X-ray l i n e s  i n  b5Rh a re  i n  the energy 
range o f  in te res t . ”  
i n  the X-ray source. the energy requirement w i l l  be met. 

I f  a ta rge t  o f  Rhodium can be f a b r i c a t e d  f o r  use 

TABLE I 
RHODIUM L X-RAY LINES 

X-RAY L I NE ENERGY 
(kev) 
2.5191 

2.8344 1 

2.3765 

2.69205 

2.69674 

3.0013 

Rhodium p l a t i n g  was f i r s t  introduced about 50 years ago and produces 
a f i n i s h  which i s  a good r e f l e c t o r ,  i s  r e s i s t a n t  t o  ta rn i sh ing  and i s  wear 
res i s tan t . I 2  I t  i s  used f o r  coa t ings  on j ewe l ry ,  m i r ro rs ,  search l i g h t  
r e f l e c t o r s ,  e l e c t r i c a l  contacts,  etc. Although i t  would be d i f f i c u l t  t o  
develop a s a t i s f a c t o r y  procedure f o r  Rhodium p l a t i n g  s t a r t i n g  w i t h  com- 
monly a v a i l a b l e  chemicals, p r o p r i e t a r y  so lu t i ons  f o r  t h i s  purpose a re  
ava i l ab le . l 3  Rhodium i s  p l a t e d  from these so lu t i ons  us ing  d i r e c t i o n s  
suppl ied w i t h  the so lu t ions .  Since Rhodium I s  r o u t i n e l y  used t o  p l a t e  
copper c i r c u i t  elements, an interchangeable ta rge t  f o r  the X-ray source 
anode cou ld  be made o f  copper and t h i s  copper ta rge t  cou ld  be p l a t e d  w i t h  
Rhodium using a s o l u t i o n  and d i r e c t i o n s  obtained commercially i f  the 
exper t i se  i s  no t  a l ready a v a i l a b l e  l o c a l l y .  
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AN X-RAY LINE AT APPROXIMATELY 2.6 KEV (Continued) 

A Rhodium f o i l  f i l t e r  a few microns i n  thickness used w i t h  the 
Rhodium p lated copper target should produce low background character- 
i s t i c  L X-rays w i t h  energies near 2.6 kev. Rhodium f o i l  i s  ava i lab le  
c o m r c i a l l y  o r  can be produced by vacuum evaporation of the metal 
onto glass where i t  i s  said t o  be poor ly adherent and e a s i l y  removed.14 
Rhodium, l i k e  the other piat inum metals, i s  expensive. 

To 

A SYSTEM FOR MEASURING THE ABSORPTION OF 
X-RAYS IN PROPORTIONAL COUNTER GASES 

. -  -- - -. __ 
IC " A; ,,u 3 

-5 I t  +& 
Chamber 1 Chamber 2 

+ - 
x u  $ 1  $4 x.3 - 

It may sometimes be desirable to  measure the absorption of  X-rays 
i n  the gas being used i n  a proport ional  counter. Measurements o f  t h i s  
k ind have been made for many years.'5 

The proposed experimental arrangement i s  shown i n  Fig. 2. Chamber 2 
i s  a proport ional  counter whi le  Chamber 1 holds the gas which i s  t o  be 
investigated. A narrow beam o f  approximately monoenergetic X-rays is 
incident on Window 1 and those X-rays which are not absorbed i n  Window I 
o r  i n  Chamber 1 are i w i d e n t  on the window of the proport ional  counter, 
Window 2. The thicknesses of Window 1 ,  Chamber 1, Window 2, and Chamber 2 
are X o ,  XI, X2 and X 3  respectively. 
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A SYSTEH FOR MEASURING THE ABSORPTION OF X-RAYS I N  PROPORTIONAL COUNTER 
GASES (Cont inued) 

The in tens i t ies  of X-ray beams incident on Window 1 ,  Chamtar 1, 
Window'2 and Chamber 2 are , 1 1 ,  12 and I respectively. In terms 

wr i t ten  t o  express the various in tens i t ies  in  terms o f  the i n i t i a l  
beam in tens i ty  and the thicknesses and l inear  absorption coef f i c ien ts  
of the regions. 

- 

o f  the l inear  absorption coe 4 fic ients ,  the ! ollowing equations can be 

The counting rate i n  the proportional counter, C3, can be expressed 
i n  terms o f  the in tens i ty  o f  X-rays incident on the counter window, a, 
and the e f f i c iency  o f  the counter,c, as 

c, = €I2 
I n  the following measurements, the geometry of the chambers and the 

energy and intensi ty,  , o f  the X-rays incident on Window 1 w i l l  be held 

gated a t  the tenperature and pressure of interest. 
C a t  t h i s  pressure w i l l  be determined. Chamber 1 w i l l  then be evac- 
u i fed  and the counting rate C30 w i l l  be determined. The r a t i o  o f  C3p t o  
C30 gives: 

constant. Chamber 1 w i  P 1 be f i l l e d  w i th  the counter gas t o  be invest i -  
The counting rate, 

Thus the l inear  absorption coe f f i c i en t f i l o f  the gas can be determined by 
measuring the depth o f  Chamber 1, X I ,  and the counting rates w i t h  Chamber 1 
evacuated and f i l l e d  w i th  gas under the desired conditions, C3,, and C 
respectively. Note that t h i s  method w i l l  work on!y i f  the absorption 
i n  Chamber 1 i s  not near 100%. 

3P 
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A SYSTEM FOR MEASURING THE ABSORPTION 3F X-RAYS I N  PROPORTIONAL COUNTER 
GASES (Con t i nuedl 

The resu l ts  can be expressed i n  terms Qf the mass absorption co- 
e f f i c i e n t  by making use of the fo l lowing relat ionship:  

where p i s 
the density of the absorbing mater ia l  and vf i s  the mass absorption 
coef f i c ien t .  

It may be convenient to exprer the absorption of X-rays by gases 
i n  chambers of f ixed geometry i n  terms of  the absoi*Jte pressure of the 
gas. This can be achieved as follows. The ideal gas lan can be exbr -aGd 
a; PV=IQRT where P i s  absolute gas pressure, V i s  volume, N i s  the number 
of moles o f  the gas, R i s  the universal  gas constant alid T i s  the absolute 
temperature. 
expressed i n  moles as N=m/M. Thus the ideal gas law can be w r i t t e n  as 

For a gas of molecular mass M, a mass m of  the gas can be 

PV = (m/M)RT (6) and rearranged t o  g ive 

P M = m  - = f (7). When temperature i s  he ld constant, - 
RT V 

densi ty i s  d i r e c t l y  proport ional  t o  pressure and can be expressed as 

w i t h  the constant K Jef ined by K = - 
temperature the densi ty i s  d i r e c t l y  proport ional  to the pressure. 

Thus for a given gas a t  a given R l  

This leads t o  the fo l lowins r e s u l t  which may be useful :  

For a given gas, constant X-ray energy, constant geometry, and constant 
tempera t u  re  : 

(wf)(-$$) 
Thus Ia1o @ -‘(p(lO) and the transmitted in tens i ty  i s  seen t o  be a de- 
creasing exponential f m c t i o n  o f  gas pressure. 

i s  a constant which w i l l  be c a l l e d &  
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XENON PROPORT13NAL COUNTER - 
Proport ional counters are of ten used i n  the study of l o w  energy 

X-rays because of several favorable character is t ics .  These counters 
are r e l a t i v e l y  simple and r e l i a b l e  and for  low energies they are 
e f f i c i e n t  and have r e l a t i v e l y  good energy resolut ion. 
and operat ion of these counters i s  thoroughly discussed i n  the l i t e r -  
a t ~ r e . ~ 6 , ~ 7 , 1 8  
or rectangular metal enclosure w i t h  a t h i n  window i n  one end o r  a side. 
A snall uniform diameter metal wi re  i s  centered along the length of the 
enclosure. This metal wi re  i s  w e l l  insulated f r o m  the enclosure and 
the counter i s  operated w i t h  t h i s  anode wi re a t  a h igh p o s i t i v e  elec- 
t r i c a l  po ten t ia l  w i t h  respect to the enclosure which serves as the 
cathode. Proport ional counters are usual ly  operated w i t h  one of the 
noble gases as the primary counter gas. 
i n i t i a l  ion iza t ion  and larger  gas gains since energy i s  not used i n  
e x c i t i n g  ro ta t iona l  and v ib ra t iona l  states as would be the case w i t h  
diatomic and polyatomic gases. To prevent counting i n s t a b i l i t i e s  
which have several o r ig ins ,  a few torr of an organic quench gas such 
as CH4 i s  usual ly  added t o  the noble gas. 

The construct ion 

X-ray proport ional  counters usual ly  have a cy1 i n d r i c a l  

These gases g ive higher 

The proport ional  counter used i n  the HEAO-2 c a l i b r a t i o n  was a 
Diano Model SPG-9A gas-flow counter w i t h  a 1.8 micron polypropylene 
window covered w i t h  several hundred angstroms of aluminum and supported 
by a metal mesh. For X-rays below about 1.5 kev pure methane a t  5.0 
P S l A  was used as the counter gas whi le  a t  energies above 1.5 kev, P-10 
gas (90% Argon and 10% Methane) was used a t  a pressure of  approximately 
1 atm. 

There are several problems w i t h  an Argon f i l l e d  counter i n  the 
energy range of  2.5 to 10 kev. 
resu l ts  i n  a ra ther  large d iscont inu i ty  i n  the mass absorption coef f i -  
c i e n t  for AR a t  t h i s  energy which produces a correspondingly large 
d iscont inu i ty  i n  the counter e f f i c i e n c y  and a lso leads t o  a K-escape 
peak as some A& K-Xrays escape from the counter. 
o f  the counter decreases w i t h  energy and i s  down t o  about 17% a t  8 kev.l 

The A& K-edge i s  a t  about 3.2 kev. This 

Also the ef f ic iency 

A t  energies below 100 kev X-rays are much more l i k e l y  to in te rac t  
w i t h  matter Dy means o f  the photoelect r ic  e f fect  than by the Compton 
e f f e c t  and i n  t h i s  energy range the photoelect r ic  absorption coef f i c ien t  
var ies approximately as Z4 where Z i s  the atomic number o f  the absorbing 
mater ia l  involved. 
e f f i c i e n t  absorber o f  X-rays than i s  \BAR. A l so  since the K-edge i n  
Xe i s  a t  34.6 kev there i s  no large d iscont inu i ty  i n  i t s  mass absorption 
c o e f f i c i e n t  below IO kev and s i m i l a r l y ,  no troublesome K-escape peak. 

Thus i n  t h i s  energy range, 54Xe i s  a much more 

A Xenon proport ional  counter 2.5 cm deep w i t h  700 t o r r  o f  Xe and 60 
t o r r  of CH4 a t  20°C w i l l  have e f f i c i e n c i e s  as shown in  Fig. 3. 
example, such a counter w i t h  s 2 m i l  (9.2Mg/cm2) Be window has an 
e f f i c iency  o f  97% a t  8 kev. 

As an 
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The e f f i c i e n c y  o f  a proport ional  counter i s  given by the expression 

where the symbols have t h e i r  usual meanings and the subscr ipts w and g 
re fe r  t o  the counter window and counter gas respect ively.  The f i r s t  term 
i s  the f r a c t i o n  of the incident X-rays which pass through the counter 
window whi le the second term i s  the f r a c t i o n  o f  the X-rays which get i n t o  
the counter which are absorbed i n  the counter gas. Note tha t  the absorp- 
t i o n  of X-rays due t o  the CH4 quench gas i s  n e g l i g i b l e  above 2 kev. This 
can eas i l y  be shown by t r e a t i n g  the absorption due t o  the carbon and the 
hydrogen independently. 

I t  should be c lear  from the abovt discussion tha t  a Xenon counter 
o f f e r s  advantages near the h igh  end of the AXAF energy range, 8 L.CJ. 
Xenon counter would need t o  be a sealed counter ra ther  than a f l ow  
counter since Xenon i s  ra ther  expensive. 

A 

Small quan t i t i es  o f  gaseous impur i t ies  can ser ious ly  degrade the 
performance o f  a proport ional  counter. Therefore, the par ts  o f  a newly 
constructed counter should be c a r e f u l l y  cleaned p r i o r  t o  assembly. 
lowing assembly but p r i o r  t o  fill ing w i t h  Xenon, the counter should be 
evacuated and pumped f o r  sev.?ral hours a t  a temperature we l l  above 20°C 
t o  ensure outgassing. 

Fol- 

To avoid problems w i t h  "end e f fec ts "  i n  side-window counters, the 
s ize o f  the window should be small enough that  the metal s ide o f  the 
counter shields a t  l eas t  1 cm a t  each end o f  the anode w i re  from X-rays. 
The anode wi re i t s e l f  should be o f  uni form diameter t o  avoid a non- 
uniform e l e c t r i c  f i e l d  which a lso degrades performance. 
the anode w i re  i s  f ree,  i t  should terminate w i t h  a small sphere o f  metal. 

I f  one end of 

THE PRODUCTION OF PLANE POLARIZED X-RAYS 

The technique f o r  producing a beam o f  plane polar ized X-rays by 

The polar ized s ta te  of  t h i s  scat- 
scat ter ing an unpolarized beem through 90" o f f  o f  a low 2 scat terer  
has been known fo r  sometirne.lgr20 
tered beam can be confirmed by sca t te r i ng  i t  through 90" o f f  of a 
second low Z scatterer,  See Fig. 4. 
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Since X-rays and other  electromagnetic waves are transverse ( the o s c i l -  
l a t i n g  e l e c t r i c  and magnetic f i e l d s  are perpendicular t o  the d i r e c t i o n  
of propagation), the waves scattered a t  90" have t h e i r  e l e c t r i c  f i e l d  
vectors perpendicular t o  the plane formed by the incident and scattered 
waves. 

The se lect ion of X-ray energies by the process of  Bragg scat ter ing,  
"reflection'; from a c r y s t a l  i s  we l l  known.21 The Bragg equation i s  

where)/) i s  the order of the r e f l e c t i o n ,  usual ly  one, d i s  the spacing 
between adjacent p a r a l l e l  r e f l e c t i n g  planes i n  the c rys ta l ,  a n d e  i s  
the angle of incidence and r e f l e c t i o n  measured w i t h  respect t o  the 
r e f l e c t i n g  c r y s t a l  plane, no: i t s  normal. 

I f  an unpolarized beam o f  X-rays i s  r e f l e c t e d  o f f  o f  a j u d i c i o u s l y  
chosen c rys ta l  a t  an incident angle o f  45", then a monoenergetic beam o f  
plane polar ized X-rays w i l l  r esu l t .  
length of  the re f l ec ted  X-rays i s  given by 

From the Bragg equation the wave 

Notice that  as 'L, increases, A decreases. 
the energy o f  the X-rays scattered a t  a p a r t i c u l a r  angle increases. 
experimenter can ensure that  no r e f l e c t i o n s  of order higher than one occur 
by operating a t  anode voltages too low t o  exc i te  X-rays w i t h  energies 
which correspond t o  larger values o f  n. 

As an example, if a graphi te  crys a1 i s  used 2d=6.708 A. Then fo r  
N=l and scat ter ing a t  4=45", A 4 . 7 4 3  k which can be shown t o  be equiva- 
lent  t o  an X-ray energy of 2.62 kev by use of the formula 

This means that  as +, increases 
An 

0 

x 
I n  pract ice,  the c r y s t a l s  are o f t e n  bent s l i g h t l y  so tha t  a narrow range 
o f  energies centered on the desired energy i s  re f lected.  

A graphi te c r y s t a l  w i l l  be used w i t h  the Rhodium p lated X-ray target  
and Rhodium f i l t e r  t o  produce a plane polar ized beam of  approximately 2.6 
kev photons f o r  the c a l i b r a t i o n  o f  the AXAF polarimeter. 
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OPERATING PROCEDURES 

The procedures used i n  cal  ibrat ing the equipment and in  takir,g and 
analyzing the data for  the HEAO-2 cal ibrat ion appear t o  have been w e l l  
thought out and careful  l y  appl led. 1 9 7  The author sees no reason to  suggest 
that changes be made fo r  the AXAF cal ibrat fon.  I t  may be worth noting, 
however, that the peak s h i f t  w i th  counting rate i n  the X-ray spectra which 
was observed and correct ly  handled i n  the HEAO-2 ca l ib ra t ion  i s  most l i k e l y  
a character ist ic o f  the proportional counter i t s e l f ,  and not an indicat ion 
of a problem wi th  the counting electronics.22 
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RECOMMENDATIONS 

( I )  An in-house t h i n - f i l m  c a p a b i l i t y  should be developed f o r  the 
purpose o f  producing counter windows and absorber substrates. 

(2) A new boron f i l t e r  should be constructed by use of techniques 
discussed above and i t s  performance should be compared w i t h  
the present boron f i l t e r .  

(3)  A Rhodium-plated copper target  f o r  the X-ray generator should 
be b u i l t  and tested w i t h  a Rhodium f i l t e r  t o  character ize i t  
as a source o f  X-rays w i t h  an energy o f  approximately 2.6 kev. 

A sealed Xenon propor t ional  counter w i t h  a bery l1  ium window 
should be constructed and i t s  performance i n  the energy range 
from 2.5 t o  IO kev should be compared w i t h  tha t  o f  the present 
proport ional  counter. 

(4) 

(5 )  The X-ray source should be modif ied t o  produce plane polar ized 
X-rays by sca t te r i ng  unpolarized X-rays a t  90" o f f  o f  a graphi te 
c rys ta l .  The p o l a r i z a t i o n  cha rac te r i s t i cs  o f  the scattered beam 
should be invest igated by means o f  a second graphi te  c r y s t a l  and 
movable proport ional  counter i n  the instrument chamber. 
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SYNTHESIS OF N-SUBSTITUTED SXANEAMINES: 
MONOMERIC PRECURSORS OF SILICON CARBIDE-NITRIDE FIBERS 

BY 

David J. Crouse 
Assistant Professor of Chemistry 
Tennessee Technological University 
Cookeville, Tennessee 

The objective of this project is to prepare a series of N-alkyl 
These compounds are to be the monomers substituted silanetriamines. 

leading to polycarbosilazane resins which are used to prepare silicon 
carbide-silicon nitride fibers for use in composite materials. 

Silanetriarnines are prepared by the condensation of methyl or 
phenyl trichlorosilane with a primary amine. The amines used in this 

R-Sic13 + R'-NH2 - R-Si-(NH-R')3 
study are methyl, n-propyl, n-butyl and allyl. 
prepared by adding the chlorosilane to a solution of the amine in either 
petroleum ether or toluene. The compounds were purified by distillation 
and characterized by infrared and nuclear magnetic resonance spectroscopy. 

The silaneamines were 
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-- INTRODUCTION 
The technological demand for materials of improved strength and 

stiffness has led to considerable research in the area of fiber-reinforced 
resin-matrix composites. Fibers made from glass, boron or carbon exhibit 
high mechanical strengths, high moduli of elasticity and low density. 
When combined with epoxy, polyester or polyimide resins, composite mater- 
ials are produced that are exceptionally strong and stiff for their Wght(1). 
Carbon (graphite) fibers are the predominant high-strength, high-modulus 
reinforcing agent currently used in high-performance composites. They 
are widely used in aerospace and otLer scientific applications. They 
also contribute to energy conservation in the form of lightweight trans- 
portation vehicles. 

Despite the advantages of carbon fibers, there are areas where 
improvement can be made hy the development of alternate fibers for com- 
posite materials. 
has led to concern about safety (2). During combustion, carbon fibers 
released into the atmosphere may enter electronic equipment causing short 
circuits (3). Carbon fibers are also subject to oxidative degradation. 
Severe oxidation occurs above 4OO0C in air (4). 
adhesion between carbon fibers and thermoplastic or metal matrices (5). 
This can result in debonding of the fibers from the matrix at low stress. 
Many of the most desirable applications of compcsite materials are in 
high temperature areas, such as gas turbine blades, plasma devices and 
rocket motors. Current carbon fibers show insuffic'.ent temperature 
stability for applications of this type. 

Carbon fibers show high electrical conductivity which 

Another problem is poor 

These limitations necesitate the search for new materials with 
potential as carbon fiber replacements. Silicon carbide - silicon 
nitride (SixNyC,k materials have been suggested as one promising can- 
didate (6). SUC materials are oxidation resistant at high temperatures 
and possess other properties similar to carbon fibers. 
Materials and Processes Laboratory of the Marshall Space Flight Center 
has produced fibers of this type (7). These fibers showed a tensile 
modulus of approximately 29 X lo6 psi. 
this compares fa orably with that of graphite fibers with an average 
value of 55 X 10 psi. 

Work in the 

At this stage of development, 

8 The electrical resistivity value of Si$ C, 
fibers is measured at 7 X 10 8 ohm-cm. This lies in the semicondxctor 
range but approaches the value of a true insulator (2 10 12 ). 

The fibers tested above were prepared by a method derived from that 
of Verbeek. The first step was the synthesis of the monomer, tris (methyl- 
amino)methylsilane, by the reaction of methyltrichlorosilane with methyl 
amine (Eq. 1). The monomer was then converted into a polycarbosilazane 

CH3SiC13 + 6 CH3NH2 - CH3Si(NHCH3)3 + 3 (CH3NH3+)C1- 

EQUATION 1 
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resin by passing over glass rings at 52OoC. 
this polymer is not completely characterized it is believed to be analo- 
gous to other polysilazanes ( 8 )  (Eq. 2). Fibers were then hand drawn 

Although the structure of 

A CH3Si (NHCH3)3 -> 
I 

L 

EQUATION 2 

- 

n 
i 

from the resin melt. 
noncombustible material. Finally, the hydrolyzed fibers were pyrolyzed 
to the inorganic Si$ C 

The fibers were next humidity conditioned to a 

by heating to approximately lSOO°C. Y Z  
The objective of this project is to prepare a series of substituted 

silanearnines for use in the production of Si N C fibers. With the initial 
promise demonstrated by fibers formed from t~eyt$is(methylamino)methyl- 
silane monomer, the next logical step is structural modification of the 
polymer. 
polymer precursor with modified properties. 

Each silane amine monomer will hopefullyprovide a different 

During pyrolysis, mass is lost due to elimination of volatile by- 
Excessive mass loss is undesirable because it can result in products. 

fiber defects and high shrinkage ( 9 ) .  Incorporation of higher molecular 
weight carbon groupings may decrease this problem. In particular, it has 
been shown that in the production of carbon fibers, loss of volatile by- 
products is lowest when the precursor material contains aromatic groups. 
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EXPERIMENTAL 

Reagent grade aniline and allyl amine were distilled.over zinc metal. 
Phenyltrichlorosilane (PCR Research Chemicals) w a s  vacuum distilled 
and stored under nitrogen in a dark bottle. All  other chemicals were 
used without further purification. 
uncorrected. 

Boiling points of the products are  

Infrared spectra were recorded neat between sodium chloride plates 
on a Perkin-Elmer 137 spectrophotometer with absorptions reported in 
wave-numbers (cm-l). Nuclear magnetic resonance spectra were 
obtained in carbon tetrachloride solution on a Varian EM-306L spectro- 
meter. Chemical shifts a r e  repwted in parts per million delta (6 1 using 
either chloroform methylene chloride or  tetramethylsilane as standards. 

General Procedure for the Preparation of Tris(alkyl8mino)silaes 

Approximately 300 mL of the appropriate solventa was placed in a 
clean, dry one liter 3-neck flask. That was equiped with an addition 
funnel and mechanical stirrer. A gas inlet was placed atop the funnel. 
The apparatus was placed in an ice-water bath while flushing the system 
with dry nitrogen gas. The desired amine (1.5-2.0 moles ) was added 
to the solvent and stirring started. The alkyltrichlorosilane (0.2 moles) 
was placed in the addition funnel taking care to avoid extensive exposure 
to moist air. The silane was then added dropwise to the amine solution 
with vigorous stirring under an inert, dry atmosphere. 

b 

After silane addition was complete, the stirrer and funnel were 
removed and replaced with a condenser. The resultant mixture of 
solution and amine hydrochloride precipitate w a s  then refluxed for one 
hour under dry nitrogen. The mixture was allowed to cool to  room 
temperature and the1 vacuum filtered through a medium or coarse 
fritted glass funnelC. 
solvent. Exposure to humidity w a s  kept to a minimum at all times. 

The precipitate was washed with 100 mL of the 

The filtrate was then evaporated in vacuo to remove excess unreacted 
amine and the majority of the solvent. 
vacuuni distilled storing the desired fraction under dry nitrogen. 

The residue from this was then 
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Silaneamines Prepared by the Preceding Method 

The following compounds obtained were all clear, colorless liquids. 

T ri s (n -propylamino )m ethyl silane (C H3 C H2 C H2 
bop. 225OC/760 torr, 98OC/4 torr 
Percent yield = 79.8 
IR (Fig. 1); 3400w, 291013, 28508, 1450m, 139013, 125013, 1225m, 11209, 

1075m, 1 0 2 5 ~ ~  IOIOs, 900m, 8 4 h ,  77Om, 745m. 
N M R  (Fig. 2); -0.27 (8, 3H), 0.30 (broad s, 3H), 0.63 (t, 9H), 

SIGH3 

1.17 (m, 6H), 2.50 (t, 6 W .  

T ri s (n - butylamino )methyl silane (CH3CH2 CH2 CH2NH) 3SiCH3 
b.p. 185OC/6 torr 
Percent yield = 82.0 
IR (Fig. 3); 341Ow, 29508, 1475m, 14008, 1290w, 12608, 1220w, 11308, 

105Om, 9 8 0 ~ ~  895m. 845m, 80Om, 78Om, 735w. 
N M R  (Fig. 4); -0.20 (8 ,  3H), 0.35 (broad s, 3H), 0.77 (t, 9H), 1.20 (m, 12W, 

2.58 (t, 6H). 

Tris(al1 1amino)methylsilane (CH2= CHCHZNH) SiCH3 

Percent yield = 81.0 
IR (Fig. 5); 340Ow, 3050w, 295Ow, 2850sr, 1 6 4 0 ~ ~  144Ow, 13908, 1255m, 

N M R  (Fig. 6); -0.07 (8,  3H), 0.62 (broad 8,  3H), 3.33 (m, 6H), 

b.p. 66 J C/O. 5 torr 3 

1220m, 115Om, l l O O s ,  1025, 995m, 9158, 85Om, 785w. 

4.73-6.17 (m, 9H). 

Preparation of T r i s  (anilino hnethylsilane ( C ~ H S N H ) ~ S ~ C H ~  

Toluened (300 mL)  was placed in a clean, dry  one liter 3-neck flask 
fitted with a mechanical stirrer and addition funnel. Aniline (135 g, 
1.45 moles) w a s  added t o  the flask. A gas inlet is placed on the addition 
funnel and the apparatus w a s  cooled in an ice-water bath while flushing 
with dry nitrogen. Methyltrichlorosilane (29.9 g, 0.20 moles) was placed 
in the addition funnel and added dropwise while st irring under nitrogen. 

Af te r  the silane addition was complete, the mixture w a s  warmed to 
40-60°C for one hour. After  cooling to room temperature, the mixture 
was filtered through a medium fritted glass funnel, washing the precipitate 
with 100 mL of toluene. The filtrate was then evaporated in vacuo. 
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The residue was transferred to a small distilling flask and a short- 
path distillation apparatus (no condenser o r  fraction cutter) was assembled. 
The residue was then vacuum distilled collecting 49.2 g (77.1%) of a 
highly viscous yellow oil (b.p. 220°/1 torr, lit. (IO) 212O/ I torr). 

IR (Fig. 7); 3400~11, 3050~ .  16008, 14908, 13808, 12808, 1 2 3 0 ~ .  118Ow, 
116Ow, 108Om, 1030m, IOOOm, 9158, 780m, 7558, 735m, 
695s. 

NMR (Fig. 8); 0.82 ( 8 ,  3H), 4.27 (broad s, 3H), 6.87-7.52 (m, 15H). 

Pr e m  ration of T ri s (methylamino )phenyl silane (CH3NH) 3Si C6H5 

Toluene (600 mL) was placed in a two l i ter  3-neck flask equipped with 
a mechanical st irrer,  gas inlet and Dewar condenser. The flask was placed 
in a cooling bath at approximately -4OOC (liquid nitrogen/acetanitrile). A 

similiar cooling mixture was placed in the condenser. Methylamine gas 
was passed into the system through the condenser. This was continued until 
the total volume was about 800 mL. 
dry nitrogen. 

The apparatus was then flushed with 

Phenyltrichlorosilane (84.5g, 0.40 mole) was placed in an addition 
funnel and inserted in one neck of the flask placing the nitrogen inlet on 
the funnel. The silane was added dropwise under nitro en with vigorous 
stirring, maintaining the bath temperature at about -40 C. % 

After the addition was complete, the system w a s  allowed to warm to 
room temperature. The mixture was then refluxed under nitrogen for m e  
hour. The mixture was then cooled and filtered to remove the amine salt. 
The precipitate was washed with 200 mL of toluene. The filtrate was 
evaporated in vacuo. The residue w a s  vacuum distilled collecting 53.7g 
(68.8%) of a clear colorless liquid (bop. 113O/2 torr, 250°/760 torr). 

IR (Fig. 9); 343Om, 305Ow, 29008, 280Om, 1600w, 148Ow, 1430m, 13708, 

NMR (Fig. 10); 0.60 (broad 8 ,  3H), 2.60 ( 8 ,  9H), 7.13-7.73 (m, 5H). 
IllOs, 1015m, 7308, 700m. 

apetroleum ether or toluene can be used in most cases. Toluene has the 
advantage that the amine salt is somewhat less  soluble in it. 

bThe stoichiometric ratio of amine to silane is 6:l. In order to guarantee 
excess amine, at least 2.4 moles of amine per mole of halogen is used. 
If a volatile amine is used, a larger excess is recommended. 

In some instances it may be desirable to evaporate the unreacted amine 
before filtration. This allows for more complete precipitation. 

C 

dTris(anilino)methylsilane is not sufficiently soluble in petroleum ether 
to allow use of that solvent here. 
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--SULTS AND DISCUSSION 

The synthesis of silanetriamines was carried out beginning basicly 
with the procedure outlined by Penn, et al. 
attempted was that using methyltrichlorosilane and n-propyl amine (Eq. 3,  
R = -CH2CH2CH3). 

The initial preparation 

The reaction was carried out at O°C as the amine was 

EQUATION 3 

liquid at room temperature unlike the methyl amine used by Penn. 
reaction proceeded much as expected except that the boiling point of 
this product was t(ro high for high yield distillation at atmospheric 
pressure. 
which would react with moisture from the atr. 
observations of the original rnonamer. 

The 

The product obtained here was a clear, colorless liquid 
This corresponded to 

The initial preparation gave a fairly low yield but by the third 
trial a very satisfactory yield of 80 percent was obtained. Two other 
compounds were synthesized without major problems. 
made from n-butyl (R = -CH2CH2CH CH ) an< allyl (R = -CH2CH=CH2) were 

Silanetriamines 

prepared in good yields of 82 an 3 4  8 parcent respectively. 

The major problem which had arisen up to this point was the diffi- 
culty in successfully separating all the amine hydrochloride (RNH3+Cl-) 
salt from the reaction mixture. 
distillation, it would sublime over contaminating the product. Experi- 
ence with the methyl amine monomer indicated that the presence of salt 
would produce unsatisfactory precursor resin. In addition, Rochow 
indicates that cyclization of silane 
salts. 

If the salt were present during the 

amines is catalyzed by anunonium 

The next monomer prepared was that from the reaction of the chloro- 
silane with aniline (R = -C6Hs). 
amine isolated from the filtrate. Since significant quantities of amine 
salt were produced, it was believed that the reaction had proceeded as 
planned. 
prepared by Anderson (11) using benzene as the solvent. 
ments in the laboratory led to a new attempt using toluene instead of 
petroleum ether. 
the desired product. Apparently, the tris(ani1ino)methylsilane was in- 
soluble in petroleum ether and was left behind with the salt during fil- 
tration. 
ingly viscous glassy material at room temperature. This necesitated the 
use of a short-path distillation in the final purification. 
for some time, the oil showed some signs of crystallization but the process 
was imperceptibly slow. 

Initial attempts reeulted in no silane- 

The literature indicated that this compound had been previously 
This and experi- 

This attempt resulted in the successful isolation of 

Some difficulty still remained because the product was an exceed- 

After sitting 

Until this monomer can be obcained in crystalline 
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form, it will prove to be difficult to work with. 

A second series of monomers was initiated using phenyltrichloro- 
silane (Eq. 4 ) .  Once the purity of the phenylsilane wae assured, reac- 

EQUATION 4 

tion with methyl amine (R = -CH3) was carried out smoothly. 
yield of 69 was obtained. 
stance, it was selected for the initial polymerization experiments. 
This is work is in initial stages and will be reported on in future 
publications. %e preparation of a second monomer to be made from n- 
propyl amine was attempted. 
normally, a nonvolatile solid was obtained upon distillation, It re- 
sembles a polymeric material but confirmation of ;his is yet to be made. 

A percent 
Due to the inherent simplicity of this sub- 

Although the reaction appeared to proceed 

All of the compounds prepared were characterized by infrared (IR) 
and nuclear magnetic resonance (NMR) spectroscopy. Samples of each have 
been submitted for elemental analysis. 
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The preparation of N-alkyl substituted silaneamines can be carried 
out easily with good yields. 
polymerization and fiber formation. The data obtained from these fibers 
will provide clues to the direction of future work. 
distinctly differently different monmers containing aromatic rings were 
synthesized. 
effects of substitution are valid. At the very least, even if these new 
compounds do not produce vastly superior fibers, some of the monomers 
may be more amenable to mass production. 

This has provided several new compounds for 

In particular, two 

Future tests will indicate whether predictions about the 

This area of polymer and composite work has only just opened and 
The mechanism of polymerization is only partially many tasks remain. 

understood at this time. An examination of the effect of structure on 
the conditions and rate of polymerization is ultimately necessary. With 
the variety of monomers available now and in the near future, this study 
is feasible. In addition, current structural modifications have not 
drasticall; altered the intermolecular attractive forces. Incorporation 
of funtioaality into the side chain also offers a future projcct. 
conclusion, this area is ripe for extended study, especially if the ori- 
ginal fibers continue to live up to their initial promise. 

In 
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LINEAR AND NONLINEAR ASPECTS 

OF ROTORDYNAMICS 

BY 

William B. Day, Ph.D. 

Associate Professor of Mathematics 

Auburn University, Alabama 

ABSTRACT 

Excessive vibrations of the liquid oxygen pump in the 
Spclcc Shuttle's Main Engine have been recorded during 
hot firing ground testing. We have examined the differ- 
cntial equations which describe the rotordynamics of the 
?ump in order to determine mathematical explanations of 
t h i s  possibly destructive phenomenon. 

To this end we have considered modeling the rotor as a 
random eigenvalue problem and derived statistical pro- 
perties of the solutions. Secondly, we have derived 
:inalgtical expressions for the solution in the case of 
symmctric damping and stiffness. This enables one to 
determine accuracy estimates when testing numerical 
techniques to solve both asymmetric and nonlinear pro- 
blcms. Finally, the rotor model has had nonlinear ele- 
nicnts incorporated to improve its simulation of the 
pump and to expand the corresponding mathematical theory. 
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1. Introduction: In this report we examine three aspects 
of the rotordynamics of the Space Shuttle Main Engine 
High-Pressure Liquid Oxygen Fuel Turbopump. 
matical model for rotordynamics problems originated with 
Jcffcott [a)  and describes axisymmetric motion of a rotor 
ithich contains stiffness and damping. The rotor is driv- 
cn by mass imbalance and mathematically the motions in 
the y- and z-directions are the solutions of 

(1.1) my = -k1ly+ktzz-c$+Acoswt 

(1.2) mZ = -k21y-k22z-~~-Asin~t. 

The hiathe- 

Ilcrcafter, we shall assume that the mass m is a non zero 
constant and that both equations have been divided by m. 
Thc four k's are generally unrelated; however, we shall 
oftcn use the symmetric case where k1t = k21 and k12 = k21. 
Thc symmetric case occurs frequently in reality, and the 
modifications to be made in other situations are usually 
straight-forward. We also limit our discussion to equa- 
tions with no cross-damping and equal damping for the two 
II i rcc t ions of mot ion. 

In scction 2 we salve equations (1.1) - (1.2) when the 
cocfficicnts are random variables. F.ollowing t3e methods 
of Soong et al., [ 4 ] ,  [SI, and 161, we derive expressions 
for the random eigenvalues and eigensolutions. In sec- 
tion 3 two transformations are presented for our equations. 
Undcr these transformations, the solutions of equations 
(1.1) and (1.2) are most easily obtained. Section 4 ex- 
smincs the effect of including the nonlinear phenomenon 
deadband in our equation. Using asymptotic expansions 
we arc able to derive analytic expressions for the solu- 
tions. Thcsc solutions rcveal the apparent shift of the 
n;itural frequencies. Extensivc bibliographies of work on 
this nonlinear problem are given by Childs [l]  and 
Yamailnoto [ 7 1 .  

2. Rmdom Eigenvalues: We initially examine the case 
For which system (1.1) - (1.2) contains only one random 
vilr i;tblc cocfficient. Wc rcpluce this constant Cee by 
c+r whcrc C=c Gee., the expected value of Cee and r is a 
random variable with zero expectation. 

Following the identical procedure used in the determin- 
i F  ic problem, we arc lcad t o  solve the characteristic 
cqua t ion 

( 2 . 1 )  h'+3%h3+a2~2+al~+a0'~ 

SI 1-1  



fo: the exponents of the solution; i.e.) assuming y-yo 
exp (At) and 2-20 exp (At), we must find the roots of 
equation (2.1) . 
The coefficients of equation (2.1) are random variables 
since they depend on the constants of equations (1.1) - 
(1.2), which now.involve a random variable. Therefore, 
we assume' X also depends on this random,variable I' and 
write 

(2.2) X F bnA". 
n=o 

This expansion for X can be substituted into equation 
(2.1) and the unknown coefficients can b.e determined 
recursively. The lowest order (in A)  equation obtained 
will always be 

(2.3) bo +a 3b o '++82b0 2+a Ib o+a 0'0 

where the a ' s  are those used in the deterministic pro- 
blem; i.e., Cee = C = <Gee>. We distinguishamongthefourrootsby 

(2.4) X i  = f bn,jr" for i = 1,2,3,4. 

Since we are ultimately interested in the statistics 
(moments) of the solutions which have the form 

n=o 

y=dleAlt+d2eA2 t+d3ch3 t+cibe X4t 

z=c l e A  +dezeA t+e 3 e' +e 4e X 4 t  , 

we are lead to exaitining 

= exp (bait+ !! bnirnt) 
n=1 - exp (bait) [l+(Cb,irnt)*1(Cbnirnt)2*. - 1  

T ~ I I J S ,  to Eind <y(tl)y(t2):* wc arc reduccd to considcring 
t e r m  of t h i s  form: 
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' ~ X P  (boi t  B +bo e t  P) * 
* [ 1 +b lit 1+b 1 jt 2)  

I 

4 (bl -b i  -tit :+bzjt i + $ b l i * t  1 * 
+ba . t2+lbe2 . tn*)<I '*>+ .  - .) . c j  

J 5 
Similar results hold for higher moments; i . e . ,  for 

cyn (t I)?( t 2) > ,<zn (t 1) em( t a )  > end cy* (t 1) zm( t 2 )  > . 
Example 1: 

9 = -Sy-z-(S+e)f 

f = -y-Se-56 

Thc characteristic equation is 

A b + ( l O + c )  +(3S+Sc)A2+(SO+Sc) h+24=0 

with X i "  E;bnic*r i = l ,  2 ,3,4. 
nc 

wc have (boi+bric+bzicP+.  . .)'+(10+t) (bo;+bliC+bpi:2+- 0 -) 

+(3S+Sc) (boi+t ~ + b 2 i c  2 + e  e )  a 

+(50+5c) (boLLbLi<*oz ic2+.  . ) + 2 4 4  
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5 : 6boi ' b I +4 bok b i+30b,ib li * + 30bOi b 

+3bOi h i+55b - + 70bOib i +  10bOib li 

+50b,i+5bli=0 

1 4  
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. 
b - ( 6boi2 b li + 30bOib li 2 +3boi * b . +3S b l i  * + 10 boib li+S b * ) 

14. 14. 

4 boi ' +30boi + 70boi+S0 

boi f+30boi2+70boi+S0 

b, 1 = -  (116) [ (6-30+35) (1/6)+3-10+5] /6 

p -  (11/6-22/63 /36=1/216 

b 2 3 =  (54-90+35) (-3/2)+27-30+5)/2=21/8 

b24= $1 (96-120+35) (-2/3)+48-40+5)/-6 
= 3( 2 -22/3+39/3] /-6=17/27 

A 2  = - 2 + 5 - 2 5 2 +  ... 

It is a straight-forward, although cumbersome extension 
to allow two or more of the coefficients in equations (1.1)-(1.2) 
to b c  random variables. We need only assume a series of 
thc  form 

'Thc folloi..ing cxamplc of two random coefficients is typical. 
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Example 2: = -5y-e-(S+C)y 

The characteristic equation is 

~ ~ + ~ ~ ( i o + ~ + e ) + x ~ ( i o + 2 5 + 5 5 + 5 8 + 8 5 )  

+A(25+55+25+50)+24=0 

or substituting into the equation 

+6booi2bl oi262+4booi3b2 oic2+4booi3b1 1i6e+4booi3b, 2i e2+. . .) 

+e2 [3booiboliP+3booi2b,zi]+~2 [3booibloi 2 +3booi2b20i]+. . .) 

+(35+55+58+58) (booiz+2booiboiie+2b 00; b ‘ O i  5 

U l t i m a t e l y ,  wc have 
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3. Transformations: In the case of symmetric stiffness, 
cgus t ions (1.1) and (1.2) become 

(3.1) =-ay+bz-c?+Acoswt 

( 3 . 2 )  E =-by-az-ci-Asinwt. 

We can solve these equations more easily by performing 
two transformat ions. 

I:irst of all, since the damping, c, is the same for the 
tuo equations, define 

u(t)=exp(ct/2)y(t) 

v(t)=exp(ct/Z)z(t) . 
Thcn equations (3.1) and 3.2) become 

(3.3) u- (-a+c2/4)u+bv+Aexp(ct/2)coswt 

(3.4) Ci= (-bu+(-a+c2/4)v-Aexp(ct/2)sinwt 

;rnd clamping has been removed. 

X c x t ,  with the transformations 

x ( t ) 'U ( t ) + i v  ( t ) 

w(t)=u(t)-iv(t), 

tic have 

%= ( -;I +c ' /4 - i b )  x+Aexp (c/2 - i o )  t 

Q= ( -a+c2/4+ib)w+Aexp(c/2+iw)t 

Thus 

(3.5) x+wx2x=Aexp(ut) 

(3.6) u+Jx *rr.=Atxp (ct) 

+hcrc the bar is complex conjugation and uX2=a-c2/4+ib, 
ankt u=c/2 - iw. 
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The solution of equation (3.5) is 

x(t) ~ A s i n ~ ~ t + B c o s ~ ~ ~ + ~ ~ x ~ ~ ~ ~ )  

where C=A/(w 2 + l r 2 )  aRd A a ~ d  B are determined by the 
initial condhioas. Since w ( t ) = m ,  
the solution of equation (3.6) is 

w(t) =Xsiniixt+Bcosiixt+texp(i;t). 

Now if we reverse the two transformations, we find 

y (t ) =exp ( -c t/Z) Re x (t ) 

and 

z(t)=exp(-ct/t)Im x(t) 

=exp(-ct/2)Im[Asinwxt+Bcosuxt+Cexp(~t)]. 

The natural frequency wxcan be found from 

w 2=(a-c / 4 ) +ib 

=[  (a-c2/4j2+b2] 'exp(iArctan(b/(a-c2/4))) ; 

X 

hence, 
w =[ (a-c2/4) 2+bz] a exp( .SiArctan(b/(a-c2/4))). 

X 

Finally, we note that a reduction to equations of the 
form (3.5) and 3.6) can be accomplished even in the case 
of non-symmetric stiffness; however, the initial trans- 
formation fails when the damping coefficients for the 
two equations are different. 

4. Nonlinear Deadband: Because the impellers of the 
space shuttle main engine (SSME)liquid oxygen (LOX) 
turbopump cause a pressure differential and thereby a 
largc axial thrust, it is necessary t o  reduce this force 
by crcnting a radia1 clearance between the bearings of 
the rotor and the support structure. This radial gap, 
the bearing dcridband, is generally filled with a fluid 
which a c t s  as a damper of small magnitude. 

Accounting for clcadband leads to nonlinearitics in the 
Jcffcott equation; see Yamamoto (7) €or a derivation. 
We have 
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( 3  .I) yp bz-cf-k(l-A/R) (y-pz)+AcOSwt 

( 3 . 2 )  &= -by-cg-k(l-A/R) (py+z) -Asinwt 

uhcrc B is the site of the deadband, R2=yP+z2, and w 
is the frequency of rotation, which is assumed to be 
constant. We use b, c, k,p, and A as constants only. 
Although this problem can be generalized somewhat (e.g., 
non-symmetric coefficients), we restrict our attention 
to this form since the solutions exhibit typical non- 
lincrrr behavior. 

Yamsmoto (7),  Childs (1), and Gupta et al. (2) have 
csamined some of the consequences 3f including deadband 
in the rotor's description, but analytic solutions have 
not been presented heretofore. We use asymptotic ex- 
pansions to obtain zero- and first-order expressions for 
t h c  solutions of problems (4.1)-(4.2). 

'Thcsc equations are easily solved numerically using a 
fourth-crder Runge-Kutta algorithm. Figure 1 shows the 
motion for the case 

- 2  2 h=115700. S. A=285. in./S. 

Ct40. s. o=lOOOJI rad./S. 

k=l305000. S. y(O)=.OOOl in. 

A=.  0000285 in. 

. - 1  

- 2  

2 (0) =o+ (0) 

11'. 1 ;(o) =-~OOOII~(O) in./S. 

Thc motion has become periodic for the time intcral 
(.SLtLl.S.) shown. The graph of t vs. R given in 
I:igut-c 2 didplays R in the form 

R=.71+.39 sin 72011t=a1+a,sinat. 

it is this second figure that leads us to consider solving 
r)ur nonlinear cquations by asymptotic expansions. 
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or 

(4 *3 )  

We shall use a2/al as our expansion parameter E.  

= (A/al) ~l-(a,/a,)sinat+(cl,/q)4singat*. . .I. 
R 

Thus, 

- A =(&/al) (l-csinat+E2sin2at+. . .). 
R 

Next we expand our solutions y and z Tsymptotically in E 

(4.4) y =yO+Eyl+.. . 
(4.5) 2 fZO+€Zl+ e.. 

Substitution into equations (4.1) and (4.2) yields 

( j i o + ~ y l + .  . . )=b(zO+cz l+ .  . . ) - c ( f O + ~ i i + .  . .) 
-k(l -A/a,+E (A/al) sinat - . . .) * 
* ( Y ~ + E Y  + . . . - p  z O - E ~ Z ~ -  ...)+ A C O S W ~  

('io +~Z,+...)=-b(y~+~y,t...)-c(~~+~~~+...) 

-k (1 -A/a 1 + ~  (b /a l )  sinat - . . . ) * 
* b Y O + W Y , +  ...+ zo+cz1+ ...)- Asinot. 

Consequently, our zero-order problem is 

(4.6) yo =bzo-c);,- k (1 -d/a1 ) (yo-~to) +ACoswt 

( 4 . ? )  E o  =-byo-c~o-k(l-A/al) (pyo+zo) -Asinwt 

and our first-order problcm is 

(4.8) j i  =b z - c i  - k (1 - A/a 1) (y - p z  - k (A/a 1) sinat (yo  -pz0) 

(1.9) 

In operator notation, we have 

2, =-byl - c i  - k (1 - A/a ,) (vyl+z 1) - k (A/a s inat ( uyo+z0) . 
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Xc content ourselves with solving the zero-and first- 
ortlcr problems. The prescribed initial conditions are 
used with the zero-order problem. The initial conditions 
for all higher-order problems are all zero. 

Thc solutions of the zero-order problem can be found 
cnsily by transforming the dependent variables by 

y(t) =exp(-ct/2) u(t) 

z(t) =exp(-ct/2) v(t) 

to rcmove the damping and by 

x(t) =u(t) + iv(t) 

u ( t )  =u(t )  - iv(t). 
Thc resulting equations are 

(4.10) f+X*x=Aexp(ut) 

(4.11) w+x2  w=Aexp (Gt) 
whcrc the bar indicates complex conjuntion, X 2 =  

(k(1-A/a1)-C2/4) +i(b+pk(l-b/al)), and v=c/2 - i w .  

equation (4.11) is thc complex conjugate of equation 
( l . l O ) ,  we examine (4.10) only and find 

Since 

x=A,sinAt+A,cosAt+A3cxp(vt)  

and ultimately 

yo (t) =exp (ct/2) Re x (t) 

zo(t)=cxp(ct/2)Im x(t). 

For t h c  numbers used for Figures 1 and 2, we have 
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YO = C, (t)sin2SOnt+C2 (t)cos 280IIt 

+C,cos1000IIt+Cssin10OOIIt 

*O =C, ( t)sin280lIt+C, (t)cos280IIt  

-C,sin100011t+C6cos1000~t 

We r e f e r  t o  t h e  real  p a r t  of X as  t h e  n a t u r a l  f r equency  
of t h e  l i n e a r i z e d  problem ( o r  of t h e  z c r o - o r d e r  problem) .  
No t i ce  t h a t  i n  g c n e r a l  i t  is  n o t  t h e  same n a t u r a l  f re -  
qucncy t h a t  one o b t a i n s  from t h e  l i n e a r  problem w i t h  no 
dcadband (A=O), b u t  r a t h e r  i s  smaller s i n c c  t h e  e f f e c t i v e  
s t i f f n e s s  is k ( l - b / a , )  i n s t e a d  of k. 

To solve t h e  f i r s t - o r d e r  problem, e q u a t i o n s  (4 .8)  and 
( 4 . 9 ) ,  we s u b s t i t u t e  f o r  yo and zo and expond t h e  new 
f o r c i n g  f u n c t i o n s  u s i n g  t h c  u s u a l  t r i g o n o m e t r i c  i d e n t i -  
ties. We cxaminc t h e  d e t a i l s  o f  e q u a t i o n  (4 .8 )  h e r e :  
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Pl+cil + k (  1 -A/al)yl - (b+kv (1-A/a,)) zl=f, (t) 

uhcre 

f l ( t ) = U l e x p  (61t)cos44011t+U2exp(61t)sin44011t 

+U,cxp (8 ,  t) cos44011t+U4exp (6, t) sin440lIt 

+U,exp(Blt)cos100011t+U6exp(B,t)sin1000~t 

+U7exp(6,t)cos100011t+U,exp(62t)sin10001tt 

+U9cos28011t+U,,sin28011t 

+Ullcos1720~t+Ul,sin~?20~t 

rzi t h  

I.=kA(l-p)/a, 

U,=-L(bl+b,)/4=-U, 

U,=L(b, - b , ) / 4 4 6  

U 3 ~ 1 ,  ( - b l + b , ) / 4 ~ - U 7  

U 4  = -  L(b, +b,)/4=Ue 

U, --k  ( A h l )  (C6 +vC, ) / 2 4 J ,  

U,,,=k(A/ad (c5-lJc6J/2*-u12 
A s i m i l a r  a n a l y s i s  of equatir,,i ( 4 . 9 )  l e a d s  t o  same 
forc ing  f u n c t i o n  where t h e  c o e f f i c i e n t s  l i s t e d  above 
h a w  thc  f o l l o w i n g  replacements:  

For t h c  y s o l u t i o n  For t h e  z s o l u t i o n  



The solutions of this first-order problem are straight- 
forward but tedious. 
be of this form: 

We note here that y1 and z, will 

Vlexp(Blt)cos4401ft+V,exp(B,t)sin44011t 

+V,exp(B2t)cos44011t+V,exp(B2t)sin44011t 

+V5exp(Blt)cos100011t+~6expfB,t)sin100011t 

+V,exp(B2t)cos100011t+V,exp(B2t)sin100011t 

+V,cos28011t+Vl,sin28011t 

+Vllcos170~t+Vl,sin172011t 

+V1 , exp ( 6 ,  t) cos28011 t +V1 exp (6 t ) sin280lI t 

+Vl,exp(B2t)cos28011t+V16exp(B2t)sin280~t 

where the last four terms result from the homogeneous 
problem and are determined by the initial conditions 
(all are zero). The first twelve terms are due to the 
forcing functions of the first-order problem and can be 
calculated using undetermined coefficients. 

Our purpose here is to demonstrate that the anticipated 
frequencies (viz. 440II, lOOOII, 280II, and 1720II) are those 
revealed through examination of the power spectrum 
density (PSD) applied to thc Runge-Kutta solutions. 

The PSD of y is shown in Figure 3 and verifies our 
analysis for frequencies 140, 720, and 500 Hertz, The 
response at 860 Hertz is much smaller than these other 
three and is shown in Figure 8 ,  

Figures 4 ,  5, and 6 show the PSD of R, and all peaks 
occur at multiples of our fundamental frcquency of R, 
360 Hertz. This result in precisely what our asymptotic 
analysis uses since t h c  second-order problem would pre- 
sent combinations of sin 2a and thc yo and zo solutions; 
i . c . ,  for order E *  wc anticipatc frequency responses at 
580 and 1220 Hertz, in adr1:tion to the four other fre- 
qucncics. Figurcs 7, 8, ai.d 9 attcst to this. Finally, 
thcsc last three figures also show (very small magnitude) 
rcsponscs for 940, 1300, and 1580 Hcrtz. Thcsc are third- 
order rcsponscs. 
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Thcrc 3re scvcral unresolved questions connected with 
thcsc expansions. The first query is how t o  determine 
itnalytically the constants a l ,  a and u related to R. 
Secondly, how can one find analytic expressions for the 
transition points from stable to unstable regions for 
thc  solutions as functions of the parameter k? Next, 
hou is this stability affected by changes in magnitude 
of the deadband B or of the eccentricity, a part of the 
d r i v i n g  coefficient A ?  Finally, we should examine 
horr. bifurcation theory may be applied to our problem 
i n  ordcr to account for the two eigenvalues at 
140 and 220 Hertz replacing the "old" eigenvalue at 
I 8 3  Iicrtz which is found in the linear problem with 
:cro dcadband. 
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INTERFACING A TWO-STAGE IMAGE INTENSIFIER 
TUBE TO AN ECHELLE SPECTROGRAPH 

Dr. Terry R. Flesch 
Associate Professor of Physics 

North Georgia College 
Dahlonega, Georgia 

ABSTRACT 

An Echelle spectrograph has been in use at the Marshall Space 
Flight Center for a number of years. Research has been 
carried out in t h e  study of the internal motions of Ionized 
gas clouds in the interstellar medium. In order to extend 
the ability of the spectrograph to allow investigations of 
the faint outer regions of the gas clouds and to make 
possible the initiation oT new research programs dealing with 
the study of sunspots and the zodiacal light, a two-stage 
image intensifier tube was incorporated into the instrument. 
The objective of this work was to interface the image tube 
with the spectrograph. 
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I NTRODUCT I ON 

An Echelle spectrograph has been used in active research 
at the Marshall Space Flight Center since 1973. Research 
programs have concentrated on the study of the internal 
motions of interstellar ionized gas clouds. A better 
understanding of the dynamic6 of these regions has resulted 
from the investigations of the doppler shifts in the hydrogen 
alphw emission of the Balmer spectral series. 

The basic optical system of the Echelle spectrograph is 
shown in Figure 1. The instrument is designed to utilize 
high spectral order numbers to increase angular dispersion in 
the spectrum. This is accomplished by blazing the Echelle 
diffraction grating at an angle of approximately 63 degrees. 
However, when high spectral orders are used, overlapping of 
adjacent orders becomes a serious problea. To compensate for 
this, a cross-disperser is oriented with its dispersion 
direction perpendicular to that of the Echelle grating's. 
This displaces the successive orders in a direction 
perpendicular to the wavelength dispersion, thus alleviating 
the problem. 

In addition, the use of multiple slits allows the two 
dimensional spacial resolution necessary for the study of the 
extended sources mentioned above. Table I includes the 
characteristics of the spectrograph. The system has proven 
reliable in obtaining data on a number of AI1 regions, but 
new and extended observing programs have made an adaptation 
necessary. 

To extend the investigations of the emission nebulae, a 
two-stage image intensifier tube is needed. Two important 
considerations make this mandatory. To observe the faint 
outer regions of the nebulae with a single-stage tube for a 
length of time sufficient to adequately expose the 
photographic emulsion would require an unrealistically long 
exposure time. IF addition, the Echelle's construction 
results in a rocation of the field of view as an obJect is 
tracked across the SKY, thus destroying the two dimensional 
resolution of the spectra. A two-stage image tube should 
provide sufficient gain to allow the exposure times to be 
short enough to retair the spacial resolution. 

A new progrnm dV igned to study the zodiacal light is 
being planned. Since this would entail observing an 
extremely faint extended source, a single-stage tube was 
thought to be inadequate. Thus the instrument needed to be 
upgraded to include a two-stage image intensifier tube. 
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Table I 

Optical characteristics of the Echelle spectrograph 
in use at the Marshall Space Flight Center 

Siderostat - 10 inch x 15 inch flat front surface mirror 

Objective - 5 inch aperture f/4.8 achromat 

Collimator - 5 inch aperture f / 4 . 8  achromat 

Slits - Width: 0.16 mm 
length: 14.3 m 
separation: 1.27 mm 

- 

Echelle 
prat in& - 15 cm x 30 cm , 

blaze angle: 63 26 
grooves /mm : 79 

Cross disperser 
grating - 20 crn x 25 cm 

grooves/mm: 300 

Schmidt camera - 12 inch aperture f/2 

Image tube - 40 mm diameter cathode surface 
S 20 photocathode surface 
single-stage 

Useful spectral 
order range - 26th order for near infrared to 

45th order for near ultraviolet 

Reciprocal - 8.7 angstrome/mm in 26th order 
dispersion 5.0 angstroms/mm in 45th order 

Resolution - approximately 6 km/sec for radial velocity 
measurements 

Photographic 
plates - Kodak IIa-D emulsion baked at 58OC 

for 16 hours 
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OBJECTIVES 

The goal of this project was the interfacing of a 
two-stage image intensifier tube to the Echcrlie spectrograph 
described previously. Modifications of the single-stage 
interface were necessary to insure the cooling of both 
photocathode surfaces of the two-stage tube and to compensate 
for the slightly longer length of the new tube. 
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THE IMAGE TUBE HOUSING 

The construction of the housing for the image tube 
presented two fundamental problems. The fact that the tube 
contains two photocathode surfaces means that there are two 
major sources of dark noise. Also, the tube's longer length 
meant that the optical image produced by the camera could not 
be focused on the front photocathode surface. This resulted 
from the fact that the tube housing was restricted by the 
optics of the camera itself from being positioned far enough 
into the instrument. To compensate for this, a negative lens 
was mounted on the front of the image tube housing to bring 
the focus of the instrument out to the photocathode surface. 
The housing design finally adopted is shown schematically in 
Figure 2. 

passing cold nitrogen gas through cavities incorporzted in 
the potting material which secures the image tube in its 
hOU6ing. The gas is produced by passing an electric current 
through a heating strip placed Into a liquid nitrogen dewer. 
Approximately 120 wattr are required to supply a sufficient 
gas flow for cooling the image tube. As shown in Figure 2, 
the gas is injecLed into a toroidal cavity enveloping the 
central portion of the image tube. On the opposite side of 
tho cavity, an exit hole carries the ni-trogen to the front 
cathode surface where the gas is vented into the camera 
interior. A thermocouple is mounted near the front cathode 
to enable monitoring the temperature of the nitrogen as it 
leaves the image tube housing. Four vent holes in the mask 
allow homogeneous gas flow across the entire photocathode 
surface. The vented nitrogen also serves to keep the 
interior of the cumera moisture-free, thus preventing 
condensation from forming on the tube's front surface. 
method of cooling has produced temperatures in excess of 50 C 
below ambient temperature in laboratory tests. 

Cooling the photocathode surfaces is accomplished by 

Thit 

LABORATORY TESTING - 
Photoelectric and photographic tests were conducted In a 

darkroom hboratory setting to determine the dark noise 
levels of the image tube and the effectiveness or' the cooling 
technique in reducing the noise. 

The photoelectric tests were carried out by placi. , a 
photomultiplier tube's photocathode close to the back plate 
of the image tube. The PMT's output was monitored by pulse 
counting electronics and strip chart recordings were made 
after doc. amplification of the signal. 
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Image Tube 

P 

P 

L 

Figure 2 - Schematic of the inage tube housing assembly 

Not at ion : 

P - Photocathode surface 
T - Thermocouple tube 
N - Nitrogen gas tube 
C - cooling cavities for flow of Nitrogen gas 
L - Negative lens 

XIII-9 



TEST I 

The f irst  test measured t h e  dark n o i s e  l e v e l  of t h e  
image tube as a f u n c t i o n  of t h e  a p p l i e d  v o l t a g e .  The test 
was conduc ted  u s i n g  p u l s e  c o u n t i n g  data. No st r ip  chart 
r e c o r d i n g  was employed. The p h o t o m u l t i p l i e r  v o l t a g e  was h e l d  
a t  900 v o l t s  and  t h e  test was c o n d u c t e e  a t  t h e  ambient  r w m  
t e m p e r a t u r e  o f  2OoC. T h r e e  twenty-second i n t e g r a t i o n s  were 
made a t  each v o l t a g e  s e t t i n g .  The a v e r a g e  of t h e  three 
r e a d i n g s  was u s e d  as a n  i n d i c a t i o n  of t h e  d a r k  n o i s e  l e v e l .  
Two m i n u t e s  were allowed a f t e r  each v o l t a g e  change  before 
r e e d i n g s  were t a k e n  t o  i n s u r e  t h e  image t u b e ' s  coming t o  a 
s t e a d y  l e v z l  of a c t i v i t y .  The r e s u l t s  of t h e  test  are shown 
i n  Table 2. As e x p e c t e d ,  t h e  d a r k  n o i s e  d i d  i n c r e a s e  w i t h  
i n c r e a s i n g  a p p l i e d  v o l t a g e .  Read ings  were t e r m i n a t e d  at  2 6 
v o l t s  i n  compl i ance  w i t h  t h e  m a n u f a c t u r e r ' s  s u g g e s t e d  . i L i m m  

v o l t a g e  of 2.65 v o l t s .  The  decrease i n  t h e  number of c o u n t s  
a b o v e  2.4 v o l t s  is b e l i e v e d  to  be due  t o  s a t u r a t i o n  i n  t h e  
p u l s e  c o u n t i n g  e l e c t r o n i c s  and  does n o t  indicate  a r e P . 1  
decrease i n  da rk  n o i s e .  

TEST 11 

The a b i l i t y  of t h e  c o o l i n g  techn ' lue  t o  r e d u c e  d c r k  
n o i s e  was tested by a s i n g  doc .  a m p l i f i c a t i o n  of t h e  o u t p u t  
from t h e  PMT and r e c o r d i n g  t h e  r e s u l t a n t  s l g n a l  on  a strip 
chart recorder. The image t u b e  was operated a t  2.5 v o l t s  for 
a l l  c o o l i n g  tests; Tempera tu res  r anged  from t h e  ambien t  room 
t e m p e r a t u r e  of 20 c to  a minimum of - 3 5 ' ~ .  ~t a n a l y s i s  of 
the chart r e c o r d i n g s  shows s e v e r a l  c o n s i s t e n t  characterl..t?.cs 
of t h e  image tube .  

I .  T h e  image t u b e ' s  a c t i v i t y  increases from zero t o  
a p p r o x i m a t e l y  one h a l f  of i ts f i n a l  l e v e l  of 
a c t i v i t y  i n  t h e  f irst  30 s e c o n d s  after v o l t a g t  i s  
a p p l i e d .  Thereafter, approxime. te ly  5 m i n u t e s  is 
r e q u i r e d  for t h e  f i n a l  Rteady state a c t i v i t y  l eve l  
t o  be r eached .  

11. When v o l t a g e  is removed from t h e  t u b e ,  
a p p r o x i m a t e l y  3 m i n u t e s  is r e q u i r e u  f o r  t h e  
a c t i v i t y  L - v e l  to  reach i ts  q u i e t  l e v e l .  The 
r e d u c t i o n  o f  a c t i v i t y  follows a q u n s i - e x p o n e n t i a l  
decay  w i t h  a time cor . s tan t  o9 40 - 45 &econds .  

111. T h e  c $ o l i n g  t e c h n i q u e  d r a m a t i c a l l y  reduces t h e  dark 
n o i s e  l e v e l .  After 30 m i n u t e s ,  n o i s e  l e v e l s  are 
t y p i c a l l y  r educed  by b factor of 3 to  5 w i t h  a 
c o r r e s p o n d i n g  decrease i n  t h e  : .dom iioise i n  'he 
1 , ignal .  
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The interpretation of the chart recordings was 
complicated by the fact that the signal showed variations of 
10 to 20 46 on a time scale of several minutes. This can 
probably be attributed co a drift in the amplifier 
electronics, though the cause is not certain. See 
Figures 3 and 4 for representative examples of these 
Yharacteristics, 

Photographic tests were also conducted to measure the 
dark noise levels by placing Kodak IIa-D plates in contact 
with the back ;.-ate of the image tuhe. Exposure times ranged 
1rd.n ' second; 10 4 0  minutes. !luring these tests, it was 
noted that electrical arcing was occuring between the 
metal casing of the image tube and the surrounding material. 
This arcing d i d  not noticably affect the exposures and was 
eliminated by grounding +9e metal casing. The cause of the 
arcing is not known. 

A curious result was obtained upon analysis of the 
photographic plates. As expected, the level of dark noise 
decreased markedly as the tube cooled from ambient 
temperature to O'C. 
indicated a reduction by at least a factor of two in the 
noise level. However, as the tube cooled further, no 
noticable decrease in the dark noise beyond that already 
observed was apparent, though the temperature was reduced to 
-35OC. The reason for this is not clear. However, it may be 
due t o  the increase in sensitivity of the emulsion as its 
temperature was decreased by being in contact with the 
cooling image tube. This seems possible especially in the 
context of the photoelectric data which show: a continued 
reduction in dark noise down to at least -17 C as can be seen 
from the chart recordings. Whether or not the decrease in 
dark noise below -17OC will be of any real benefit in an 
observing program is uncertain, since the emulsion will be 
cooled by the surface of the image tube in that case as it 
was in the laboratory tests. 

Visual inspection of the plates 

CONCLUSIONS AND RECOMMENDATIONS 

The mechanics of interfacing the two-stage inage 
intensifier tube to the Echelle spectrograph has been 
accomplished and the cooling technique used to reduce the 
dark noise level of the tube has proven to be effective in 
laboratory tests. Obviously, the final deterrination of the 
capabilities of the instrument must be determined from 
observations of celestial objects. However, time did not 
permit this next step to be pursued. Observations of HI1 
regions should be conducted to determine the real increase in 
the gain of thc twrJ-stage tuhe over the single-stage tube. 
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Figure 3 

Increase in dark noise after application of voltage t o  image tube 
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Decay of da'rk n o i s e  after removal of voltage from image tube 
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Only after these observations will it be possible to 
ascertain the feasibility of the zodiacal light program 
mentioned earlier in this report. 

In addition, a recalibration of the instrument's image 
scale is necessary. The single-stage image tube utilized a 
field flattener lens whereas the two-stage tube does not. 
Also, the incorporation of the negative lens in the optics of 
the system will change the image scale at the back plate of 
the two-stage tube. Table I11 lists the modifications in the 
spectrographic system as a result of tiis project. All other 
characteristics are the same as those outlined in Table I. 
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Table I 1  

Tabulation of dark noise counts :.s a function of 
applied to the image tube. 

Voltage Counts 

0.0 
- 1  
02 
-3 
- 4  
05 
-6 
-7  

0.8 

9110 
8894 
8852 
9522 
8773 
8474 
8456 
9111 
8639 

Voltage Cou3ts Voltage 

0.9 9086 1.8 
1.0 10107 -9  
-1 10713 2.0 
-2 11759 01 
-3 13746 -2 
-4  16504 e3 
.5 22308 e4 
-6 31121 - 5  
1.7 49998 2.6 

voltage 

Counts 

102185 
176778 
267378 
388956 
537472 
686783 
761876 
741593 
63881 1 

Table I 1 1  

Modifications made to the Echelle spectrographic system as a 
result of the incorporation of the two-stage image 

intensifier tube. 

Image tube - 18 mm diameter cathode surface 
S 2@ photocathode surface 
two-stage 

Negative lens - focal length: -86 mr? 
position: approximately 1.6 cn 
in front of image tube 

Reciprocal dispersion 
and Resolution - to be determined from future tests 
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ATOMIC OXYGEN EFFECTS ON MATERIALS 

BY 

Albert T. Fromhold 
Professor of Physics 
Auburn University 

Auburn University, AL 36849 

ABSTRACT 

One objective of t h i s  investigation has been to offer recommendations 
on the selection of metal samples to be exposed to ambient atomic oxygen on 
the STS-8 flight presently scheduled for August 30, 1983. (These samples con- 
stitute a small subgroup of a very large group of test specimens prepred by 
A. Whitoker and other members of the Physical Sciences Branch for this mission.) 
The metals selected and prepared for STS-8 are silver, lead, copper, nickel, 
tungsten, molybdenum, magnesium, platinum, and alloys of FeCrAl and NiCr. 
Li terature data are reviewed concerning the oxidation properties of these 
materials with a view towards understanding which oxides might be formed, the 
state of the oxide (surface film or volatile form), and the reaction rate. In 
addition, various techniques for characterizing the parent metals and the surface 
oxides are reviewed. 
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I NTRODUCT IO N 

The ultraviolet radiation from the sun decomposes the atmospheric 
molecular oxygen quite extensively above 100 km in altitude, and the resulting 
atomic oxygen environment i s  far more chemically reactive for materials on 
space vehicles than i s  the corresponding molecular oxygen atmosphere near the 
earth's surface. Consequently, metals which are quite inert on earth (e.g . , 
silver) may oxidize rapidly in the upper atmosphere. This has serious implica- 
tions for components used in long-term missions, such as, for example, the one 
contemplated for the Space Telescope. 

OBJECTIVES 

My task has been to offer recommendations on choice of samples and 
make some estimstos based on literature data concerning the oxidation ra tes  and 
the reaction products to be expected for ten metal samples to be exposed to 
ambient atomic oxygen on the STS-8 flight presently scheduled for August 30, 
1983. The interest in the metals stems partly from mission-oriented applications, 
and partly from their potential usage in an atomic oxygen flux and total fluence 
monitor to be developed for on-orbit use. 

The body of the report i s  in three ports, first a presentation of oxide 
characteristics1 * and oxidation data for the selected metals in molecular 

of certain surface analysis techniques4, and third a discussion of atomic oxygen 
monitors. 

oxygen 3 and in atomic oxygen taken from the references cited, second a review 

Information relating to the metal specimens i s  listed in Table 1. Informa- 
tion regarding analysis techniques i s  given in Table II. 
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OXIDATION DATA 

k n y  ox'& of molybdenun exist, from the dioxide W z  to the pent- 
oxide to the sesquioxide to the trioxide. The latter, %, has a mdecular 
weight of 143.94 ond is  colored or whitisbyellan with a hmbohedml structure. 
Its density i s  4.692 and its melting point i s  W C .  The dioxide has a molecular 
weight of 127.94 and a density (viz,, specific gmvity) of 6.47; it i s  lead gruy 
in color, and i s  tetmgonalw monoclinic in cr)r~tol structure. 

While molybdenum remains shiny under a two-hour exposure to air at 
20oOc, it tarnishes to a s t e e ~ u e  color at WC, ami up to &C it f ~ n m  a 
coherent oxide. Above &C, the outer layer of MOO3 bexmmes gmnulor ond 
then begins to melt and vohtize with an attendant high mte of ox'kbtion. Next 
to the metal, the oxide MoQ has been observed, with the outer layer being 
M 3 .  Oxides having stoichiometric composition between these two hove also 
been re@. Pambolic oxidation i s  the predominant rate law during the p r c ~  
tective stoge, with tmnsition to a linear law toking place a h r  20 h o u ~  at 5 2 5 0 ~  
in dry air. The tmnsition occurs almost iwnediakly at 65ooC. At lower oxygen 
pressures8 such as 76 mm. Hg, the transition to lineor ox*&tion has been encoun- 
tered at 4500~.  Oddly enough, the oxygen pressure does not seem to affect the 
rote in  the linear region once a threshold pressure i s  reached. The threshold may 
beottheorderofoneotmoaphereatSOto6500C. B ~ I ~ w ~ O O O C ,  MOO isnot 
n o t i d l y  volatile, n he activation energy fot volatilizgtion i s  53 Kcaljlmole up 
to a tempemlure of &C, and it i s  89.6 Kcol/mole above this temQemhrre. The 
vapor pressure of Moo3 is relatively he+ in  the higher temperature region, d 
i s  even higher in  the presence of water vopor. 

In another s t u d y ,  the fomwrtion of MOO was found to be parabolic up to 
MOOC, with the moximm raie occurring at d c .  Cmd<ing of the oxide pub- 
ably occurred at 7SpC because the time dependence wos linear with bmks in 
tire curves. ti\ limiting thickness was observed at m C ,  at which point the rote 
of formation was balanced by the rate of volatilization. 

Marker experiments were carried out to ascertain the noture of the 
diffusing species causing oxide growth. R e  indications were that the growth 
occurs almost ent idy by the inward diffustion of oxygen towards the m e t d  
interface. This likewise i s  believed to be the mechanism for the oxidation of 
tungsten. 
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The thickness of the underlying MOO I r was insignificant when am- 
pared with the Moo3 layer. Moo3 melts at w C. The oxidetion tends to 
become cotostrophic h e  h t  * c  due to heating c a r d  by oxide formation, 
but such cotmtmphic oxidation could be prevented by first producing on oxide 
film at a lower tempemture. 

The reoction of molybdenum wi th  atomic oxygen has been studied rother 
extensively in the hgh temperature regime in the labomtay. The reoction prob- 
ability i s  quite high, is temprutwe-dependent, but i s  relatively insensitive to 
oxygen pressure. The reoction poduct i s  apparently Moo3 which volatilizes 
mpidly as i t  i s  formed [see "Kinetics of High-Tempemture OxiQtion of Molyb- 
denum by Dissociated Oxygen" by D. E. Rosner and H. D. AlbdOd, J. Chem. 
phys. 40 3441-342 (1964)). The most informotive pesentation of the datu for 
the &.&on of molybdenum with atomic oxygen is  given by Figs. 4 ond 5 in the 
orticle entitled "Kinetics of the Atto& of HQ~-Teqemture Molybdenum and 
Tungsten by Atanic Oxygen" by D. E. Rayrer ond H. D. Allendorf [J. Eleztro- 
chem. Soc. 114, 305-314 (1%7)1. Figure 4 in  that orticle shows a com~#rison 
between the oxidotion probabilities for atomic and molecular oxygen as a 
function of reciprocal temperature. Both pmbdilities are of the order of 0.5 at 
2800 K, and decreose with decreasing tenpemture. It is inkresting to speculate 
thot the ieoction probability for molecular oxygen at the high-temperature end of 
the ronge m y  be due to ttremw~l dissociation of the oxygen molecules to fonn 
atomic oxygen. It is difficult to estimate the heating effect of a hot filanent on 
the adient gas because of the collisions between gas molecules and the attendant 
kinetic ereqy exchanges. (That is, the filament tempemture m y  be 2800 K, but 
the effective temperature of he ambient gas w i l l  be lower.) At loo0 K, the 
reaction probability for atomic oxygen i s  approximately 0.03, whereas the reaction 
probability for molecular oxygen is  less than O.ooO1. The great divergence in the 
reoction p d d i l i t i e s  of atomic and molecular oxygen has its onset as the temper- 
ohm i s  d e d  below 1700 K, and the divergence steodily increases with 
decreusing temperature. Figure 5 in the obove-listed articie illustrates the inde- 
pendence of the reaction pmbobility for atomic oxygen pressures extending from 
0.001 to 0.1 torr. From that figure i t  can be noted that the reoction probability 
increases from 0.04 at 1150 K to 0.07 at 1400 K, and then to 0.15 at 1760 K. 

The laboratory technique for studying the interaction of molybdenum and 
other metols with atomic oxygen i s  an interesting one. A microwave discharge i s  
utilized to generote the atomic oxygen from molecular oxygen in a fast-flow 
Pyrex vacuum system containing the sample to be studied. The microwave tech- 
nique i s  a non-thermal process. The atomic oxygen concentrations are obtained 
by means of an NO2 light-titration technique, which can be understood from the 
following reactions: 

0 + NO*- NO + 0 2  
0 + NO - NO2 + h L  (yellow-green) (slow lumi- 

(fast reaction) 

nescent reaction) 
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Increasing omountr of 
becomes extinguished. This indicates that all of the atomic oxygen hos been 
used up in  the fast reoction indicated above. At that point h e  flaw rote of No2 
equals the origiml atomic oxygen flow rate. The abservotian can be mgde visu- 
ally, or else a photomultiplier am be used. It i s  interesting to speculate k t  
these reactions producing a yelluw-green glow moy also provide an explanation 
for obmatiora on previous Shuttle missions of a luminous gkm seen on the wind- 
w d  side of the orbiter during night-time passes. 

are added to the system until the yellow-green $ow 

Tungsten 

Oxides of tungsten (wolfmm) exist in  several stoichiometries, starting 
with the dioxide W% which i s  a brawn d i c  material huving molecular weight 
of 215.85, a density of 12.11, and a melting point of 1500 to 16oooC. Next i s  
the pentoxide W2O5 (01 W 01 1) called mineral blue which has a molecular 
weight of 447.70 (or 91 1 ,&). This is a blue-violet triclinic materiol which sub- 
limes at 800 to o o 0 0 ~ .  The most comm011 oxide i s  the trioxide wo3 called Not. 
wolfmite. It i s  a yellow orthomombic crystol, or o yellow-orange powder, 
havip a molecular weight of 231 -85, a density of 7.16, and a meltirrg p i n t  of 
1473 C. 

Tungsten remains shiny during exposure to air for 2 hours at 300%. At 
higher tempemtures, temper colon oppeor a d  a blue-black adherent oxide forms 
up to boooc. At yet higher temperatures, yellaw or yellaw-green W 0 3  forms on 
the surfoce, After oxidizing at tempemtures of 700 to looooC, a thin dherent 
dark blue oxide of uncertain composition har been found underneath the surface 
layer of WO3. This could be the pentoxide, but it could also be one of the other 
suboxides which ore knawn to exist. A porosity of 3U% has been r e p i c  OT the 
W03 layer. At kmoemtures of the order of looOoC, W 0 3  i s  sufficiently J O I ~  
t i le so that a net loss in weight can be obsened. This point depends somewhat on 
oxygen pressure, varying from about IOWC for oxygen pressures belaw 5 mm. ~g 
and increasing to approximately 12@C at preswres exceeding 76 mm. Hg. 

The oxidation rote low i s  parabolic in the lower temperature mnge, with 
a tmnsiticn to o linear law toking place at higher temperatures, The transition 
point seems to be in question, since some experimenters have observed porabolic 
growth at temperatures OS high as 110& whereas others have noted linear growth 
at temperotures as low as 50%. The linear growth law seems to be favored at 
pressures above atmospheric pressure, though little dependence of the rate con- 
stant on oxygen pressure was observed in some experiments. 

Volatilization of the WO was not detected at 700°C in 1 atmosphere of 
moist oxygen. !lowever, it was 3 ound that volotilitation of W 0 3  wos greatly 
acceleroted at looooC by the presence of woter vapor exceeding 30% by volume. 
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The rehtively law melting point of W 0 3  relative to W met01 meons that 
the protective k t e r  of the oxide f i lm w i l l  be lost long befixe the tensile 
properties of the metal wi l l  be dfected by he tempemturn. In common with 
mlybdenum, the volatility of iht trioxide mses tmgsten to be a relatively poor 
k;gh tempemture material (or alloy component) for use in an oxygen envirorment. 

A fairly extensive study of the interaction of tungsten with otanic oxygen 
!as been oacfied out [cf. "Kinetics of the Atto& of High-Tempemtvre Molybdenun 
and Tungsten by A t t d  Oxygen", D. E. Rasner and H. D. All&, J. Electro- 
chem. Soc. 114, 3U5-314 (1967)). As in the case ofmolybdemrm, the reaction 
iwObabiIity foratomic oxygen with tungsten was found to be inde-t of the 
Jxygen pressure Over tbe range investigoted, which was between 0.001 and 0.1 
~xr .  F'lgure 8 of the c ed pper illustmtes h i s  pressure-indeperdena, and in  
i ddition shows the reaction probability to be 0.08 at 1560 K and approximately 

.12 at 1830 K. Figure 7 of that paper illustmtes he temperoture-+endence 
.f the oxidation probability for both atomic oxygen and molecular oxygen. For 
rrrolecular oxygen, the prabability ex& 0.1 at 2600 K, de- to approxi- 
mately 0.04 at 2ooo K, and drops to values of the onler of 0.002 at 1500 K. A 
semi-logarithmic plot of the oxidation probability versus (In) is  linear mer the 
mnge 2600 to 1800 K, but drops mcwe mpidly than th is  Over the 1800 to 1500 K 
mnge. At all temperatures, the reaction probability for atomic oxygen was sig- 
nifiarntly higher than described above for molecular oxygen. For example, at 
2OOO K the reaction probability for atomic oxygen would be approximately 0.2 
conipored to 0.03 for molecular oxygen, and the difference is much greater at 
h e r  temperatures. At 1500 K, the reaction probability for atomic oxygen i s  
&art 0.08 compared io the value of 0.002 for molecular oxygen, a difference of 
a factor of 40, whereat the difference at 2OOO K war of the order of a factor of 7. 
The observations for molybdenum (described above) were similar to these Over the 
comporoble tp pemture range, the numbers being thr some to within a factor of 
2, The primary difference i s  that the reaction probability for molecular oxygen 
wi th  molybdenum at the higher tempemture (2OOO K) i s  greoter by a factor of 2 
than the conesponding reaction probability of molecular oxygen with tungsten. 
The experimental temperature mnge studied was for greater for molybdenum than 
for tungsten, hawever, so that greater ratios of the reuction probability for 
ukxnic: relative to mo!ecular oxygen were recorded for molybdenum. For 
example, at 1 liy) !< the probability for reaction of atomic oxygen wi th  molyb- 
denum i s  approx~~.~~tely 0.04, whereas the probd>ility for reaction of molecular 
oxygen with olybdenum i s  down to O.ooo2, the difference being a factor of 200. 

Tungsten and molybdenum represent two of the most promising metals for 
use 3 the design of an atomic oxygen monitor. Both hove a suitable data base 
fL; the atomic oxygen reaction probability, and both hove relatively high values 
,'or the ;eoction probability. Furthermore, both metals have good mechanical prop- 
erties, and ore rpcdily available in wire and filament form. 

x tv-7 



C a h  

Carbon diffen from the most of the elements and allays described in th is  
report insofar as it is m m e t d l i c .  However, its interaction with atomic Oxygen 
has been studied, and it shows promise as a material for use os on otomic oxygen 
mmitor. Graphite comes in two forms, nanely, pymlytk and isotropic. The 
isotropic form hos a higher reaction probability with both atomic and molecular 
oxygen. Dot0 for the teqxmture-depedence of the two fbms in  both otomic 
and molecular oxygen are given in Figure 5 of a paper entitled "Kinetic Siwdies 
of the Attad< of Refmctory Muterials by Oxygen Atonrs and Chlorine Aiams" by 
D. E. Roster and H. D. Allendorf [ H i  Tempemture Technology, Proceedings 
of the 3rd International Sympaaiun, Asilomar, CA, 1967 (Buttem&, Lordon, 
1969)). One quite interesting feature illustmted by the#, datr is the very high 
reaction pdxb i l i t y  in atomic OxyBen between lo00 ond 2ooo K, the prabability 
being beiween 0.1 and 1 .O far both graphite forms. The lawer values of the re- 
action ptobobility, nnnely those around 0.1 , ore characteristic of the pyrolytic 
graphite ot the lmuer te~~pmiwer. In molecular oxygen, hawever, the reaction 
pdxbility fur pyrolytic graphite i s  dawn to O.ooO1 at about 1300 K, with the 
highest values mearwed for this form being only of the order of 0.01 at 1800 K. 
In molecular oxygen, the isotropic form shows a pronarnoed peak at a temperature 
somewhere in  the range of 1500 to 1600 K, bot even at the peak the volue i s  only 
of the d e r  of 0.1. [Also see Figure 2 in "High Temperature Oxidation of Carbon 
by Atomic Oxygen" by D. E. Rosner and H. D. Alledorf, C o k n  3, 153-156 
(19651.1 

A study has been mode to ascertain the difference in  the reoction products 
formed by gmphite interacting with atomic and molecular oxygen. [See "Primary 
Products in the Attack of Graphite by Atomic Oxygen and Diotomic Oxygen above 
1100 K" by H. 0. Allendorf a d  D. E. Ros~u?~, Carbon 78 515-518 (1969)l. Ap- 
preciable amounts of CO and CO, were found in both A s #  with the CO/CO~ 
mtio varying between 1 .O and 10 Over the tempemlure range 1200 to 2000 K. 
Thus CO i s  the most abundant product. It was found that a noticeably greater 
fraction i s  C% in the case of reaction with atomic oxygen. From the peak car- 
bon atam removal probability i t was concluded that, at most, some 60% of the 
incident atomic oxygen leads to reoction with carbon, with the remainder being 
reflected or recombining to form 0 2  gas. 

It appeon that, insofar as carbon i s  concerned, the best choice for an 
atomic oxygen monitor would be the isotropic form held at a temperature of about 
1600 K. The reaction probability would be about 0.6 and would be relatively in- 
sensitive to temperature changes of as much as 100 K on either sicie of this mean 
temperature. (By relatively insensitive, we mean variations not greater than 20% 
or so.) 

There i s  another reason for choosing isotropic graphite Over the pyrolytic 
form, namely, in the cafe of pyrolytic graphite, there i s  a tendency for the 
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oxidation probability to incmse somewhat with atomic oxygen pc85sure# whereas 
the reaction probability for isotropic graphite i s  apparently independent of the 
atomic oxygen pressure [see "Comparative Studies of the A h &  of Pyrolytic and 
Isotropic Graphite by Atomic and Molecular Graphite by Atomic and Molecular 
Oxygen at High Temperatures" by 0. E. Rosner and H. D. Allendorf, AlAA 
Journal 6, 650-654 (I=), and also Figure 4 in the article a~reody cited by these 
authors:-Carbon 3, 153-156 (19651. Figure 3 in the latter article illustroies re- 
action probabilitk which are independent of the atomic oxygen pmssure and 
which have values of approximately 0.6 at 1180 K and 0.7 at 1450 K. 

Lead forms a number of oxides, the dioxide pb20, the monoxide PbO, 
red oxide Pb3O4, the sesquioxide Pb2O3, and the suboxide Pb 0. The monoxide 
exists in two forms, litharge and massicot. The molecular wei& is  223.19. 
Litharge i s  a yellow tetmgonal material wi th density of 9.53 and a melting point 
of 888%. h i c o t  has a density of 8.0 and i s  a yellow orthorhombic material. 
The dioxide PbO has molecular weight of 239.19, a density of 9.375, and i t  de- 
composes at d C .  Pb304has molecular weight of 685.57, i s  in the form of red 
crystalline scales or an amorphous powder, has a density of 9.1 # and decomposes 
at 500OC. The sesquioxide Pb2O3 has a molecular weight of 462.38 8 i san 
orange-yellow powder (or else amorphous), and decomposes at 370%. The sub- 
oxide Pb 0 i s  a black amorphous material having molecular weight 430.38, a 
density o 3 8.342, and decomposes. 

Red tetragonal PbO transforms to yellow orthorhombic PbO at 486OC. 
Pb30 dissociates in air at &C to form PbO. Pb02 decomposes in air in 
equili t rium with Pb304 at approximately 400%. 

In the temperature range 250 to 32OoC, lead oxidizes in accordance with 
the parabolic growth law, forming a reddish-brown oxide which i s  smooth and 
tightly adherent to the parent metal surface. At temperatures up to 5500Cp oxi- 
dation remains essentially parabolic, though there may be a succession of rote 
constants. A second parabolic region seems to consist of Pb3O4 together with red 
or yellow PbO, depending upon whether the temperature i s  below or above the 
486OC transition temperature. Above 550°C, structural changes occur and there 
i s  o transition from a parabolic to a linear rate of oxidation. 

It i s  known from experiments on the plasma oxidation of lead [see, for 
exomple, A. T. Fromhold, Jr. and John M. Baker, "Oxide Growth in an rf- 
Plasma", J. Appl. Phys. 51, 6377-6392 (1980)l that the oxide forms much more 
rapidly than i t  forms in mqecular oxygen at the same temperature. I t  i s  interest- 
ing to speculate whether or not this vastly-increased rote i s  due to the atomic 
oxygen produced in  the discharge, or whether i t  may be due to sputter-imbedding 
of oxygen ions with the attendant increase in the concentration gradient of the 
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diffusing oxygen species, or else due to electric-field-enhanced tmnsport 
caused by the potential differences set up ocross the oxide f i lm during the 
gaseous discharge. Perhaps a definitive answer to the question of whether i t  i s  
due to atomic oxygen w i l l  be given by the results obtained on the lead sample 
prepared for the STS-8 mission. 

Magnesium 

The normal oxide of magnesium i s  MgO, although the Chemical Rubber 
Handbook also l ists a peroxide of mognesium having the composition M902. 
MgO has molecular weight 40.31, a density of 3.58, and a melting point of 
28000C. It is  a colored cubic material wi th a refractive index of 1.736. The 
peroxide i s  a white powdered substance. 

Magnesium chemically reacts wi th  dry molecular oxygen to form cubic 
MgO with a lattice constant of 4.20 g. The fast initial oxidation leads to an 
oxide f i lm thickness of 70 kl or so in thickness. The oxide remains protective at 
temperohms below 450% in dry oxygen. In moist oxygen, the oxide remains 
protective below 3800C. The protective stage is  governed b a parabolic growth 

i s  found which has an activation energy of 50.5 Kcol/mole and a pre-exponential 
factor of 1.7 x lo6 g/sq. cm.-sec. The ignition temperature of magnesium, 
which varies with the oxygen pressure, i s  62pC at one atmosphere. 

law. In the non-protective temprotwe range of 475 to 57 5J C, a linear rate law 

No dota have been located which characterize the interaction of magne- 
sium with atomic oxygen other than recombination coefficients cited below. 

Copper 

Copper forms two major Oxides, Cu2O and CuO. In addition, a suboxide 
Cu40 i s  listed. Cu20, called Not. cuprite, has a molecular weight of 143.08, 
o density of 6.0, and a melting point of 1235%. It i s  a red octahedral cubic 
crystal with a lattice constant of 2.705 8. CuO, called Not. tenorite, has o 
molecular weight of 7 9 . 5 4 8  a density of 6.3 to 6.49, and a melting poini of 
1326OC. It i s  a black monoclinic crystal wi th a lattice constant of 2.63 8. The 
suboxide i s  listed as olive green in  color, but i s  has not been completely charac- 
terized or even substantiated. 

In general, oxidation at temperatures of the order of lS@C leads to a 
limiting thickness growth law, while oxidation at temperatures between 200 and 
looooC i s  essentially parabolic. For oxidation i n  air, the quoted activation 
energies are 20.14 Kcal/mole between 300 and 55&, and 37.70 be een 550 
and 90@C. $he corresponding pre-exponential factors are 1.5 x 10- Y and 0.266 

4 units of gm /cm -sec. 
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A cubic rote law has also been &sewed, usually at intermediate tempem- 
tures above 12pC and extending as high as 7500C. The effect of moisture seems 
to be small, seemingly in the direction of slightly reducing the oxidation rate. 

An attempt to measure the effect of otomic oxygen on the oxidation rate 
of copper was made more than three decades ago, but the results seemed to be 
somewhat inconclusive [see "The Oxidatian of Seveml Metals in Activated 
Oxygen at High Tempemtures" by A. Drovnieks, J. Am. Chem. SOC. 72, 3761- 
3767 (1950)l. Dmvnieks noted many interesting features, as for exampx, that 
cuprous oxide was pure reddish until traces of cupric oxide appeared, at which 
time the surface of the oxide scale becume grey. He also noted that even though 
both the cupric and cuprous oxides were thermodynamically possible under the ex- 
perimental conditions, the color of the oxide scale and the x-ray patterns indicated 
clearly that at the beginning of the oxidation only cuprous oxide was formed, with 
the cupric oxide appearing in the more advanced stages of oxidation. The con- 
clusions relating to the effect of atomic oxygen were complicated by the same 
factors which give rise to the peculiar pressure dependence of the oxidation rote 
of copper in molecular oxygen. It was concluded that atomic oxygen could 
accelerate or i t  could retard the oxidation, and furthermore i t  could change the 
composition of the oxide film. 

The experiment by Dravnieks described above utilized a , otinum resis- 
tance thermometer as a device to measure the concentration of oxygen atoms. The 
experimental details are described in the paper, but in brief the principle i s  based 
on a resistance measurement of the platinum filament, the resistance being a 
function of heating due to the current passed through the filament and heating 
due to atom recombination in forming oxygen molecules. An auxiliary method 
employing a platinum and platinum-rhodium junction was likewise used. In these 
methods, certain assumptions were made which may not be quantitatively valid, 
such as the assumption that the accommodation coefficient i s  unity for oxygen 
atoms, and the assumption that atoms w i l l  recombine principally on a platinized 
surface so the non-platinized junction can serve as a reference. Platinum resis- 
tance thermometers have also been used to study the temperature variation of the 
recombination probability [see "Variation with Temperature of the Recombination 
of Oxygen Atoms on a Platinum Surface", by G. C. Fryburg and H. M. Petrus, 
J. Chem. Phys. - 32, 622-623 (196O)l. 

It should also be pointed out that atomic oxygen also recombines on 
copper and copper oxide surfaces. The room temperature recombination coeffi- 
cient on copper i s  given as 0.17 and that on copper oxide (stoichiometry unstated) 
i s  stated to be 0.02 [see "The Recombination of Oxygen Atoms at Surfaces" by 
J. C. Greaves and J. W. Linnett, Trans. Faraday SOC. 54, 1323-1330 (1958)l. 
Other measured values for copper oxide at 300 K are higGr, namely 0.11 for 
Cu20 and 0.045 for CuO [see "Recombination of Oxygen Atoms on Oxide 
Surfaces" by P. G. Dickens and M. B. Sutcliffe, Trans. Faraday Soc. - 60, 
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1272-1285 (1964)l. Recombination coefficients are also given in the first paper 
for magnesium (0.0026), silver (0.24), nickel (0.028), magnesium oxide (0.0035), 
nickel oxioe (0.0077), and lead oxide (0.0058), and in the second paper for 
MgO (0.01 1)and NiO (0.0015). 

Boron - 
While boron was not selected as a sample for the STS-8 mission, neverthe- 

less its interaction wi th  atomic oxygen has been studied (see the symposium paper 
by Rosner and AI lendorf cited in the u) bs e ction on Carbon). The most interest- 
ing feature of the data illustrated in Figure 6 in the paper i s  that the reaction 
probability exceeds 0.9 at a temperature of about 1900 K. This high probability 
i s  for the reaction of boron with atomic oxygen, the reaction probability in mo- 
lecular oxygen being a factor of 3 or so lower. The very high reaction 
probability would seem to make t h i s  material a very good candidate for use i n  an 
atomic cxygen monitor. On the negative side, however, i s  the strong tempera- 
ture-dependence observed for the reaction probability. At 1600 K, the 
probability has dropped to approximtely 0.1 . Thus, some way to maintain 
filament temperature control would be required if one were to have an accurate 
monitor. This might present a problem, since thermocouples utilized os sensors 
would be influenced by the heat of atomic oxyger recombination. (The meas- 
urement of the rote of heat generation due to recombination of atomic species 
such as hydrogen or oxygen i s  a well-known method for determining the atomic 
concentrations in mixtures of atoms and molecules of the same species [see, for 
example, J .  W. Fox, A. C. H. Smith, and E. J .  Smith, Proc. Phys. SOC. 
(London) 73, 533 (1959). The use by Dravnieks of a platinum resistance ther- 
mometer and plntinum and platinum-rhodium junctions for this purpose i s  
mentioned in  the subsection on Copper.] 

Platinum 

Although platinum in  bulk i s  not easily converted to an oxide in mo- 
lecular oxygen, a very strongly adherent adsorbed layer of oxygen does form on 
the surface during exposure to air. This layer i s  very difficult to remove. The 
major reaction between Pt and oxygen at high temperatures consists in the for- 
mation of gaseous oxide. This i s  indicated by the fact that above llOO°C, the 
metal evaporate6 in oxygen with a rate which increases with increasing tempera- 
ture, whereas the metal does not evaporate in this manner in argon or nitrogen 
atmospheres. The oxide formed in gaseous oxygen appears to be Pt02. 

book. Among them i s  the monoxide PtO, the dioxide PtOz, and the rrioxide 
Pt03. PtO i s  a violet-black substance wi th  a melting point of 5500C, a 
density of 14.9, and a molecular weight of 21 1.09. The dioxide i s  black, has 
a melting point of 4500C, a density of 10.2, and a molecular weight of 227.C3. 

A number of oxides of platinum are listed in the Chemical Rubber Hand- 
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The trioxide i s  reddish-brawn and has a molecular weight of 243.09. 

The oxidation of platinum by atomic oxygen has been studied exten- 
sively by G. C. Fryburg [see "Enhanced Oxidation of Platinum i n  Activated 
Oxygen", J. Chem. Phys. 24, 175-180 (1956); also "11. Identity of Active 
Species and Oxide Formed"3bid. 42, 4051-4052 (1965) and "Il l .  Kinetics 
and Mechanism", J. Phys. Chem. p, 3660-3662 (1965)l. A microwave power 
supply was used to activate the oxyzn, and the concentration of oxygen atoms 
thereby produced was determined by the NO titration and NO-0 afterglow 

specimen from a highly-stabillzed d.c. power supply, with a fast-response 
digital voltmeter used to monitor the resistance of the specimen. The thinning 
of the specimen was small during oxidation, being typically less than one part 
i n  500 at looooC for the longest oxidation runs. Some of the most important 
results are illustrated in Figure 1 in paper 111 listed above, where curves for the 
oxidation rate versus partial pressure of atomic oxygen are given for tempera- 
tures of 900, 1050, 1100, and 1150%. The atomic oxygen pressure range 
extends from zero to 0.04 torr. The curves are linear wi th  respect to the 
atomic oxygen partial pressure. The reaction was observed to occur with essen- 
tially zero activation energy, as deduced from the temperature-independence of 
the slopes of the curves. The oxide formed by the reaction was Pt02, although 
i t  was noted to be brown in  color. The oxide was volatile and was produced at 
a rate which was independent of time. That is, a linear rate law was obtained 
for the oxidation of platinum. The intercepts of the curves sewed to give the 
rates of formation of Pt02 in molecular oxygen at the several temperatures. 

technique. The temperature was maintained t y current through the platinum 

The dissociation temperature of both PtO and PtO2 i s  750% under 
standard pressure conditions, and would be even lower at reduced pressures. 
Thus the PtOp produced in  the experiments outlined above must have volatilized 
from the surface of the filament in a time shorter than the lifetime of the com- 
pound, and then was deposited on the cooler wal I of the enclosing glass tube. A 
sensitive chemical analysis technique was used to determine the stoichiometry of 
the oxide produced, and i t  was found that Pt02 was the favored oxide. The 
compourd Pt02 was also confirmed by means of electron diffraction studies of the 
condensed oxide film. The rate of oxidation was too slow to be followed by loss 
of weight of the platinum or by the increase in the resistance of the platinum due 
to changes in its physical dimensions produced by oxidation. Thus a more sensi- 
tive method, based on collection of the deposited oxide, dissolving it, and 
analyzing i t  colorimetrically for the amount of platinum, was employed. The 
formation of PtOp, as opposed to PtO, agrees with the rule-of-thumb that metals 
are usually oxidized to their highest valence state in activated oxygen. 

Whereas the reaction probabilities for atomic oxygen forming volatile 
molybdenum oxide and volatile tungsten oxide were of the order of 0.1, depend- 
ing upon the temperature, the reaction probability was found to be much lower 
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for platinum. At looOoC, each inci ent oxygen atom was found to have a re- 

result that the number of platinum toms leaving the filament per oxygen atom 

of oxygen molecules with platinum was 3.3 x lr . Thus, the oxygen atoms 
were apprcx:imately 400 times more effective than oxygen molecules in causing 
oxidation of the platinum. These values were the ones cited in first publication. 
In paper 111, the given values were somewhat different, portly due, however, to 
interpretation. Assuming that one incident oxygen atom i s  copable of producing 
a PtO molecule, the reaction probability for atomic oxygen was given OS 

5 x l b ,  which moreover was found to be independent of the temperature. On 
the other hand, the collision efficiency of the 0 2  molecules was given as 
1.8 x l(r8 at 9000C and 8.7 x at 150O0C. Thus i t  was concluded that the 
oxygen atoms are roughly 300 times more reactive than the 0 2  molecules at 90&, 
but the two were equally reactive at 15000C. It was also inferred from the results 
that the oxidation of platinum by 0 2  molecules and the oxidation by 0 atoms 
occur independently of one another. 

action probability of only 1.3 x 10- 4 . (This was deduced from the experimental 

striking the surface was 6.7 x lr 8 .) The corresponding probability for reaction 
8 

Given the re!atively low reaction probabilities for platinum oxide forma- 
tion above, i t  i s  or interest to compare these numbers with the corresponding 
recombination coefficients giving the probability that the incident oxygen atoms 
w i l  I chemically combine on the filament surface (heterogeneous catalysis) to form 
molecular oxygen. In paper 111, i t  i s  stated that the recombination coefficient 
for oxygen atoms on hot platinum i s  probably 0.1 or higher. That process is  first 
order with respect to the atomic oxygen concentration, as i s  the oxidation process, 
and likewise occurs with zero activation energy (at least for temperatures above 
800OC). The recombinations coefficient was deduced to be tempemture-indepen- 
dent above 800%. This temperature i s  above the dissociation temperature of 
platinum oxide, and the fact that a platinum sample wi l l  remain bright and shiny 
in an oxygen stream abwe this temperature indicates that no oxide f i lm adheres 
to the surface to poison the catalytic properties of the surface. However, the 
interesting observation was made that heating and cooling a platinum device in 
molecular oxygen gives a surface which i s  sluggish and unresponsive, whereas 
heating and cooling i n  the presence of atomic oxygen results in an active 
responsive surface. Another study of the recombination of atomic oxygen on 
platinum indicated l i t t le i f  any recombination [see "Atomic Oxygen - Metal 
Surface Studies as Applied to Mass Spectrometer Measurements of Upper 
Planetary Atmospheres'' by G.  W. Sjolander, J. Geophysical Research 81, 
376;-3770 (1976)). However, that study was apparently under room temperature 
conditions wi th  cahon and hydrogen present, since copious amounts of H20, CO, 
and CO2 were observed coming off the platinum surface. Some information was 
also given in that paper for the recombination of atomic oxygen on silver, the 
probability apparently being of the order of 0.02. 
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The use of platinum devices to measure the concentration of atoms 
present in activated gases i s  relatively wel l  known. The method hinges on the 
ability of platinum to effect catalytic recombination of the atoms into mole- 
cules, and involves a measurement of the heat liberated. This i s  usually done 
by a measurement of the increase in the temperature of a filament or ribbon 
specimen due to the heat released in  the recombination reaction. In large 
atomic oxygen concentrations, platinum can be heated to a bright red by this 
heat. I t  would seem that occurience of the two independent processes of oxida- 
tion and oxygen atom recombination might complicate considerably the use of 
either reaction as the basis  for design of an atomic oxygen monitor utilizing the 
resistance of a platinum filament as the meosurable quantity. That is, at very 
high temperatures the Dxidation reaction can indeed change the physical di 
sions of the filament, due to loss of metal in the formation of volatile oxid: 
but the heat released during recombination may contribute appreciabl y to th 
heating of the filament. Ascertaining the temperature of the filament from c 
resistance measurement alone would thus seem impossible, and conversely, de- 
ducing the change in the physical cross-sectional area of the filament from a 
resistance reading alone, without having an independent measurement of the 
temperature of the filament, would seem equally impossible. Namely, the 
resistance depends on both the cross-sectional area and the resistivity, the latter 
varying markedly with temperature for most materials. 

Silver 

Two oxides of silver exist, the oxide A920 and the peroxide 40. 
A920 has a molecular weight of 231.74 and a density of 7.143. I t  i s  a brown- 
black cubic substance which decomposes at 300%. Ago (sometimes listed as 
Ag202) has molecular weight 247.74 (the peroxide Ag 0 2  symbolism) and i t  

having a density of 7.44. 
decomposes at temperatures above lO@C. It i s  a gray- ?J lac!< cubic material 

Silver i s  fairly noble in molecular oxygen, having a low tendency to 
react. The tarnish layer commonly observed on household silver i s  not an oxide, 
but instead, i s  a sulfide. 

The adsorption and occlusion (viz . , reaction with solid phase) of oxygen 
atoms with silver has been studied at mK [see "The Rate and Mechanism of 
Interaction of Oxygen Atoms and Hydrogen Atoms with Silver and Gold" by 
6. J. Wood, J. Phys. Chem. 75, 21862195 (1971)l. Figure 4 in that paper 
shows the mass of adsorbate asofunction of the sorption time, and i t  i s  demon- 
strated that silver tokes up atomic oxygen at an almost constant rate wel l  beyond 
mmolayer coverage. In fact, resuits of McBee and Yolken were cited which 
showed that oxide film growth on a silver surface exposed to a ux of oxygen 

contrast dramatically w i th  results for gold, which indicate that gold adsorbs up 
atoms was nearly linear in time to thicknesses exceeding 1000 f . The results 
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to a maximum of one monolayer of oxygen atoms at 300 K with a mie that d:min- 
ishes with coverage. Gold exhibits no occlusion of atomic oxygen nor gives any 
evidence of oxide formation. Neither silver mrgold was obsewed to ddsorb 
oxygen when exposed to 0 2  or!.!. Atornic oxygen recombines to form moleculor 
oxygen in the presence of  silver, one value for the probabijity being given as 
0.24 (see the subsection on Copper) and another value being C.02 (see the sub- 
section t n  Platinum). Both values were based on room ' .e m p erahire measurements. 

The reaction of silver interconnects with atomic oxygen during the STS-5 
misrion i s  described in an unpublished report by P. N. Peters, J. C. Gregory, 
and A. F. Whitaker. It was concluded that a layer of A920 fomed which was 
of the order of one micron in thickness. The high reflectivity of silver was there- 
by destroyed. These experimental results prompted the further studies on silver 
samples schedided for the STS-8 mission. 

The only cxide formed cn heatI!ig in  molec lar oxygen at various tempara- 
tures has been reported to be Cr2O3. Only 5000 1 of oxide form when chromium 
i s  heated i n  molecular oxygen at a pressure of 76 mm. Hg and a emperature of 
1000°C for one hour. At  7000C and the same pressure, a 5000 B oxide f i lm forms 
in  about six hours. The oxide film i s  quite protective for chromium in molecular 
oxygen under these conditions. On the other hand, at higher temperatures the 
Cr203 scale oxidizes to form CrO3 which i s  volo+ile, and the overall weight of 
the sample decreases with time of exposure. Studies of this phenomena in  mo- 
lecular oxygen have been carried out [see "Oxidative Vapdzation Kinetics of 
Cr2O3 in  Oxygen from I O 0 0  to 13WC"  by C. A. Stearns, F. J. Kohl, and 
G. C. Fryburg, J. Electrochem. SOC. 121, 945-951 (1974)l. In the presence 
of atomic oxygen, the vaporization wasmarkedly enhanced [see "Enhanced 
Oxidative Vaporization af Cr2O3 and Chromium by Oxygen Atoms" by 
G. C. Fryburg, F. J. Kohl, and C. A. Stearns, J. Electrochem. SOC. 121, 
952-959 (1974)l. The '- :estigations were conducted Over the temperatur  
range of 200 to 125@C. The enhancement was found to be lo9 at 55Cf'C in  
oxygen containing 2.5% atomic oxygen. The enhancement i s  so large that, 
whereas the oxidative vaporization of Cr203 could only be detected above 
900% in molecular oxygen, i t  could be readily measured down to 200% in the 
partially atomic oxygen environment. In addition to these remarkable observa-. 
tions, i t  was found during the course of the investigation that below 8@C, a 
direct oxidative vaporization of chromium metal occurred in  atomic oxygen. 
The ternperature-dependence of both rates i s  quite peculiar, as can be noted 
from Figure 5 in  the last paper cited above. At 5S@'C, the maximum valries for 
the probability of reaction of an cvygen atom i s  0.03 for Cr20 oriddton to 
Cr03, and 0.014 for Cr oxidation to CrO3. In the 950 to 1258'C region, tlte 
probability for Cr203 oxidation i s  0.002. Below 8000C, the chromium ribbm 
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sampfes remained bright ami shiny after a series of oxidations in atomic 
oxygen. 

Atomic oxygen also recombines to form molecular oxygen in the pres- 
ence of chromium. At room temperature the m k  i s  very low, but the 
recombination coefficient increases rapidly wi th increasing temperahe. 

Tke impiiaitions of the above-described enhancement of the evapom- 
tion of h e  protective layer of Cr2O3 by atomic oxygen should not be 
overlooked, not only for pure chromium itself but also regnrding high chromium 
steels. The low temperature enhancement i s  truly enormous, being of the order 
of 1$* at XKf'C. At 5*C, the enhancement i s  s t i l i  a factor of a billion, 
though at looooC i t  drop to a factor of 100. With larger concentrations of 
atomic ox-Tn, the enhancements would be even larger. Both the high m k  of 
removal c, the protective CqO3 layer and the high rate of removal of the parent 
chromium by atomic oxygen pose a potential problem for use of chromium steels 
and similar alloys far space vehicles. 

FeCrAl 

Aluminum additions greatly increase the oxidation resistance of iron due 
to the fonnation of alumina (A1203) or an alumina-containing surfbce layer. 
Under some conditions the spinel FeO-AI203 is  formed, which itself slows the 
diffusion much more than layers of pure iron oxide. 

Steels containing chromium are among the best of the oxidation resistant 
commercial alloys. ,dore than 12% Cr below 1ooOoC and more than 17% Cr 

fold relative to pure iron. Initial oxidation of such alloys i s  relatively rapid 
until lo00 8 or so of the oxide layer i s  formed, and thereafter the rate falls 
dramaticaily. The protective layer in some cases i s  Cr203, but in other cases i t  
consists of FeCr204 or (Cr, Feh03. Although the protective f i lm FeO-Cr 0 
has a tendency to crock above 8oooC, i t  con be self-healing. The protective 
character i s  better i f  the f i lm i s  formed Initially at low temperatures and low 
oxygen pressures. The oxidation rcie of iron-chromium alloys increases wi th  the 
oxygen concentration in the gas. 

4ove loooOC w i l i  increase ihe oxidotion resistance approximately a hundred- 

P 3  

It i s  important to note that small weight percentages of aluminum are much 
mcre effective in increasing the corrosion resistance of iron than are correspond- 
ing weight percentages of chromium. For example, 4% AI dramatically increases 
the corrosion resistance of iron, even as much as would be produced by 14% Cr, 
as observed at 890°C after 4 hours exposure. During the oxidation of iron- 
chromium-aluminum allo-ys, the aluminum i s  usually oxidized preferentially. The 
upper portion of the bulk alloy i s  thus impoverished in aluminum to a considerable 
depth. 
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Nickel 

Nickel forms only one stable oxide, the monoxide NiO called Not. 
bunsenite. It has a molecular weight of 74.71, a density of 6.67, and a 
melting point of 1o9ooc. It i s  green-black in color and i s  cubic in structure 
wi th  a lattice constant of 2.1818 1. 

There exist in addition some unstable oxides of nickel, but NiO i s  the 
only oxide observed at temperatures in the mnge 300 to 70%. The pombolic 
growth law i s  uswlly found to be applicable for the oxidation of nickel in mo- 
lecular oxygen, although some deviations from parabolic growth have been 
observed for reaction times exceeding 50 hours. In the temperature range 400 to 
8!5@C, the rate mton t$us  at actimtion ene of 41.2 Kcal/mole and a pre- 
exponential factor (in gm /cm -sec) of 8 x l(r . In the temperoture mnge 900 
to IO~OOC, the cormponding numbers are 68.3 and 120. 

v 
No data were found for the oxidation of nickel by atomic oxygen. Data 

for the recombination coefficients for atomic oxygen on Ni and NiO are listed 
in the subsection on Copper. 

NiCr - 
It i s  interesting to note that chromium additions to nickel bel- 10% by 

weight actually decrease the corrosion resistance of nickel. This only prevoils 
so long as NiO remains the predominant oxide. Alloys containing more than 
15% of chromium have, on the other hand, good corrosion resistance in molecu- 
lar oxygen. At these concentraticns, Cr O3 or NiO*Cr203 layers are formed. 
In 80/20 Ni-Cr alloys in the 400 to 7 d range and at oxygen pressures of 
1 mm. Hg, the main oxide formed i s  Cr 0 At higher temperatures, the spinel 
NiCr204 becomes important. Althoug i t  IS not clear what exactly determines 
the good oxidation resistance of nickel-chromium alloys, i t  can be said that a 
large proportion of Cr2C3 i s  generally beneficial. As outlined in the subsection 
on Chromium, atomic oxygen can volatilize Cr203, thus possibly leading to a 
failure in i t s  protective character. For this reason, a sample of NiCr was chosen 
for exposure in the STS-8 mission. 

p 3.' 
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ANALYSIS TECHNIQUES 

X-Ray Production ond Fine Stn~cture 

The continuous x-my spectrum (bremsstrahlung) i s  due to the braking of a 
particle (usually an electron) impinging on a target. Al l  or cart of the incident 
particle's energy can be lost in the deceleration of the particle, so the spectrum 
of x-rays extends fmm a minimum wavelength (with a l l  kinetic energy converted) 
to longer wavelengths (where only part of the kinetic energy of the particle has 
been converted). Actucrliy, the impinging particle interacts one or more times 
with the screened nuclei of the target, so the x-ray spectrum is  created in quan- 
tum increments. The short wavelength l im i t  (SWL) i s  a function of the incident 
electron energy and i s  independent of the atomic number Z of the target. The 
x-ray intensity i s  proportional to the Z of the target but i s  inversely proportional 
to the square of the mass of the incident particle. The peak in  the x-ray spectrum 
occurs at approximately 1.5 WL. 

If, instead of interocring with the screened nucleus of the target, the 
incident particle knocks out one of the inner shell eiectrom of the target atoms, 
thus creating a vacancy, such a vacarncy may be filled by one of the electrons 
in the outer shells of the atom. I f ,  as a consequence, an x-ray i s  thereby created, 
i t  w i l l  be one of the characteristic lines of the spectrum for the target material. 

Chemical reaction produces wavelength shifts to both longer and shorter 
wavelengths in the x-ray spectra of various elements. The energy level changes 
are due to modifications in the electrical screening as the valence electrons form 
a bond. Low atomic number elements undergo the greatest shifts. Shifts of the 
order of 1 to 4 eV are common. In addi+:on to the shifts, there i s  also a change 
in shape of the emission spectrum. Large intensity changes are also noted for 
certain lines. The transition probabilities are modified by chemical combination 
because of several factors: changes in  electron character, electron depopulation 
of a given level and the attendant formation of excitation states, and nonradia- 
t ive transition modifications. 

EXAFS 

X-ray absorption fine structure analysis can be used to abduce the 
position of neighboring atoms to the one emitting the x-ray. The emitted 
photoelectron i s  diffracted, thus giving rise to fine structure in the spectrum. 
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x-Roy Appea mnce Potential Spectroscopy 

The surface i s  bombarded by electrons, and as the electron energy i s  
varied through an ionization threshold the atom begins to emit its chomcteristic 
x-rays. T h i s  serves to identify the element. This technique i s  simple, but i s  
rather insensitive i n  the case of many elements. 

Electron Microprobe 

Electron excitation (typically at 10 to 30 kV) of a sample causes i t  to 
emit its characteristic x-mys by creating on innershell vacancy. The beam i s  
focused to a small diameter so that a mass as small as lv” gram and a volume 
as small as one cubic micron con be analyzed. The chemical analysis i s  accom- 
plished by dispersion of the x-my spectrum so obtained and quantitatively 
measuring the wavelength and intensity of each characteristic line. The wave- 
lengths identify the emitting elements, and the line intensities give a measure of 
the concentrations of the elements. The advantage Over other analytical methods 
i s  the ability to analyze quantitatively samples of such small size. 

X-Ray Fluorescence Analysis 

An x-my source i s  used to excite o sample to emit its own characteristic 
x-rays. The word “fluorescence” indicates the excitation of photons by other 
photons. This i s  one of the most useful analytical methods for chemical analysis 
since i t  i s  rapid and economical. Whether or not h i s  x-my spectrochemical 
onalysis technique i s  a surface technique i s  debatable since the x-mys emitted 
originate i n  a zurface layer of 50 microns or so in thickness. When radiation from 
an x-ray tube i s  used for excitation, the continuum portion of the spectrum pro- 
vides most of the excitation. Gamma rays con be used as well os x-rayz for 
excitation of the sample. 

ESCA - 
“Electron Spectroscopy for Chemical Analysis” (ESCA), a technique orig- 

inated by Siegbahn at Uppsala, involves the ejection of core electrons of the 
target material by inciden’ scft x-rays of well-k. own energy. The analysis of 
the kinetic energies of the ejected electrons, together with the known energy of 
the incident x-rays, allows a calculation to be made of the core-electron 
binding energies. The binding energy reflects the oxidation state. The binding 
energy i s  markedly affected by the chemical environment, and i s  also a function 
of the atomic charge. Measurement of the chemical shifts in th is  way provides 
a sensitive and quantitative method of chemical analysis which moreover i s  
applicable to nearly every element in the periodic table, with the exception of 
hydrogen and helium. 
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As an example of the use of ESCA, the quantitative analysis of mixed 

Other successful analyses have been carried out on the mixed oxides 
0 CrzOdCrO . It has been demonstrated that 

Mo02/MoO3 oxides can be better than 2% in mixtures containing more than 15% 

P i 0 2  can r e distinguishe on Ni ond Ni-Cu olloys have 
been studied, and the metals and oxidation states of the oxides identified. 
Spectra obtained on NiO could be distinguished from spectra of Ni, and Ni 
foils were found to exhibit characteristics of Ni/NiO mixtures. 

The technique i s  a surface technique since the ejected electrons 
generally emerge from the upper io0 8 of the sample. One restriction i s  to 
scmples which ore stable to x-ray bombardment. Although most materials are 
stable under such bombardment, nevertheless, some do decompose. Pe .snsitivi- 
ty of the technique i s  very high, typical amounts of material being of the d e r  of 
o n -crogram. Two orders of magnitude less material has on occasion been suc- 
,es-;ftJlly analyzed. The technique i s  so sensitive that 0.01 monolayers can 
produce a detectable signal for many materials. One problem which does aris 
in the analysis of dielectrics, however, is  surface-charging, which leads to a 
shift i n  the absolute positions of the peaks in the spectrum, although there i s  not 
much relative shift between neighboring peaks. 

The soft x-ray source for the technique is  typically o conventional x-ray 
tube, with heated cathode and cooled anode. The power required i s  about 5 kw, 
thus requiring that large amounts of heat be dissipated. Th is  i s  accomplished by 
water cooling. The electron energy analyzer can be one of several types, viz. - 

(a) retarding electrostatic field applied to grids, 
(b) inhomogeneous magnetic field, 
(c) concentric spheres with electrostatic potential difference. 

The magnetic type i s  rather touchy because shielding of the earth's field i s  so 
critical. The detectors ore usually electron multipliers, though photographic 
plates likewise con be used. 

Auger Electron Emission 

Auger emission i s  complementary to x-ray fluorescence in the sense that 
both processes result from an outer shell electron dropping to f i l l  an inner-shell 
vacancy in an excited ion decay event. I f  the energy i s  emitted as a photon, the 
process i s  called x-ray fluorescence, whereas i f  the energy i s  smitted as a second 
electron ejection, the process i s  called Auger emission. In both coses, the energy 
of emission i s  independent of the exciting radiation. For exomple, Auger electron 
emission lines are characteristic of the sample which i s  excited, and ore not chor- 
acteristic of the exciting porticle type or exciting particle energy. Different 
exciting quanta generate characteristic fluorescence or Auger peaks with varying 
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degrees of efficiency, but al l  can be used for chemical analysis. 

In the lighter target atoms (2 < 1 l), the probability for Auger emission i s  
approximately 1, but with increasing 2, the probability increases for x-ray 
fluorescence. At Z=33, the probabilities are approximately the same, namely, 
50% - 50%. In Auger spectroscopy, a series of accelerator plates and baffles 
provides the energy selection for the electron beam. After Auger ejection, the 
atom i s  doubly ionized, thus resulting in a modification of its energy-level 
diagram. 

Ion milling can be employed with Auger spectroscopy to determine depth 
profiles of chemical compositions. The surface i s  bombarded with 200 to 5000 eV 
ions to sputter away the surface. Noble gases, such of Art, are used to ovoid 
reaction with the surface. Actually, two different sputtering ions are desirable, 
because the incident ions are imbedded in the surface and thus create additional 
Auger spectra. There are additional complications involved in ion milling, 
among them the following: Surface roughening, homogenization of the surface, 
different sputtering rates for different elements in a compound, and surface 
charging. The latter can be eliminated by using an auxiliary electron beam. 

ton Neutmlization Spectroscopy 

The surface of the sample i s  bombarded with low-energy ions. Auger 
electrons are ejected from the surface, which are energy analyzed to infer the 
density of states of the surface. 

Photoelectron Spectroscopy 

Ultraviole: photons are used for the excitation of valence-shell electrons 
having binding energies in the range of 0 to 40 eV. Some of the commonly-used 
excitation lines to produce the photons are: 

He+ (40.812 eV) 
He (21.218 eV) 
Kr (10.032 eV) 
Hg ( 4.8878 eV) 

The emitted electrons are energy analyzed to give intensity versus energy. This 
spectrum can be unfolded to yield many electronic properties of the target sample, 
as for example, the electronic density of states. 

Mgssbauer Effect Studies 

A wealth of detailed infolmation can be obtained for the limited number 
of elements readily criailable for M6ssbauer work. This i s  a gamma ray technique 
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based on the principle of zero phonon transitions. In principle, information can 
be obtained on the valence state and the type of bonding of an atom to the sur- 
face, and on the dynamics of motion of an atom oscillating about its equilibrium 
position on the surface. Additional information concerning the electric field 
symmetry at the atom site and the existence and strength of any magnetic field 
at the atom can be obtained. Also, the surface mability and diffusion rote of the 
atom can be deduced. Although there are only a limited number of elements 
which are amenable to Maasbauer studies, i t  i s  worthwhile to note that among 
them are the important elements Fe and Sn. 

EPR - 
Electron paramagnetic resonance has been used to establish that 0' 2 lattice vacancies exist at the surface of ZnO at temperatures above 150 K In 

evacuated systems. At higher oxygen pressures, chemisorbed 05 has been 
observed. Similar results have been reported for CaO, S r O ,  ZrOq, TiOZ, and 
ZnS. 

NMR 

Protons can be positively identified by nuclear magnetic resonance 
techniques. Surface hydroxyl groups have been deduced from the resonance I ine 
shape and i t s  temperature dependence. Physicallpadsorbed water on silica has 
been detected through the temperature-dependence of T i  and Tz, the nuclear 
spin-lattice and spin-spin relaxation times. It i s  interesting that the water de- 
tected on silica was found to demonstrate a two-phase behavior. 
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ATOMIC OXYGEN MONITORS 

It is of interest to obtain a continuous measurement of the atomic 
oxygen concentration in the upper atmosphere of the earth by space vehicle: 
during orbit and reentry. The most straightfolward mehod would seem to be 
the use of a mass spectrometer. There i s  a problem, however, in that the atom;c 
oxygen tends to interact wi th the mass spectrometer ion source, thus leading to 
a reading for h e  atomic oxygen concentrotion which i s  too low. Therefore i t  i s  
worthwhile to consider other possible methods. 

A. Whitaker and R. DeHaye have proposed a method and dedice for on- 
orbit monitoring of the atomic oxygen flux and total fluence. Basicdly the 
device consists of a thin f i lm strip of material w i th  an applied voltage. The 
current through the material i s  to be monitored continuously. The resistance of 
the f i lm i s  inversely proportional to its thickness. As the atomic oxygen impinges 
on the f i lm its surface i s  oxidized to form a volatile oxide or an oxide layer 
which i s  less conductive than the parent material. The change in current flow 
with time should be propor: onol to the incident flux, and the total current 
change should be proportional to the total incident fluence. The proportionality 
factors depend upon the reaction probability. The metals molybdenum and tungsten 
have high reaction probabilities, as well as carbon. The temperature-dependence 
of the reaction probabilities and the heating effects of  the catalytic recombina- 
tion of atomic oxygen are also germane to this problem. this explains to a large 
extent the attention which has been devoted to these quantities in this report. 

One method used to determine the actual temperature of a filament-type 
specimen i s  to employ the known temperature-deperdence of the resistivity of the 
material, and measure very carefully the physical cross-sectional area and length 
of the specimen. The measured resistance can then be used to deduce the tem- 
perature. This method i s  good at the start of the atomic oxygen reaction, but 
since the cross-sectional area of the specimen steadily decreases as the reaction 
proceeds, i t  cannot be used subsequently in the reaction unless it i s  possible to 
measure the temperature (or else the cross-sectional area) independently by some 
other means. That is, there are two unknowns affecting the resistance, the 
physical cross-sectional area of the specimen (which i s  constantly changing) and 
the resistivity (which changes as the filament temperature changes), so the 
measurement of only one quantity (namely, the resistance of the filament) i s  
insufficient to determine the two unknown parameters. The temperature of the 
filament specimen i s  sometimes monitored independently wi th  an optical pyrometer, 
so that any resistance changes leading to an increase in temperature for fixed 
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current due to decreasing filament diameter can be continuously compensated for 
by a decrease in the filament heating current as the metal filament reacts. How- 
ever, the continuous use of an optical pyrometer would seem to be impractical on 
board the Space Shuttle. It would also be possible to photograph the filament 
periodically with sufficient resolution to ascertain the changes in diameter which 
occur doring flight, but such data would not be available on a continuous basis 
for adjusting the filament current accordingly to maintain a fixed temperature. 
I t  i s  because of this problem of maintaining a fixed filament temperature that a 
choice of material for the atomic oxygen monitor needs to take into considera- 
tion the sensitivity of reaction rate to temperuture, the ideal being that of 
finding a substance which has a reaction rate which is  essentially independent 
of temperature. This, of course, must be coupled with the requirement that the 
substance hav,: a high reaction probability, since othenvise the monitor w i l l  not 
have the requisite sensitivity. This problem w i l l  require further study. 

I t  i s  informative to l i s t  the steps utilized by Rosner and Allendorf in their 
study of the high-temperature oxidation of Mo and W by atomic oxygea. These 
steps are as follows: 

1. 

2. 

NO2 light titration technique used to measure the atomic oxygen 
concentration. 
The filament temperature was measured absolutely with an optical 
pyrometer, and the current through the filament was adjusted con- 
tinuously as required to keep the temperature constant. 
The voltage drop was measured across the central part of the 
filament to obtain the resistance, and with the known temperature 
and the known functional dependence of the resistivity of the 
filament material on temperature, the cross-sectional diameter of 
the filament could be obtained as a function time. 
The rate of decrease of the cross-sectional diameter of the filament 
gives the reaction rate of the filament material, since the reaction 
product was volati le. 
The incident atomic oxygen flux was obtained from the partial 
pressure of atomic oxygen measured in step 1 and the use of the 
Hertt-Knudsen equation, assuming the atomic oxygen attacking 
the filament to be at the same temperature as the filament ob- 
tained in step 2. 
The reaction probability was ien obtained by taking the ratio of 
the incident atomic oxygen flux to the reaction rate of the filament 
a toms. 

3. 

4. 

5 .  

6 .  

As an alternative to the filament technique of measuring the atomic 
oxygen flux, or the NO2 light titration technique, a technique whereby the sur- 
face conductivity of a ZnO single crystal i s  monitored could be used. Atomic 
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oxygen adsorbed on zinc oxide single crystals causes a decrease i n  surface con- 
ductivity. It would be necessary to provide a means of heating the ZnO to 500 
to 800 K in a cyclic process to restore the crystul, but this would not be a major 
difficulty. A typical response curve for such a device can be seen in Figure 5 
of the paper entitled "New Method for the Detection of Atomic Oxygen Beams" 
by H, Nahr, H. Hoinkes, and W. Wilsch [J. Chem. Phys. 54, 3022-3025 
(1971)]. The linearity of the response i s  demonstrated, but obsoluk wlibra- 
tion would be required i n  order to have a quantitative device. This calibration 
would probably be different from one ZnO crystal to another, and would reqi ;re 
an atomic oxygen beam with o known (;.e., independently-measurable) flux. 
An interesting property of the ZnO detector i s  that i t  w i l l  detect atomic hydro- 
gen as Hell as atomic oxygen, the surface conductivity changes being in 
opposite directions for the two cases. That is, odsohed hydrogen increases the 
conductivity, whereas adsorbed oxygen decreases the conductivity. This con be 
understood by noting that ZnO i s  an n-type defect semiconductor, so that the 
conductivity w i l l  decrease i f  atomic oxygen depletes the conduction electron 
concentration by becoming a chemisorbed 0' ion. 

CONCLUSIONS AND REC OMME NDAT IONS 

1. Several metals were recommended for experimental investigation on the 
STS-8 mission. 

2. The thickness of the surface oxide films should be measured by ellipsometry. 

3. The oxides should be chorocterired at minimum by x-ray diffraction, ESCA, 
and Auger electron spectroscopy. 

4. The possible effects of the spurious hwting of the filament-type specimens 
due to recombination of atomic oxygen should be carefully considered in the 
selection of a material for use in a resistonce-type atomic oxygen monitor. 

5 .  Careful thought should be given to the problem of deducing simultoneously 
the filament size and the temperature of the filament in the proposed 
resistance-type atomic oxygen monitor. 
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ABSTRACT 
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On A p r i l  7,  1983 a Tracking and Data Relay S a t e l l i t e  (TDRS) launched 
from Space Shu t t l e  6 f a i l e d  t o  reach geosynchronous o r b i t .  
reached from an in t ens ive  inves t iga t ion  was t h a t  t he  satel l i te  tumbled 
out of con t ro l  due t o  f a i l u r e  of an oii seal i n  the rocket system known 
as I n e r t i a l  Upper Stage (IUS). The o i l  3eal is a f l e x i b l e  j o i n t  pel lni t t ing 
swivel o r  gimbal of the rocket nozzle t o  con t ro l  d i r e c t i o n  of f l i g h t .  

The conrlusion 

This study evaluated the  materials u t i l i z e d  i n  the f l e x i b l e  j o i n t  f o r  
Studies  undertaken included e f f e c t  p i  remperature possible  f a i l u r e  modes. 

on the s t r eng th  of t he  system, e f f e c t  of f a t igue  on the s t r t n g t h .  of 
the system, thermgravimetr ic  ana lys i s ,  thennomechanical sna lys i s ,  dlf feren-  
t i a l  acanning calor imeter  ana lys i s ,  dynamic ,8.echanical ana lys i s ,  and pee l  
test. 

These s t u d i e s  ind ica t e  t h a t  i f  t h e  j o i n t  f a i l e d  due t o  a materials 
deficiency, the most l i k e l y  mode was excessive temperature i n  the j o i n t .  
In addi t ion,  the j o i n t  material is suscep t ib l e  t o  f a t igue  damage which 
could have been a contr ibut ing f ac to r .  
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In t roduct ion  

The A i r  Force Space Div is ion  I n e r t i a l  Upper S t a t e  (IUS) is a three-  

axis  s t ab i l i zed , two-s t age  v e h i c l e  used t o  t a k e  payloads from low e a r t h  

o r b i t s  t o  o t h e r  reg ions  of space  such as a geosynchronous o r b i t .  The 

primary propuls ion  system is composed of two s o l i d  rocke t  mc+,rs b u i l t  

by ChemLcal Systems Divis ion  (CSD) J f  United Technologies  Corporat ion.  

The first s t a g e  (SRM-1) c o n t a i n s  2 , ,400  l b  of p r o p e l l a n t  and i s  used 

as a pe r igee  k ick  motor t o  provide  t h e  energy r equ i r ed  t o  go from low 

e a r t h  o r b i t  t o  geosynchronous o r b i t .  The second s t a g e  (SRC-2) con ta ins  

6000 l b s  of p rope l l an t  and is used as an apogee k i ck  motor t o  provide  

the  energy t o  c i r c u l a r i z e  t h e  geosynchronous o r b i t .  On a t y p i c a l  s h u t t l e  

F i s s ion  t h e  IUS could p l ace  up t o  5100 l b s  i n t o  geosynchronous o r b i t .  

SRM-1 and SRM-2 were designed wi th  as much commonality as p r a c t i c a l  

t o  improve r e l i a b i l i C y  and minimize cos t .  Common items inc lude  case 

material and s t r e n g t h  l e v e l ,  i n s u l a t i o n  and l i n e r  ma te r i a l ,  nozz le  

material, t h r u s t  vec to r  c o n t r o l ,  t h r u s t  v e c t o r  c o n t r o l  a c t u a t o r s ,  

i g n i t i o n  system, f l e x i b l e  j o i n t  concept ,  and i d e n t i c a l  manufacturing 

procedures and techniques.  

The f l e x i b l e  j o i n t  concept (Techro l l  s e a l )  was developed t o  permit  

t he  use of a low-weig' e lec t romechanica l  a c t u s t i o n  system a s  requi red  

by the  s t r i n g e n t  use parameters  i n  t h e  s h u t t l e  program. The movable 

Techro l l  s e a l  is a cons t an t  volume, f l u i d - f i l l e d  bear ing  us ing  a s e a l  

configured with two r o l l i n g  convolu tes  which permit  omniaxial  d e f l e c t i o n  

o f  t h e  nozz le  assembly. The Techro l l  s e a l  c o n s i s t s  of two l a y e r s  of 

KevLir-24 f a b r i c  layered  between two sheets of neoprene rubber wi th  

s t ee l  cab le  bends f o r  s e a l  r e t e n t i o n .  One l a y e r  of t he  Kelvar-29 f a b r i c  

is s u f f i c i e n t  f o r  load ca r ry ing .  The second l a y e r  is redundant f o r  e x t r a  
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s a f e t y  . 
Typica l  o p e r a t i n g  temperature  f o r  t h e  motors ranges from 45'F t o  

82'F. These temperatures  are maintained a t  t h i s  l e v e l  by i n s u l a t i o n  

and hea te r s .  However, p r i o r  t o  use  t h e  motors are ex -osed  t o  o t h e r  

temperatures  i n  va r ious  t r a n s p o r t e t i o n  sequences.  

A Tracking and Data Relay S a t e l l i t e  (TDRS) launched from Space 

S h u t t l e  6 f a i l e d  t o  reach geosynchronous o r b i t .  The ensuing  i n v e s t i g a t i o n  

concluded t h a t  t h e  sa te l l i te  went o u t  of  c o n t r o l  due t o  t h e  f a i l u r e  of t h e  

Techrc l l  seal. This  s tudy  w a s  conducted to  i d e n t i f y  p o s s i b l e  f a i l u r e  

modes f o r  t h e  f l e x i b l e  j o i n t .  S p e c i f i c  materials p r o p e r t i e s  were de te r -  

mined r e g a r d l e s s  of p r o b a b i l i t y  of t h e  Techro l l  seal system being exposed 

t o  e x a c t l y  t h e  same phys ica l  varameters. 

Material Evalua t ion  

S e v e r a l t e s t s w e r e  canducted t o  determine p o s s i b l e  f a i l u r e  modes 

of t h e  composite Techro l l  s e a l  ma te r i a l .  These tests included:  

a .  S t r eng th  ve r sus  temperature  

Tes ts  were conducted u t i l i z i n g  a Model 1113 Ins t ron  Universal  
Tes t ing  machine wi th  a 5000 l b  capac i ty .  
Lrought up t o  temperature ,  he ld  f o r  f i v e  minutes,  and pu l l ed  
t o  f a i l u r e  i n  t ens ion ,  a t  a p u l l  rate of 10 inlmin.  

Specimens were 

b. S t r eng th  ve r sus  number of f a t i g u e  cyc le s  

F lexura l  f a t i g u e  c y c l e s  were obta ined  a t  room temperature  
on a MIT Folding Indurance Tes tor  p e r  ASTM D-2176-63T under 
an app l i ed  load of 1 kg. S t rength  was then determined a t  room 
temperature  by p u l l i n g  t h e  f l exed  specimens KO f a i l u r e  i n  t ens ion  
u t i l i z i n g  a Model 1113 I n s t r o n  Universa l  Tes t ing  Machine wi th  
a 5000 Lb capac i ty .  

' I ' herco~ravimet r ic  a n a l y s i s  i n  A i r  and N2 was conducted u t i l i z i n g  
the DuPont 1090 system w i t h  t h e  Model 951 TGA at tachment .  
Addi t iona l  TGAtestswere conducted i n  vacuum u t i l i z i n g  a 
Mettler Model TA-2. 
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d. 

e. 

f. 

R. 

h. 

Results 

TMA 

Thermomechanical analysts was conducted utilizing the DuPont 
1090 system in conjuction with the Model 943 TMA attachment. 

DSC 

Differential scanning calorimetertestswere conducted utilizing 
the DuPont 1090 system with the Model 910 DSC attachment. 

DMA 

Dynamic mechanical analysis was performed utilizing the 
DuPont 1090 system in conjunction with the Model 982 DMA 
attachment. 

Peel Test 

Bond strength of the various layers of the Techroll seal 
composite was determined utilizing the Model 1113 Instron 
Universal Testing Machine. 

SEM Evaluation 

Scanningelectronmicroscope analysis was conducted 
utilizing a Cambridge Stereoscan Model 250 MK2. 

Strength of the Techroll seal composite at various temperatures 

is shown in Fiqire 1. This data indicates the strength deteriorates 

rapidly at temperatures in excess of 200°F with only 54% of the 

original room temperature strength remaining at 5 O O O F .  

The slight increase in strength from 75°F to Z O O O F  is attributed 

to increase in ductility of the Kevlar fibers, whereby a greater load 

stinring capacity overides the decrease in individual f i b e r  strength. 

The decrease in strength of the composite material as it is subjected 

to flexure cycles is shown in Figure 2. 

with number of flexure cycles up to 1000 cycles, where the rate of 

decline in strength decreases. 

The strength decreases rapidly 

The differences in rate of strength deterioration between flat shret 

material and Techroll seal material is attributed to the difference in 
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t he  lay-up c o c f i g u r a t i o n  and bond s t r e n g t h  between l a y e r s .  The f l a t  

s h e e t  material had 47% of  non-flexed s t r e n g t h  l e f t  a f t e r  1000 c y c l e s  

while  t h e  Techro l l  seal had 57% a f t e r  1000 cyc le s .  

Thermogravimetric a n a l y s i s  (TGA) r e s u l t s  as shown i n  F igures  3,4,5 

and Table  1 show t h a t  t h e  material is s t a b l e  over  t h e  a n t i c i p a t e d  

ope ra t ing  temperature  range. However, i f  t h e  temperature  should exceed 

75"C, t h e  neoprene begins  t o  decompose, v f t h  r ap id  decomposition occur r ing  

above 285°C. 

dependent upon environment. 

l o s s  of weight up t o  t h e  350°F range, whi le  a i r  causes  t h e  g r e a t e s t  l o s s  

of weight above t h a t  temperature .  This  lat ter weight l o s s  is a t t r i b u t e d  

t o  an ox ida t ion  process .  

The Kevlar f i b e r s  begin t o  d e t e r i o r a t e  a t  350"F, wi th  t h e  r a t e  

The vacuum environment causes  t h e  g r e a t e s t  

TMA r e s u l t s  shown i n  F igure  6 i n d i c a t e  uniEorm p r o p e r t i e s  i n  t h e  

range of -33°C up t o  100°C. 

a n t i c i p a t e d  u n t i l  decomposition temperatures  are reached The ab rup t  

change i n  t h e  s l o p e  o f  t h e  curve shown a t  -33.3"C is connected to  t h e  

Tg of t h e  system. 

No change i n  t h e s e  p r o p e r t i e s  would be 

DSC r e s u l t s  shown i n  F igure  7 i n d i c a t e  no r e a c t i o n s  i n  t h e  range 

of 0-100°C, wi th  two minor indothermic r e a c t i o n s  occur r ing  between -45OC 

and O°C, wi th  t h e  first r e a c t i o n  occur r ing  a t  t h e  Tg of  neoprene. 

DMA r e s u l t s  shown i n  F igure  8 i n d i c a t e  s t a b l e  cond i t ions  i n  t h e  

a n t i c i p a t e d  use temperature  range of 7°C up t o  28°C. No f u r t h e r  

change would be a n t i c i p a t e d  u n t i l  decomposition temperatures  are reached. 

The l a r g e  decrease  i n  E and i n c r e a s e  i n  damping capac i ty  a t  approximately 

-30°C is connected t o  t h e  Tg of t h e  system. 

Peel test r e s u l t s  shown i n  Table 2 i n d i c a t e  t h a t  bonding between 

l a y e r s  i n  t h e  composite i s  very  weak, a known problem wi th  Kevlar  

f i b e r s .  A good bond s t r e n g t h  would be i n  t h e  range of 15 l b l i n .  
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SEM a n a l y s i s  i n d i c a t e s  t h e  primary mode of  damage t o  t h e  f i b e r  

dur ing  f l e x u r e  is s p l i t t i n g  o f  f i b e r  i n t o  many o t h e r  f i b e r s  of  much 

smaller diameter ,  and breakage of t h e s e  sma l l e r  f i b e r s .  This  type 

of damage is shown i n  F igure  9 .  

Discussion of R e s u l t s  

The eva lua t ion  of t h e  f l e x i b l e  j o i n t  materials revea led  t h e  

fol lowing:  

a .  

b. 

C. 

d. 

The s t r e n g t h  o f  t h e  composite degrades r a p i d l y  a t  t empera tures  
above 200°F. 

The Kevlar f i b e r s  are very s u s c e p t i b l e  t o  f l e x u r a l  c y c l i c  
damage. 

Bonding rubber  t o  Kevlar ,  and Kevlar t o  Kevlar produces a 
very  weak bond which perc ludes  much load-sharing a b i l i t y  
of  t h e  system. 

Neoprene begins  t o  decompose a t  7SoC with  r a p i d  decomposition 
above 285OC i n  vacuum. This would permit  t h e  f l u i d  t o  escape  
from t h e  seal, causes  loss of  swive l  a b i l i t y  and thereby  l o s s  
of  c o n t r o l .  

The most l i k e l y  mode of f a i l u r e  of t h e  Techro l l  s e a l  would be 

excess ive  temperature  wi th  f l e x u r e  damage being a c o n t r i b u t i n g  f a c t o r .  
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Figure 1. Per cent room temperature tensile strength retained 
versus test temperature. 
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Figure 2. Per cent unflexed tensile strength retained 
versus number of flexed cycles. 
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Figure 3. Thermogravimetric analysis of Techroll seal material in N2 atmosphere 
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Figure 4. Thmnogravimetrlc analysis of Techroll seal material in a ir  atmosphere. 
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Figure 5 .  Thermogravirnetric analysis of Techroll seal material i n  vacuum. 
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Figure 6. Thermomechanical analysis of Techroll seal material. 
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Figure 7. Differential scanning calorimeter analysis of tleoprene. 
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Figuce 8. Dynamic mechanical analysis of Techroll seal material 
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Temperature of Neoprene Decomposition Total 
Atmosphere first weight loss Temperature weight loss 

("0 ("C) (93 

Vacuum 75 285 57 I 
1 

Air 150 314 95 

N2 200 328 52 

- 

Table 1. Comparison of Thermalgravimetric analysis of Techroll seal 
material in different environments. 
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ItD D E R =  P.?EL TEST 

FLAT SHtCT PEEL STRENGTH. LES. tmcn 
0.010" RUBBER TO KEVLAR 2 . 0  

0.010~~ KEVWR TO K E V U R  4.5 

0.035" RUBBER TO KPVLAR 4.0 

T m  ROLL 

0.013" RUBBER TO KEVLAR 3.0 
" 

0.013" KEVLAR TO KEVLAR 
5 

0 - 4.0 

0.040'' RUBBER TO REV- 4.0 

m m L Y  UIIlr BONO STR- BETWEEN KEVLAR AND NEOPRENE OBSERVED 

LARGE AREAS OF Dl?LAMINATDON PRCFUUT M TRS 

Table 2. Peel strength of Techroll seal composite. 
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ABSTRACT 

The effect of adiabatic e x p a n s i o n  on t h e  p r o p a g a t i o n  and  

growth of hel ica l  t w i s t i n g  on  t u p e r s o n i c  jet is i n v e s t i g a t e d .  

C o o l i n g  of t h e  jet material i n c r e a s e s  t h e  je t ' s  Mach number and  

i n c r e a s e s  t h e  jet 's d e n s i t y  r e l a t i v e  t o  t h a t  of t h e  e x t e r n a l  

medium. T h i s  has t h e  effect  of d e c r e a s i n g  t h e  maximum rate of 

growth and  i n c r e a s i n g  t h e  maximally u n s t a b l e  wave leng th  r e l a t i v e  

t o  t h e  jet's r a d i u s .  P r o p a g a t i o n  effects c a u s e  t h e  wave leng th  of 

helical  waves t o  change  a t  a rate d i f f e r e n t  from t h a t  of t h e  

maximally u n s t a b l e  wave leng th  w i t h  t h e  r e s u l t  t h a t  t h e  

characteristic wave leng th  of helical  t w i s t i n g  is n o t  e q u a l  t o  

t h i s  wavelength .  The most r a p i d l y  growing  helical  wave w i l l  have  

a wave leng th  as much as a factor of 2 d i f f e r e n t  from t h e  

i n s t a n t a n e o u s  maximal ly  u n s t a b l e  wavelength .  Decrease i n  t h e  

growth rate a l o n g  t h e  jet is shown t o  imply an  u p p e r  l i m i t  to  t h e  

number of e - f o l d i n g s  and ,  therefore, a n  uppe r  l i m i t  t o  t h e  wave 

a m p l i t u d e  even  i n  t h e  a b s e n c e  of a o n - l i n e a r  effects. T h i s  upper 

l i m i t  is dependen t  on t h e  je t ' s  Mach number a t  t h e  p o i n t  on t h e  

jet  where t h e  helical  wave is i n i t i a l l y  produced.  

XVI-I 



I .  Introduction 

Extragalactic radio jets are unstable to helical twisting 

that is driven by centrifugal forces associated with lateral 

displacement of the jet fluid. The rate of amplitude growth of 

helical twisting along cylindrical jets and the characteristic 

wavelength of helical twisting can be important diagnostic tools 

in an investigation of the properties of extragalactic radio jets 

and the associated radio sources. The potentially distruptive 

properties of growing helicity to jet flow has led to a thorough 

investigation of the growth rate of this instability in the limit 

of small wave amplitude, on cylindrical jets of constant radius 

(Hardee 1979; Ferrari, Trussoni, and Zaninetti 1981; Ray 1981 ). 

This research has shown that the growth rate is peaked at some 

maximally unstable wave number which is primarily a function of 

the jet Mach number and density ratio between the jet and the 

external medium as well as the jet radius, and secondarily a 

function of the magnetic field. The effect of jet expansion and 

velocity shear on helical instability has also been investi- 

gated. For a constantly expanding fluid jet that remains iso- 

thermal in an isothermal external medium, it has been shown that 

results obtained for the cylindrical jet of constant radius scale 

with the jet radius, i.e., the growth rate is inversely propor- 

tional to the jet radius and the maximally unstable wavelength is 

proportional to the jet radius (Hardee 1982). Studies of magne- 

tized shear layers in two-dimensional slab geometry have led 

Perrari, llassaglia, and Trussoni (1982) to conclude that helical 

twisting is not strongly influenced by the presence of a shear 
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layer ;  a n d  t h i s  c o n c l u s i o n  is s t r e n g t h e n e d  by t h e  f a c t  t h a t  i n  

t h r e e - d i m e n s i o n a l  c y l i n d r i c a l  g e o m e t r y ,  t h e  h e l i c a l  w a v e l e n g t h  i n  

t h e  d i r e c t i o n  of wave p r o p a g a t i o n  a r o u n d  t h e  jet is on t h e  order 

of t h e  jet c i r c u m f e r e n c e  which  is much greater t h a n  t h e  t h i c k n e s s  

of a shear l a y e r  (Hardee 1983). 

I t  m i g h t  appear t h a t  he l ica l  t w i s t i n g  i n  t h e  regime of small 

wave a m p l i t u d e  is a d e q u a t e l y  described by a charac te r i s t ic  wave- 

l e n g t h  e q u a l  to t h e  m a x i m a l l y  u n s t a b l e  w a v e l e n g t h  w i t h  a m p l i t u d e  

g r o w t h  g i v e n  by t h e  i n s t a n t a n e o u s  maximum g r o w t h  rate combined  

w i t h  t h e  phase v e l o c i t y  of t h e  h e l i c a l  wave. I f  t h i s  were t h e  

case, s u b s e q u e n t  research would i n v o l v e  e x t e n s i o n  of t h e  non- 

l i n e a r  c a l c u l a t i o n s  p e r f o r m e d  by B e n f o r d  (J.981). However ,  nost  

of t h e  research performed h a s  n o t  m i s i d e r e d  t h e  effect of 

c h a n g i n g  c o n d i t i o n s  i n  t h e  je t  a n d  i n  t h e  e x t e r n a l  medium. 

C h a n g i n g  c o n d i t i o n s  i m p l y  Mach number a n d  d e n s i t y  g r a d i e n t s  w h i c h  

c a n  a f f e c t  t h e  w a v e l e n g t h  and  growth 0: h e l i c a l  t w i s t i n g .  I n  a 

p r e v i o u s  paper (Hardee 1983), t h e  effect  of c h a n g i n g  jet con-  

d i t i o n s  on t h e  g r o w t h  ra te ,  phase v e l o c i t y ,  a n d  m a x i m a l l y  un- 

s tab le  wave number for a r e p r e s e n t a t i v e  s a m p l e  of u n s t a b l e  wave 

modes was s t u d i e d .  T h e  r e s u l t s  showed t h a t  c h a n g i n g  c o n d i t i o n s  

a f f e c t  t h e  wave phase v e l o c i t y ,  a n d  t h u s  t h e  w a v e l e n g t h  o f  p r o y a -  

g a t i n g  w a v e s ,  d i f f e r e n t l y  from t h e  e f f e c t  on t h e  m a x i m a l l y  un- 

s t a b l e  w a v e l e n g t h .  As a r e s u l t ,  t h e  c h a r a c t e r i s t i c  w a v e l s n g t h  of 

h c a l i c a l  t w i s t i n g  w i l l  n o t  be e q u a l  to t h e  i n s t a n t a n e o u s  m a x i m a l l y  

u n s t a b l e  w a v e l e n g t h ,  and  wave g r o w t h  w i l l  be c o n s i d e r a b l y  n o d i -  

f i c d  f r o n  p r e v i o u s l y  considered s i t u a t i o n s .  
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In this paper we will study the effects of changing jet 

conditions on wave propagation and growth of the helical wave 

mode on a jet expanding adiabatically in an isothermal medium. 

In § 11,  we rederive the dispersion relation describing wave 

propagation and growth for small wave amplitude along a jet of 

cylindrical cross section for the general case of wave frequency 

and wave number varying in arbitrary manner. Spherical coordi- 

nates are used to describe constant jet expansion and gradients 

in the jet and external medium are included. In S 111, we 

present the results of the numerical analysis which are computa- 

tions of the wave phase velocity and growth rates as a function 

of position along the expanding jet. We use these results to 

find the most rapidly growing helical wavelengths on the jet. 

Finally, in S IV, we discuss the implications for models of 

twisted j e t s .  
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11. Dispersion Relation 

We investigate the stability of a constantly expanding jet 

in which densitites and temperatures in the jet and the external 

medium are varying in different fashion. The variation is 

constrained by the requirement that the jet be constantly 

expanding and in static pressure balance with the external 

medium. We begin with the linearized equations of continuity and 

momentum in spherical coordinates (r, 8, 4 )  for fluids in which 

po>>Po/c2 where po is the density and P, is t h e  pressure, and in 

which the sound speed, a, is much less than the speed of light, 

C: 

a - (sin 0 vi) i a  2 1 

r 
- 

(1) + P O  r -- (r v'r 1 + r sine a e  
a p t  a p t  

2 ar at + v"r ar 
0 av I 

r sine a 4  
+ 1 - 4 ] + v ; F =  

and 

1 I 

I I 
I 

a %  - ) = - - -  ave 1 ap  
(at + "or ar r a e  

1 1 
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P, + p , P = Po + P', and v = 
1 

In these linearized equations P = 

vo + v', and p0 = Pin(r) and Po = Pin (r) are solutions of the 

time-independent equations inside the jet of velocity vo = vor 

(r) and Po = Pex(r), v = 0 in the external 'ex given p0 = 

medium. Equations 1 and 2 all contain the differential 

(a/at) + vOr (a/ar) and this allows us to transform away the 

velocity in the jet fluid vor and then introduce it as a 

condition at the boundary. 

We assume that a perturbation to the time-independent 

quantities can be expressed in terms of fourier components. In 

particular, we assume that 

where p 1  is the amplitude of the density perturbation and the 

function g(e)  specifies the angular dependence inside and 

external to the Jet whose surface is at 8 = 0. From equntion 

(3) €or P and equations (2a), (2b), and (2c) with vor = 0, it 

can be shown that velocity perturbation v' must be of the 

I 

following form: 

anti 
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When c o n d i t i o n s  i n t e r n a l  a n d  e x t e r n a l  t o  a c y l i n d r i c a l  j e t  a r e  

c o n s t a n t ,  K = k r  + n 4 - u t  a n d  we i d e n t i f y  t h e  d e r i v a t i v e s  of 

K ( r ,  $, t )  i n  e q u a t i o n s  ( 5a ) ,  ( 5 b ) ,  a n d  (5c)  as  

( a K / a t )  = - w ,  ( a ~ / a + )  = n ,  a n d  ( a w / a r )  = k where  w ,  n a n d  k are 

c o n s t a n t s .  A p e r t u r b a t i o n  is d c s c r i b e d  by  f o u r i e r  c o m p o n e . i t s  of 

form A = A 1  e x p ( i ( k r  + r +  - u t ) ) .  

w a v e s  w h i c h  propagate a r o u n d  t h e  c y l i n d r i c a l  je t  w i t h  a n g l e  of 

p r o p a g a t i o n  d e t e r m i n e d  by k, t h e  wavenumber  para l le l  t o  t h e  j e t  

a x i s  a n d  n t h e  wavenumber  a r o u n d  t h e  jet  c i r c u m f e r e n c e .  S i n c e  

waves m u s t  be per iodic  a r o u n d  t h e  j e t  c i r c u m f e r e n c e ,  n is a n  

i n t e g e r .  T h i s  r e m a i n s  t r u e  when c o n d i t i o n s  i n t e r n a l  a n d  e x t e r n a l  

t o  t h e  jet c h a n g e  a n d  when t h e  j e t  r a d i u s  changes. I n  t h e  most 

g e n e r a l  case, w a n d  k n e e d  n o t  r e m a i n  c o n s t a n t  b u t  c a n  be f u n c -  

t i ons  of r a n d  w e  write ( a t c / a t )  = - w ( r ) ,  ( a K / a r )  = k(r) 

b u t  ( a K / a + )  = n. For a n  isothermal c o n s t a n t l y  e x p a n d i n g  j e t  

and isothermal  e x t e r n a l  medium,  i t  h a s  b e e n  s h o w n  t h a t  

w(r) = wo(ro/r) a n d  k ( r )  = k o ( r o / r ) .  

i n s t a n t a n e o u s  je t  r a d i u s ,  t h e  f r e q u e n c y  a n d  wavenumber  of a 

fo i i r ie r  c o m p o n e n t  c h a n g e  i i n i v c ? r s c l y  p r o p o r t i o n a l  to the j e t  

r a d i u s  (fhrdec 1982). 

T h e  f o u r i e r  c o m p o n e n t s  are 

S i n c e  R r s i n  0 is t h e  

ISyi ia t ions  (2n. 11, c )  a l o n g  w i t h  e q i i a t i o n s  (h, b ,  c )  a n d  

(5a,  b ,  c )  c a n  bc used i n  e q u a t i o n  ( 1 )  t o  write a d i f f e r e n t i a l  
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equation for g(0) (equation , 'q, Hardee 1982). In the limit of 

small angular displacement from the polar axis where 

J, 

form (equation A10, Hardee 1982) 

2 -  = sin2 f3 < <  1 this differential equation can be written in the 

where 
2 

w (r)r 2 
ar B 2 (r) = * - k2(r)r2 + i {2k(r)r + 

a2(r) a 2 W  (7) 

and we have assumed adiabatic perturbations to the jet for which 

(aP'/ap') = a (r). Equation ( 6 )  becomes Bessel's equation when 

B(r) = 8 independent of r. When both jet and external medium are 

isothermal, the scund speed is independent of r. In this case, 

it is clear thiit B(r) = 8 independent of r i f  w(r)r 3 w and 

k(r)r S k are independent of r and it has been shown that this is 

a self-consistent solution of the resulting dispersion relation 

(Hardee 1982). A choice of w(r) and k(r) that will make B(r) 

independent of r in the general case is not readily apparent. 

However, we can restrict our attention to a fixed value of r at 

which point equation ( 6 )  becomes Bessel ' s  equation 

2 

2 z 6 ( r ) - n .  2 2 where Brn 
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The solution of equation ( 8 )  gives g ( $ )  cl J ( 8  rn $1 + 

Y (8 '2 n rn 
respectively. The subsequent derivation of the dispersion 

relation is given in Appendix A of Hardee (1982) and can be 

summarized as follows: The result for g($) is used to find the 

dependence of vBl(r, 0 )  on the angle 8.  

( 3 )  for p '  can be combined with equation (4b) to write an 

equntion for t h e  velocity perturbation i n  the 8 direction. If 

the displacement of the jet boundary is written in terms of 

velocity perturbation inside and outside the <et and the two 

expressions are equated, an eigenvalue equation f3r adiabatic 

perturbations to the surface of discontinuity is the result: 

$I) where Jn and Nn are the Bessel and Neuman functions, 

This result and equation 

where Y : s i n  0 .  

I f  we specify wex(r) = w and ke,(r) = k then win(r) = y(w-ku) 

and kin(r) = Y[k-(w/c ) ]  with result that 2 

and 
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* 
where  v s ( w / k ) .  The isothermal case is t h e  case for w n i c h  Ph * 
aa/ar = 0 a n d  av  ph/ar = 0. For t h e  m o r e  g e n e r a l  case we e x p e c t  

t h e  s o u n d  speeds  a n d  C 9 m p l e X  phase v e l o c i t y  to be s l o w l y  v a r y i n g  

f u n c t i o n s  of r. When flex 3 krCrn  a n d  I) rn 

( 9 )  t akes  o n  t h e  form (A23 Hardce 1982) 

i n  = - krSrn  e q u a t i o n  
r n  

wh ich  is  i d e n t i c a l  t o  t h a t  for jets of c y l i n d r i c a l  cro.,s sect ion 

b u t  w i t h  0 ,  M i n  a n d  0 now f u n c t i o w  of r a n d  S,, a n d  C,, c o n t r i n  

G i v e n  a p a r t i c u l e l  model for  t h e  j e t  d e r i v a t i v e s  of a a n d  v *  

a n d  t h e  e x t e r n a l  medium w h i c h  specif ies  P ,  pin a n d  peX as 

f u n c t i o n s  of r w e  c a n  use e q u a t i o n s  (13) along w i t h  a n  estimate 

Of 'ph 

g r o w t h  of t h e  e i g e n m o d e s  of e q u a t i o n  (11). 

Ph  

* to  p r o v i d e  a f i r s t  order es t imate  for ptopagatioii a n d  
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111. The Adiabatic Jet  

S u p p o s e  w e  c o n s i d e r  t h e  case of a d i a b a t i c a l l y  e x p a n d i n g  jet 

i n  a n  i s o t h e r m a l  e x t e r n a l  medium. T h i s  is t h e  case i f  t h e r e  is 

l i t t l e  e n e r g y  d i s s i p a t i o n  a n d  i t  f o l l o w s  t h a t  t h e  je t  v e l o c i t y  

r e m a i n s  c o n s t a n t .  I n  t h i s  example w e  w i l l  a lso c o n s i d e r  t t e  jet 

to be c o n s t a n t l y  e x p a n d i n g  w i t h  r a d i u s  R = rY. We a s s u m e  t h a t  the 

jet  is i n  s t a t i c  p r e s s u r e  b a l a n c e  w i t h  t h e  e x t e r n a l  medium a n d  

t h n t  the pressiircs c a n  be w r i t t e n  as Pex = Po a n d  'ex 
P e x  e x  

= Po P 'in, T h e  r e s t r i c t i o n  of s t a t i c  p r e s s u r e  b a l a n c e  re- i n  i n  
U 

( Y i n  - 1)/2 'in 
q u i r e s  t h a t  M. = u / a i n  a n d  t h a t  rl = p in /pex  ' in  i n  

- ( Y i n / Y e x ' l  1 
P .  . For t h e  ac.iabatic jet a n d  i s o t h e r m a l  e x t e r n a l  

medium yin = r in  a n d  yeX = 1. Jet d e n s i t y  decreases w i t h  

P 
i n  

'in 
i n d e x  rin = 3/2. S t a t i c  p r e s s u r e  balance r e q u i r e s  t h a t  c o n d i t i o n s  

i n  t h e  j e t  a i e x t e r n a i  medium v a r y  as i n d i c a t e d  i n  T a b l e  1 w i t h  

i n  

(rV)-2 a n d  t h e  i n t e r n a l  p r e s s u r e  decreases w i t h  

( r l )  in. F o r  c o n v e n i e n c e  w e  w i l l  c h o o s e  t h e  a d i a b e t i c  
-2r 

x = 3. D f  i~;irticli2:tr i n t e r e s t  t o  u s  is t h e  fact that t h i s  '?t of 

a s s u m p t i o n s  mans t.li:tt t h e  je t  Mach number  M i n  = Ioin(rY)lh and 

t h a t ,  t h e  d e n - i t y  r a t i o  rl = Q o ( i - Y )  a n d  b o t h  are i n c r e a s i n g  a l o n g  

t h e  Jet. 

r e m a i n s  c o n s t a n t .  

Since t h e  e x t e r n a l  medium is isothermal Me, = u/a,, 

Some c h a n g e s  i n  t h e  g r o w t h  r a t e  a n d  m a x i m a l l y  u n s t a b l e  

wavcniimber r e s u l t i n g  f r o m  i n c l u s i o n  of t h e  g r a d i e n t s  i n  s o u n d  

s p e e d  a n d  wave phase v e l o c i t y  i n  t h e  wave  d i s p s r s i o n  e q J a t i o n  

(11) m i g h t  be e x p e c t e d .  A D S -  t i c a l l y  we c a n  c o m p u t e  t h e  

sizes o f  t h e  d i f f e r e n t  tetrns in 
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i n  
e q u a t i o n s  (10). The  je t  s o u n d  s p e e d  ain = a 0 (rY) 49 a n d  t h e  

g r a d i e n t s  o f  t h e  complex phase v e l o c i t y ,  V*ph, c a n  be computed  i n  

some l i m i t i n g  cases. The  complex p h a s e  v e l o c i t y  can be w r i t t e n  

as  v *  k / k P  - 1 or k is 

much less t h a n  or much greater t h a n  kp ,  w h e r e  k p i s  t h e  fastest  

= a(n)Lc + i B ( q j ’ 1  p r o v i d e d  t h e  r a t io  
I’h 

g r o w i n g  wavenumber. I f  w e  special ize  to  t h e  hel ical  wave mode 

a ( q )  a n d  B ( n )  are g i v e n  by 

For t h e  h e l i c a l  wave mode t h e  m a x i m a l l y  g r o w i n g  wave-number klP 

c o r , * e s p o n d s  to a wave w i t h  w a v e l e n g t h  

w h e r e  

X p l  - [ f (o)h l in  - 2.51 R 

f ( n )  - 4 .2 / (1 .0  + n ) 0 . 5  

(Hardec 1983). We f i n d  t h a t  t h e  c o n t r i b u t i o n  f r o m  t h e s e  

a d d i t i o n a l  terms is on t h e  same order as ternis i n v o l v i n g  j e t  

c x p a n s i o n .  Terms i n v o l v i n g  jet expansion were found to  a f f e c t  

growth r a t e  and m a h i m a l l y  u n s t a b l e  wavenumber on  t h e  10% l e v e l .  
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I n  order t o  f u l l y  c o n s i d e r  a l l  p o s s i b i l i t i e s ,  let u s  a s s u m e  

t h a t  a jet m i g h t  i n i t i a l l y  be much less d e n s e  t h a n  t h e  

s u r r o u n d i n g  medium and be o n l y  w e a k l y  s u p e r s o n i c .  Parameters for 

s e v e n  pos i t i ons  a l o n g  s u c h  a jet are g i v e n  i n  T a b l e  2. D i s t a n c e  

a l o n g  t h e  jet is normalized t o  t h e  p o i n t  a t  which  t h e  jet d e n s i t y  

is  e q u a l  t o  t h e  e x t e r n a l  d e n s i t y .  For our p a r t i c u l a r  choice of 

parameters, s t a t i c  p r e s s u r e  b a l a n c e  r e q u i r e s  t h a t  t h e  jet Mach 

number i n  t h e  e x t e r n a l  medium be M,, = 14. 

t h i s  set of parameters t o  i l l u s t r a t e  t h e  effects of c h a n g i n g  

W h i l e  w e  h a v e  c h o s e n  

rl a n d  M i n  a real je t  m i g h t  be p r o p a g a t i n g  a i t h  v e l o c i t y  

u - 9 x 10 8 cm s-l t h r o u g h  a n  e x t e r n a l  medium w i t h  t e m p e r a t u r e  
7 7 Tex - 1.5 x 10 K a n d  s o u n d  speed a - 6.5 x 10 cm s". F i g u r e  e x  

1 shows t h e  g r o w t h  rate tuI ( R / u )  as a f u n c t i o n  of t h e  wavenumber 

k = 2rR/X of t h e  hel ical  wave mode. F o r  these c a l c u l a t i o n s ,  w e  

h a v e  set I = 0.04. The r e s u l t s  d i s p l a y e d  i n  F i g u r e  1 c a n  be 

compared w i t h  r e s u l t s  o b t a i n e d  for a n  isothermal je t  a n d  e x t e r n a l  

medium (Hardee 1982). We f i n d  t h a t  t h e  wave phase v e l o c i t y ,  t h e  

g r o w t h  rate,  a n d  t h e  m a x i m a l l y  u n s t a b l e  w a v e n m h e r  are o n l y  

m i n i m a l l y  a f f ec t ed  by t h e  i n c l u s i o n  of t h e  g r a d i e n t  terms. T h u s ,  

exprcssions for wave phase v e l o c i t i e s  and the m a x i i a l l y  u n s t a b l e  

wavenumber w i l l  be r e l a t i v e l y  i n d e p e n d e n t  of t h e  rate of je t  

e x p a n s i o n  or t h e  rate of c h a n g e  of s o u n d  s p e e d s  and  d e n s i t i e s .  

W e  art' p a r t i c i i l a r l y  i n t e r e s t e d  i n  f o l l o w i n g  t h e  g r o w t h  ra te  

a n d  w a v e l e n g t h  e v o l u t i o n  of he l ica l  waves as t h e y  are c o n v e c t e d  

o u t w a r d s  on a je t .  F o r  a n  isothermal j e t ,  i t  was shown t h a t  t h e  

w a v e l e n g t  was p r o p o r t i o n a l  t o  t h e  jet  r a d i u s .  T h i s  p a r t i c u l a r  

s o l u t i o n  o c c u r r e d  b e c a u s e  i h e  d e n s i t y  r a t i o  and  Mach number 
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Ph ' remained, constant with result that the wave phase velocity, v 

and the ratio A l / A I P  remained constant. This is no longer the 

case for an adiabatic jet. 

function of the density and wavelength relative to A l p  (see eq. 

12) and Alp is a function of dcnsity ratio and Mach number. 

Following the develapment of a wave with initial wavelength X1 

is accomplished by first ascertaining the evolution of the 

wavelength as the wave propagates outward and then computing the 

growth rate corresponding to the appropriate wavelength and 

position on the jet. For propagating waves the real part of the 

wave frequency shoiild remain an invirient along the jet. For an 

expanding jet, the quantity w R ( R / a )  is an invarient n.nd the 

frequency wR is inversely proportional to the instantaneous jet 

raditis (Hardec 1982). This means that the wavelength of waves 

propagating on the jet surface will scale with the wave ahase 

velocity as well ne the jet radius and 

On the adiabatic jet, vph is a 

and A o  are the density 0 
= [a(0)/a(so)l ( R / R o )  A where so, Ro, 

ratio, jet radius, and wavelength at any arbitrary position along 

the j e t .  In the long and short wavelendth limits a (n) is given 

by equation (12) and helical waves in these wavelengt: urnits 

will evolve with wavelength given by 

1 
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I n  general, hel ical  waves  w i t h  i n i t i a l  w a v e l e n g t h  w i t h i n  a n  order 

of m a g n i t u d e  of X must  be f o l l o w e d  n u m e r i c a l l y .  F i g u r e  2 

shows t h e  phase v e l o c i t y  of h e l i c a l  waves  as a f u n c t i o n  o f  

wavenumber for the s e v e n  p o s i t i o n s  a l o n g  t h e  j e t .  T h e  d a s h e d  

l i n e  s h o w s  h o w  kP1 c h a n g e s  a l o n g  t h e  jet.  Note that v e r t i c a l  

l i n e s  correspond to  c h a n g e s  i n  w a v e l e n g t h  p r o p o r t i o n a l  t o  t h e  j e t  

r a d i u s .  The  dashed a n d  d o t t e d  l i n e s  show t h e  e v o l u t i o n  o f  t h e  

wavenumber for  f o u r  separate cases of i n i t i a l  wavenumber:  

P 

kP1. 

For cases ( a )  a n d  (d )  i n  which  t h e  i n i t i a l  wavenumber is a b o u t  

o n e  order of m a g n i t u d e  away from klp t h e  c h a n g e  i n  helical  

w a v e l e n g t h  is g i v e n  r e a s o n a b l y  w e l l  by e q u a t i o n  (13). We also  

f i n d  t h a t  t h e  c h a n g e  i n  hel ical  w a v e l e n g t h  for case ( c )  i n  w h i c h  

t h e  i n i t i a l  W a v e l e n g t h  is k l p  is g i v e n  r e a s o n a b l y  w e l l  by u s i n g  

t h e  v a l u e  of o,(rl) when kl - k (eq. 12). 

a n a l y t i c  a p p r o a c h  when k l  $ k 

s u f f i c i e n t l y  a c c u r a t e .  We c o n c l u d e  t h a t  waves  w i t h  w a v e l e n g t h  a 

f e w  times l o n g e r  t h a n  k l p  i n i t i a l l y  must  be f o l l o w e d  n u m e r i c a l l y .  

However,  a similar P 

l i k e  case (b)  f a i l s  t o  be 

T h e  rate o f  g r o w t h  of any  h e l i c a l  wave is f o u n d  by 

c o m p u t i n g  the number of e - f o l d i n g s  t h a t  t h e  wave u n d e r g o e s  as i t  

propagates out itlong a jet. The wave : r rnyl i tude  grows as 

A = Aoe and No, t h e  number of c - f o l d i n g s ,  is g i v e n  Ily Ne 

-1 Ne = Irr le ( r )  d r  
0 

w h e r e  1 ( r )  = v ( r ) / w I ( r )  is t h e  i n s t a n t a n e o u s  e - fo ld ing  

l e n g t h .  W i t h  v ( r )  = a l ( r l ) u  and  w I ( r )  = B l ( r ) k l ( r ) u  
Ph 

Ph 
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-2 
= al(ro) kloY-' Irr B,(r) al (r) r-ldr, 

0 
Ne 

where 

kolY-' = kl(ro)ro. 

For helical waves with initial wavelength Al>>Apl we can 

use the long wavelength forms for a1 and Bl(eq. 12) with result 

that 

P when kD1<< k l  . 

While equation (17)  can be integrated exactly the assumption that 

rl < <  rl reveals an interesting upper limit to Ne which is 
0 

N e < 2/3n0 'I%' ((1 + 3r10)/(1 + r l O ) ]  kolP-' ( 1 8 )  

For initial wavelengths within an order P valid when k o l < <  k 

of magnitude of the maximally unstable wavelength, the num't??r of 

c-foldings can be obtained numerically. In table 3 we show the 

numbt:r of e-foldings between the seven positions on the jet f o r  

four initial wavenumbers (cases (a), ( b ) ,  (c), and (d) i n  figurcr 

2). The total number of e-foldings for a parzicular evolving 
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he l i ca l  wave is f o u n d  by summing t h e  appropriate column.  F o r  

e x a m p l e ,  t h e  he l i ca l  wave w i t h  i n i t i a l  w a v e l e n g t h  XI 2 X1 

b)  would e-fold 18 times b e t w e e n  p o s i t i o n s  1 a n d  2,  14 times 

between p o s i t i o n s  2 a n d  3, etc.  We l e a r n  t h r e e  t h i n g s  from t h i s  

c o m p u t a t i o n .  F i r s t  it is clear t h a t  t h e  fas tes t  g r o w i n g  h e l i c a l  

w a v e l e n g t h s  w i l l  b e  l o n g e r  t h a n  S e c o n d ,  t h e  large number 

of e - f o l d i n g s  t h a t  o c c u r  when the Mach number is l o w  , b e t w e e n  

p o s i t i o n s  1 a n d  3, i m p l y  t h a t  " l i g h t "  jets must  h a v e  i n i t i a l  Mach 

P (case 

P 
X1 . 

numbers  greater t h a n  a b o u t  f i v e  t o  be r e a s o n a b l y  s tab le  t o  

h e l i c a l  waves.  T h i r d ,  t h e r e  is a n  u p p e r  l i m i t  t o  t h e  number of 

e - f o l d i n g s  for  a n y  i n i t i a l  he l ica l  w a v e l e n g t h  a n d  t h e  maximum 

number of e - f o l d i n g s  is a f u n c t i o n  of t h e  i n i t i a l  c o n d i t i o n s .  

Now let 11s c o n s i d e r  t h e  case o f  a "heavy"  j e t  w i t h  i n i t i a l  

d e n s i t y  e q u a l  t o t h e d e n s i t y  i n  t h e  s u r r o u n d i n g  medium. F o r  

p u r p o s e s  of c o m p a r i s o n  w i t h  t h e  p r e v i o u s  case of a " l i g h t "  j e t ,  

w e  a s s u m e  t h a t  t h e  je t  is  w e a k l y  s u p e r s o n i c  i n i t i a l l y .  Parame- 

ters  for t h i s  je t  a t  s i x  p o s i t i o n s  a l o n g  t h e  jet  are g i v e n  i n  

T a b l e  4. Our  choice of i n i t i a l  d e n s i t y  r a t io  a n d  Mach number a n d  

a s s u m p t i o n  of s t a t i c  p r e s s u r e  b a l a n c e  i m p l y  t h a t  t h e  Mach number 

i n  t h e  e x t e r n a l  medium be Me, = 2.4.  

'ex 
cm B . F i g u r e  3 s h o w s  t h e  g r o w t h  rate w ( R / u )  as  a f u n c t i o n  o f  

t h e  wavenumber k = 2nH/X of t h e  he l i ca l  wave mode for  t h e  s i x  

7 - 1.5 x 10 K and I f  Tex 
- 6 . 5  x 10 7 c m  s-' t h e  j e t  v e l o c i t y  would be u 1.6 x 10 8 

-I 
I 

p o s i t i o n s  a l o n g  t h e  jet .  Note t h a t  t h e  m a x i m a l l y  u n s t a b l e  

wavenumber is i n c r e a s e d  compared to t h e  " l i g h t "  j e t  a n d  t h a t  

t h e  growth rate is more s h a r p l y  p e a k e d  w i t h  r e d u c e d  p l a t e a u  a t  

h i g h e r  wavenumbers .  T h e s e  c h a n g e s  are t h e  r e s u l t  of t h e  
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i n c r e a s e d  d e n s i t y  o f  t h e  "heavy"  jet. T h e  W a v e l e n g t h  o f  h e l i c a l  

waves  w i t h  i n i t i a l  w a v e l e n g t h  more t h a n  a n  o r d e r  o f  m a g n i t u d e  

d i f f e r e n t  f r o m  A e v o l v e  a c c o r d i n g  to equation (14) and an 

u p p e r  l i m i t  t o  t h e  number of e - f o l d i n g s  o f  h e l i c a l  waves  w i t h  

i n i t i a l  w a v e l e n g t h  more t h a n  a n  order of m a g n i t u d e  d i f f e r e n t  fromX 
P 

is g i v e n  by e q u a t i o n  (18). For waves  a i t h  i n i t i a l  w a v e l e n g t h  

w i t h i n  an order of m a g n i t u d e  o f  t h e  m a x i m a l l y  u s t a b l e  w a v e l e n g t h  

w e  o b t a i n  t h e  number of e - f o l d i n g s  n u m e r i c a l l y .  F i g u r e  4 shows 

t h e  wave phase v e l o c i t y  as a f u n c t i o n  of wavenumber for t h e  s i x  

p o s i t i o n s  a l o n g  t h e  "heavy"  jet a n d  shows t h e  e v o l u t i o n  of t h e  

wavenumber f o r  f o u r  s e y a r a t ?  cases o f  i n i t i a l  wavenurnbars:  

F o r  cases ( a )  a n d  ( d )  i n  which  t h e  i n i t i a l  wavenumber is a b o u t  

one order of m a g n i t u d e  away f r o m  kpl t h e  w a v e l e n g t h  e v o l u t i o n  is 

g i v e n  r e a s o n a b l y  w e l l  by u s i n g  a1<rl) when k l  - k l p  ( e q .  12).  

wave phase v e l o c i t y  c h a n g e s  mi lch  less a l o n g  t h e  "heavy"  jet 

compared t o  t h e  " l i g h t "  j e t ,  b u t  t h e  r e s u l t i n g  c h a n g e  i n  

w a v e l e n g t h  is s t i l l  i m p o r t a n t .  

T h e  

For helical  waves w i t h  u a v e l e n g t h  more t h a n  a n  order of 
P m a g n i t u d e  g r e a t e r  t h a n  X t h e  u p p e r  l i m i t  t o  t h e  number of e- 

f o l d i n g s  is g i v e n  by e q u a t i o n  (18) as before. The  number o f  e- 

f o l d i n g s  f o r  h e l i c a l  waves w i t h  shorter wavelength is g i v e n  f o r  

t h e  cases ( a ) ,  ( b ) ,  ( c ) ,  a n d  ( d )  i n  Table 5. I f  t h e  i n i t i a l  Mach 

number is l o w ,  t h e  f a s t e s t  g r o w i n g  waves are t h o s e  w i t h  

wavenumber k l  k l  . T h i s  r e s u l t  i s  d i f f e r e n t  f r o m  what  w e  f o u n d  

o n  t h e  " l i g h 2 * *  j e t  on which  t h e  f a s t e s t  g r o w i n g  h e l i c a l  waves arc  

thk,se w i t h  kl k l  . I f  t h e  i n i t i a l  Mach number is g r e a t e r  

P 

P 
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t h a n  a b o u t  5, w a v e g r o w t h  is a b o u t  e q u a l l y  r ap id  f o r  a broad 

wavenumber  region a r o u n d  klP (see cases ( b )  and ( c )  for  Ne 

b e t w e e n  p o s i t i o n s  3 t o  6 ) .  We also f i n d  t h a t  t h e  i n t i a l  Mach 

number  n e e d s  to  be greater t h a n  a b o u t  5 for  t h e  je t  t o  be reasonu '2!y  

s t a b l e  to  h e l i c a l  waves .  T h i s  s u g g e s t s  t h a t  there is l i t t l e  

difference i n  s t a b r l i t y  properties of jcts e v e r  A broad r a n g e  of 

d e n s i t y  ra t io .  We c a n  see t h i s  by d i r e c t l y  c o m p a r i n g  t h e  f a s t e s t  

g r o w i n g  h e l i c a l  wave  o n  t h e  " l i g h t "  je t  w i t h  t h e  f a s t e s t  growing 

h e l i c a l  wave  o n  t h e  " h e a v y "  j e t .  T o  e l i m i n a t e  t h e  e f f e c t  o f  

d i f f e r e n t  Mach n u m b e r s ,  b e g i n  a t  p o s i t i o n  3 f o r  case (b) o n  

t h e  " l i g h t "  j e t  ( T a b l e  3) a n d  p o s i t i o n  2 for  case ( c )  o n  t h e  

" h e a v y "  jet  ( T a b l e  5).  C o m p a r i s o n  s h o w s  a p p r o x i m a t e l y  t h e  same 

number  of e - f o l d i n g s  b e t w e e n  s u c c e s s i v e  p o s i t i o n s  i n d e p e n d e n t  of 

t h e  d e n s i t y  ra t io .  T h e  p r i n c i p a l  d i f fe rence  between " l i g h t "  arid 

" h e a v y "  jets is t h e  d i f f e r e n c e  i n  t h e  r a n g e  of w a v e l e n g t h s  which  

grow t h e  most r a p i d l y .  
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IV. D i s c u s s i o n  

I t  is u s c f L 1  to compare o u r  p r e s e n t  r e s u l t s  w i t h  earl ier 

r e s u l t s  o b t a i n e d  for a n  isothermal e x p a n d i n g  je t .  F o r  t h e  

isothermal je t  a n d  t h e  t e m p e r a t u r e  i n  t h e  jet  is 

c o n s t a n t .  T h e  a s s u m p t i o n  of c o n s t a n t  e x p a n s i o n  a n d  s t a t i c  

p r e s s u r e  b a l a n c e  w i t h  a n  isothermal e x t e r n a l  medium means  t h a t  

pex= ( r P )  , x = 2 i n  T a b l e  1, a n d  r, = r e m a i n s  a c o n s t a n t .  

S i n c e  t h e  d e n s i t y  r a t i o  a n d  Mach n u m b e r s  are c o n s t a n t s ,  t h e  

v a r i a t i o n  i n  growth rate and m a x i m a l l y  u n s t a b l e  w a v e l e n g t h  is a 

f u n c t i o n  of jet  r a d i u s  o n l y ,  w h i l e  t h P  wave phase v e l o c i t y  

r e m a i n s  c o n s t a n t  i f  t h e  r a t i o  k l / k  r e m a i n s  c o n s t a n t .  T h e  sclf-  

c o n s i s t e n t  s o l u t i o n  is t h e  o n e  for  w h i c h  t h e  ra t io  k l / k l P  

t h e  wave  phase  v e l o c i t y  are c o n s t a n t .  T h e r e f o r e ,  a l l  w a v e s  sca le  

w i t h  jet r a d i u s  o n l y ,  a n d  t h e  fastest  g r o w i n g  h e l i c a l  wave  h a s  

W a v e l e n g t h  X 1 .  F o r  t h i s  case e q u a t i o n  ( 1 5 )  for Ne becomes 

yin = 1 

-2 

1 

a n d  

w h e r e  a l p  a n d  B l P  a r e  c o n s t a n t s  g i v e n  by e q u a t i o n  ( 1 7 )  a n d  

kl (ro) is t h e  m a x i m a l l y  g r o w i n g  w a v e l e n g t h  a t  t h e  i n i t i a l  
P p o s i t i o n  ro. For ri = 1 a n d  X 

P 

- 2 . 1 M r R  e q u a t i o n  ( 1 9 )  becomes 

Ne - 0.83(Mi,f)-1 l n ( r / r o ) .  (80) 

a n d  w e  h a v e  i g n o r e d  t h e  slow v a r i a t i o n  of Ne as ti f u n c t i o n  ofri. 

T h u s ,  on  t h e  isothermal j e t  h e l i c a l  t w i s t i n g  s h o u l d  h a v e  a 

c h a r a c t e r i s t i c  w a v e l e n g t i i  o f  X g i v e n  by e q u a t i o n  ( 1 3 )  a n d  the 
P 
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wave  a m p l i t u d e  w i l l  g row RS 

Ne w h e r e  A = Aoe 

t h e  i n i t i a l  a m p l i t u d e  and p o s i t i o n ,  r e s p e c t i v e l y .  Note t h a t  

M .  I < 1 f o r  s t a t i c  p r e s s u r e  c o n f i n e m e n t .  

, Ne is g i v e n  by e q u a t i o n  ( 2 0 )  a n d  A, a n d  ro are 

i n  

N o w  let  us c o n s i d e r  t h e  r e s p o n s e  of a n  a d i a b a t i c a l l y  

e x p a n d i n g  je t  t o  h e l i c a l  t w i s t i n g .  As a n  e x a m p l e ,  w e  a s s u m e  a 

jet  w i t h  d e n s i t y  r a t i o  rl = 0.1 a n d  i n i t i a l  Mach number  !#Iin = 

4.7. T h i s  c o r r e s p o n d s  t o  p o s i t i o n  3 a l o n g  t h e  " l i g h t "  jet (see 

T a b l e  2 ) .  We also p i c k  I = 0.06 w h i c h  g i v e s  t h e  je t  a n  o p e n i n g  

a n g l e  of a b o u t  7 O .  T a b l e  6 s h o w s  how the a d i a b a t i c  je t  e v o l v e s  

a n d  s h o w s  t h ?  number  of e - f o l d i n g s  t h e  fas tes ,  g r o w i n g  h e l i c a l  

wave  u n d e r g o e s  b e t w e e n  s u c c e s s i v e  p o s i t i o n s  a l o n g  t h e  je t .  T h e  

number  of e - f o l d i n g s  shown h e r e  is less t h a n  t h e  number  of e- 

f o l d i n g s  i n  T a b l e  3 f o r  t h e  f a s t e s t  g r o w i n g  Wave (case ( b )  

k1 5 kip) b e c a u s e  w e  h a v e  a s s u m e d  a more r a p i d l y  e x p a n d i n g  j e t  

w i t h  Y = 0.06 i n s t e a d  o f  Y = 0.04. For i l l u s t r a t i v e  p u r p o s e s ,  we 

h a v e  c h o s e n  r = 5 Kpc when rl = 1. T h e  w a v e l e n g t h  o f  t h e  h e l i c a l  

wave  a t  t h e  p o i n t  o f  maximum g r o w t h  a t  each p o s i t i o n ,  c a l c u l a t e d  

f r o m  e q u a t i o n  (13), is g i v e n  i n  t h e  f i n a l  c o l u m n  o f  t h e  T a b l e .  

Recall t h a t  t h e  h e l i c a l  wave  w h i c h  w i l l  a c t u a l l y  g row t h e  most 

r a p i d l y  w i l l  h a v e  a w a v e l e n g t h  l o n g e r  t h a n  A p l .  

c h a r a c t e r i s t i c  he l ica l  w a v e l e n g t h  on  t h e  a d i a b a t i c a l l y  e x p a n d i n g  

T h u s  t h e  

j e t  w i l l  be  g r e a t e r  t h a n  the i n s t ; t n t a n e o u s  v a l u e  of A p1  

e a r l i e r  r e s u l t s  i n d i c a t e  t ha t  t h e  chsr t tc te r t s t ic  w a v e l e n g t h  c o r i l d  

a n d  o u r  
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be n factor of 2 or so greater than the instantaneous value 

of X The maximum number of e-foldings that the fastest 

growing helical wave experiences in this example is Ne max - 8 .  

Thus along the adiabatic jet, the maximum possible amplification 

in amplitude of helical twisting is a factor of about3000. For 

identical initial conditions, i.e., 'din = 4.7 and Y = 0.06, 

amplitude of helicH1 twisting on an isothermal jet increases 

P 

the 

according to equation (21) as (r/rQ)'. An amplification factor 

of 3,000 is reached at a distance 10 times the initial distance 

or by 5 Kpc in our example. Note that i f  growth were 

exponential, the amplificatior factor would be elo - 22,000 at 5 

Kpc. In reality this implies that a "linear" description of wave 

growth more closely approximates reality on the adiabatically 

expanding jet on which wave amplitudes grow more slowly. 

Thcsc calculations snow that changing jet conditions such 

as occur along an adiabatically expanding jet have a large impact 

on the growth of perturbations to the jet surface. While we have 

only considered growth of the helical wave mode in detail, the 

related fluting wave modes will behave similarly. The difference 

in wave growth between dn adiabatically expanding jet and an 

isothermall ly expanding jet are solely the result of variations 

in the phase velocity of propagating waves, and the rapid 

increase in the maximally unstable hkbvclcngth with consequent 

rapid decrease in the maximum growth rate which occurs along ; in 

adiabfltically expanding jet. Our comparison between these two 

C ~ S C ? S  reveals two important fundamental consequences. Firstly, 

the characteristic wavelength associated with helical twisting 
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w i l l  o n l y  be w i t h i n  a factor  of  2 or so o f  the i n s t a n t a n e o u s  

maximal ly  u n s t a b l e  w a v e l e n g t h .  The c a l c u l a t i o n s  a l so  r e v e a l  t h a t  

a broad r a n g e  o f  w a v e l e n g t h s  c a n  grow a t  a b o u t  t h e  same rate. 

T h u s ,  t h e  charac te r i s t ic  w a v e l e n g t h  t h a t  a p p e a r s  on  a je t  may 

depend on c o n d i t i o n s  n e a r  t h e  je t  o r i g i n  a n d  detai ls  of  t h e  

i n i t i a l  wave e x c i t a t i o n .  S e c o n d l y ,  t h e  rate o f  wave g r o w t h  i s  

c o n s i d e r a b l y  r e d u c e d  by c o o l i n g  je t  e x p a n s i o n  a n d  wave g r o w t h  of 

a p a r t i c u l a r  wave can e f f e c t i v e l y  cease as t h e  wave p r o p a g a t e s  

out  a l o n g  R jet .  We h a v e  a l so  f o u n d  t h a t  t h e  maximum number a f  

e - f o l d i n g s  for  a p a r t i c u l a r  wave is s e n s i t i v e l y  d e p e n d e n t  o n  the 

i n i t i a l  c o n d i t i o n s  w h e r e  t h e  wave is p r o d u c e d .  

S u p p o s e  we c o n s i d e r  t h e  i m p l i c a t i o n  o f  these r e s u l t s  f o r  a n  

e x p a n d i n g  e x t r a g a l a c t i c  je t .  N e c e s s a r i l y  w e  mus t  restrict  

o u r s e l v e s  t o  q u a l i t a t i v e  a n a l y s i s  b e c a u s e  a q u a n t i t a t i v e  

c o m p a r i s o n  w i t h  real jets c a n  o n l y  be made when c a l c u l a t i o n s  are 

performed f o r  a s p e c i f i c  model nf  t h e  je t  a n d  t h e  e x t e r n a l  

medium. Note tha t  a more r ea l i s t i c  model w i l l  be o n e  i n  w h i c h  

t h e  j e t  cools more s l o w l y  t h a n  a d i a b . * t i c a l l y  a n d  t h e  t e m p e r a t u r e  

i n  the e x t e r n a l  medium i n c r e a s e s ,  i .e . ,  c o o l i n g  a c c r e t i o n  f l o w .  

N e v e r t h e l e s s ,  t h e  p r e s e n t  c a l c u l a t i o n s  w i l l  be similar t o  t h i s  

more r ea l i s t i c  case. A more s l o w l y  c o o l i n g  je t  combined  w i t h  

s l o w l y  warming e x t e r n a l  medium w i l l  r e s u l t  i n  a p p r o x i m a t e l y  t h e  

same incresc i n  t h e  jet d e n s i t y  r e l a t i v e  to t h e  d e n s i t y  i n  the 

e x t e r n a l  medium so  t h e  effect  w i l l  be aboiit t h e  same. T h e  

pr imary  d i f f e r e n c e  w i l l  be t h e  slower tncrease i n  j e t  Mach number 

b e c a u s e  o f  t h e  slower j e t  c o o l i n g .  T h i s  i m p l i e s  somewhat f a s t e r  

wave g r o w t h  and  sho r t e r  charac te r i s t ic  w a v e l e n g t h  b u t  
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q u a l i t a t i v e l y  t h e  r e s u l t s  w i l l  be s imilar  o n  s u c h  a je t .  We 

expect t h e  i n i t i a l  p o i n t  of wave  e x c i t a t i o n  to be n e a r  t h e  o r i g i n  

of t h e  jet .  B e c a u s e  t h e  t r u e  w a v e l e n g t h  of he l i ca l  w a v e s  is o n  

t h e  order of several times t h e  je t  r a d i u s ,  r a n d o m  p e r t u r b a t i o n s  

t o  t h e  j e t  s u r f a c e  c a n  p r o d u c e  o n l y  v e r y  small a m p l i t u d e  h e l i c a l  

w a v e s .  From t h e  p o i n t  of v i e w  o f  a f o u r i e r  a n a l y s i s  of t h e  

p e r t u r b a t i o n  nost o f  t h e  poaer is i n  shorter w a v e l e n g t h s  w h i c h  

w i l l  b e  associated w i t h  hig::er order f l u t i n g  wave  modes. Even  i f  

i n i t i a l  a m p l i t u d e s  are v e r y  small, o u r  c a l c u l a t i o n s  i m p l y  t h a t  

t h e  j e t  Mach number  m u s t  be s u f f i c i e n t l y  s u s p e r s o n i c  a t  t h e  p o i n t  

of wave  e x c i t a t i o n ,  b e c a u s e  wave  g r o w t h  is e x t r e m e l y  rapid i f  the 

Mach number  is less t h a n  a b o u t  f o u r  (see T a b l e s  3 a n d  5) .  W h i l e  

fas ter  j e t  e x p a n s i o n  t h a n  u s e d  for t h e  c a l c u l a t i o n  i n  T a b l e s  3 

arid 5 decreases t h e  number  of e - f o l d i n g s ,  n e a r l y  free j e t  

e x p a n s i o n s  w o u l d  be r e q u i r e d  of a n  i n i t i a l l y  low Mach number  j e t  

t o  keep wave  a m p l i t u d e s  from b e c o m f n g  large. E i t h e r  case wou:.u 

seem t o  r u l e  o u t  jet  f o r m a t i o n  hy a d e L a v a l  n o z z l e  i n  which  t h e  

f l o w  m u s t  go t h r o u g h  a t r a n s o n i c  r e g i o n  before b e c o m i n g  

s u s p c ? r s o n i c .  We t a k e  our r e s u l t s  to  i m p l y  t h a t  jets m u s t  be 

formed w i t h  i n i t i a l l y  h i g h  Illach n u m b e r s ,  s a y  M > 4. I f  jets were 

p r o d u c e d  w i t h  lesser Mach n u n b e r s  thei  s h o u l d  s h o w  large 

a m p l i t u d e  h e l i c a l  t w i s t i n g  n e a r  tile or igir!  w i t h  a m p l i t u d e  

r e g u l a t e d  by n o n - l i n e a r  effects .  

T h e r e  is a t  l e a s t  o n e  a d C F t i o n a l  i n t e r e s t j n g  c o n s e q u e n c e  of 

wave  g r o w t h  o n  a c o o l i n g  e x p a n d i n g  j e t  t h a t  is a r e s u l t  o f  t h e  

r a p i d l y  decreasing growth ra te  as w a v e s  p r o p a g a t e  o u t  a l o n g  t h e  

j e t  that woiild Iw p a r t i c u l n r l y  o b v i o u s  i f  jet e x p a n s i o n  were to 
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be reduced .  I t  is clear t b a t  waves c a n  grow r a p i d l y  a n d  be 

c o n v e c t e d  far enough from t h e  maximally u n s t a b l e  wave leng th  t h a t  

growth e f f e c t i o e l y  ceases. From t h i s  p o i n t ,  t h e  waves a m p l i t u d e  

r e m a i n s  a p p r o x i m a t e l y  c o n s t a n t .  I f ,  a t  t h e  same tiate, jet 

e x p a n s i o n  ceases or slcm, these waves propagate a l o n g  t h e  jet 

w i t h  a p p r o x i m a t e l y  c o n s t a n t  a m p l i t u d e .  If Jet e x p a n s i o n  

c o n t i n u e s  or begins a g a i n ,  these waves would disappear when t h e  

jet r a d i u s  became large r e l a t i v e  t o  t h e  wave a m p l i t u d e .  Whi l e  

some wave leng ths  disappeared, lmger  w a v e l e n g t h s  may appear 

b e c a u s e  a m p l i f i c a t i o n  is naw mote r a p i d  a t  a l o n g e r  wave leng th .  

T h i s  b e h a v i o r  is subp?b:ed by examing T a b l e  5 i n  which  w e  see 

helical waves w i t h  growing  most r a p i d l y  b u t  

those w i t h  A > Ap 

jet. Because  waves w i t h  longe .  wave leng tn  c a n  reach greater 

a m e l i t u d e  befor:: n o n - l i n e a r  effects become i m p o r t a n t ,  i.e., 

mot ions  of t h e  f l u i d  at  t h e  sound speed t r a n s v e r s e  to t h e  f low 

v o l x i t y  in t h e  wave frame mean larger t r a n s v e r s e  o s c i l l a t i o n  for 

l o n g e r  wave leng th ,  t h e s e  i n i t i a l l y  more s l o w l y  growing  waves can  

come to dominate .  I n  gen r t r a l ,  w e  might  e x p e c t  t h e s e  t r a n s i t i o n s  

to r e s u i t  i n  changes  i n  t h e  characteristic wave leng th  by factors 

of 2 or 3 bat n o t  by a n  order of magnitude.  

-length A - A' 
growing equal ly  rap id ly  f u r t h e r  o u t  a l o n g  t h e  

F i n a l l y  k'rt n o t e  t h a t  t h e  e x i s t e n c e  of p r e c e s s i o n  of t h e  

ceitral  power s o u r c e  may p r o v i d e  t h e  i n i t i a l  t r i g g e r  for wave 

l i k e  helical  t w i s t i n g .  In f ac t ,  i f  t h e  jet is n o t  b a l l i s t i c ,  

i.e. , ' l i g h t "  jet, t h e  he l ica i  t w i s t i n g  i nduced  by precession 

propagates as a wabz yhencmenon. Th manner of wave propagation 

and growth i f  i r  .%A wave a t q l i t u d e  is small l s  e x a c t l y  as 
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described by the dispe~sion relation (eq. 11) in Section 11. If 

this is the case, then the precession frequency can be related to 

observed helical twisting only after t h e  wave propagation effects 

are taken into account. This implies faster precession 

frequencies than would be assumed if the jet were ballistic 

because long wavelength, l ow frequency helical twisting evolves 

from shorter *avelength, higher frequency helical twisting at the 

origin. Also in this case, amplitude growth is not strictly 

linear but is governed at small amplitude by the growth rate 

found f r m  the linearized dispersion relation . 
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TABU? 1 

Variat ion in d e n s i t y  temperature and sound speed for an a d i a b a t i c  

jet and arb i trary  e x t e r n a l  medium in static pressure  balance.  

Pin = P o i n ( r v  -2rin 
e x  = 'in 

t o  " e x ( r w X  
'ex 

For s tat ic  pressure ba1anc.t x = 2vin/yeX and we have SetYin = r in*  
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T A W  8 

Parameters at seven positions along a "light" jet 

1 0.015 

2 0.03 

3 0.10 

4 0.30 

5 1.0 

6 3.0 

7 10.0 

1.8 1.50 

2.6 0.95 

4.7 0.50 

8.1 0.33 

14.8 0.23 

25.6 0.18 

46.7 0.14 
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TAULB 3 

Numbers of e-foldings, Ne, between the seven positions along the 

"light" jet with opening angle corresponding to Y = 0.04. 

-- 1 1,8 

2 2.6 18 

3 4.7 12 

4 8 . 1  3.1 

5 14.8 1.0 

6 25.6 0.3 

7 46.7 0.2 

-- -- -- 
18 11.5 2.9 

14 8.4 2.0 

5 .5  3.3 0.7 

3.0 1.7 0.3 

1.4 0.8 0.2 

0.8 0.4 0.1 
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TABLE 4 

Position # 

Parameters at SIX positions along a "heavy" jet 

1 

3 

10 

30 

100 

300 

2.6 

4.5 

8.2 

14.2 

26.0 

45.0 

2.5 

1.6 

1.1 

0.90 

0.75 

0.70 
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TABLE 5 

Number of e-foldings,  Ne, between the s i x  positions along the "heavy" jet. 

3 8.2 0.8 5.6 

4 14.2 0.4 2.7 

5 26.0 0.2 1.6 

6 45.0 0.1 0.8 

6.3 0.9 

2.6 0.6 

1.5 0.4 

0.7 0.2 
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TABLB 6 

Conditions and number of e-folding8 of t!.e fastest growing helical 

wave along an adiabatically exynding j e t  with opening angle of about 

7' ( Y  = 0.06). 

'in rl r(kpc 1 

4.7 0.1 0.5 

8.1 0.  3 1.5 

14.8 1.0 5 

25.6 3.0 15 

R = rY(pc) NJk1 < BPI) 
30 -- 
90 3.7 

300 2.0 

900 0.9 

A P 1  

12 . 5H 
19.5R 

28.6R 

39 . 4R 
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Figure Captions 

F i g u r e  1: 

f u n c t i o n  of t h e  wavenumber, k = 2nR/X, for s e v e n  p o s i t i o n s  

a l o n g  t h e  a d i a b a t i c a l l y  expandi i ig  " l i g h t "  jet. 

G r o w t h  rate, r I ( R / u ) ,  of t h e  helical wave mode as a 

F i g u r e  2: 

f u n c t i o n  of t h e  wavenumber, k = 2nR/X for seven  p o s i t i o n s  a1or.g 

t h e  " l i g h t "  jet.  The dashed  l i n e  g i v e s  t h e  p o s i t i o n  of t h e  

maximally u n s t a b l e  wavenumber and  t h e  dashed and  dot ted  l i n e s  

show t h e  e v o l u t i o n  of t h e  wavenumber of a p r o p a g a t i n g  hel ical  

wave for cases (a)  k < kp, (b )  k $ kp, ( c )  k 2 kp, and ( d )  k > 

P h a s e  v e l o c i t y ,  vph/u,  of t h e  helical wave mode as a 

F i g u r e  3: G r o w t h  rate, oI(R/u), of t h e  helical  wave mode as a 

f u n c t i o n  of t h e  wavenumber, k = 2nR/X, for s i x  p o s i t i o n s  a l o n g  

t h e  a d i a b a t i c a l l y  expand ing  "heavy'' j e t .  

F i g u r e  4:  

f u n c t i o n  of t h e  wavenumber, k 2 w R / X ,  for s i x  p o s i t i o n s  a l o n g  

t h e  "heavy" je t .  The  dashed l i n e  g i v e s  t h e  p o s i t i o n  of t h e  

maximally u n s t a b l e  wavenumber and  the dashed and dot ted  l i n e s  

show t h e  e v o l u t i o n  of t h e  wavenumber of a p r o p a g a t i n g  hel ical  

wave for  case3 i e ~ ;  !: < kp, (b) k $ kp, (c )  k 2 kp, and ( d )  k > 
kp . 

Phase  v e l o c i t y ,  V,h/u, of t h e  hel ical  wave mc Je as a 
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Figure 1. 
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CHARACTERISTICS OF RF LIGHTNING 
EMISSIONS AT 2 CHZ AND 250 MH2 

F.  JALALI 

FORT VALLEY STATE COLLEGE 
ASSOCIATE PROFESSOR, El?" DEPARTlvlEW 

ABSTRACT 

Radio frequency emissions i n  t h e  S-bafi3 and VHF range from 
l i g h t n i n g  d i scha rges  are recorded by a f a c i l i t y  developed a t  MSFC 
as p a r t  of a f e a s i b i l i t y  s tudy  of a satellite-based l i g h t n i n g  
mapping system. The record ing  f a c i l i t y  r e c e i v e s  rf emissions i n  
both v e r t i c a l  and h o r i z o n t a l  p o l a r i z a t i o n  and stores the data 
o n  magnetic tape.  Output from any one antenna may also be selected 
f o r  high speed d i g i t i z a t i o n  and d i s k  s to rage .  
i n  both hardware and sof tware  have enhanced s i g n i f i c a n t l y  
t h e  accuracy of data c h a r a c t e r i z a t i o n  and t h e  speed of data 
c o l l e c t i o n .  

Improvement 

Emission records a t  VHF have h igher  s i g n a l  strength than  t h e  S-band 
as expected. The records of cloud-to-ground d i scha rges  obtained so fa r  
g i v e  a 7-33 V/?l peak e q u i v a l e n t  s i g n a l  s t r e n g t h  (1 K H z  a t  10  
kilometer) i n  the  S-band range. The CG d i scha rge  s t r u c t u r e  i s  
recognizable  i n  most of t h e  data collected. Considerable r f  a c t i v i t y  
is p r e s e n t  throughout t h e  VHF records. The S-band data shows 
s i g n a l s  associated w i t h  l i m i t e d  po r t ions  of d i scha rge  h i s t o r y .  
The records obtained are from l i g h t n i n g  ac t iv i t ies  w i t h i n  a 10  m i l e  
range. 



I n  t roduc t ion  and 0 j ec t i v e s  

l i g h t n i n g  information has  lead NASA to  s tudy t h e  f e a s i b i l i t y  of 
a satellite-based l i g h t n i n g  mapping system. (1) Thi s  has  
involved cons ide ra t ion  of systems I-?ased on d e t e c t i n g  t h e  
o p t i c a l  and/or radio frequency emissions from l i g h t n i n g .  

Considerable  i n t e r e s t ,  bo th  s c i e n t i f i c  and commercial, i n  

A system based on RF d e t e c t i o n  r e q u i r e s  o p e r a t i o n  i n  or above 
t h e  VHF range i n  order t o  avoid the ionospher ic  e f f e c t s  on 
propagation p r e s e n t  a t  the lower f r equenc ie s  and t o  l i m i t  
antenna s i z e .  S ince  t h e  c h a r a c t e r i s t i c s  of l i g h t n i n g  emissions a t  
t h e  desired frequency range have no t  been f u l l y  def ined ,  
a RF l i g h t n i n g  program w a s  i n i t i a t e d  a t  MSFC f o r  c o l l e c t i n g  
emission data  a t  2.0 GHz and 250 MHz. A recording f a c i l i t y  
w a s  implemented and i t s  basic element set up i n  1981; it w a s  
enhanced and completed i n  1982 and s o m e  data collected. The 
program was cont inued w i t h  the objective of acqu i r ing  a l a r g e  
number of emission records i n  1983. Th i s  has  no t  been completely 
r e a l i z e d  because of t h e  unusual ly  d ry  summer. Only t w o  local 
thunderstorms (on J u l y  1 4  and 17) produced s i g n i f i c a n t  a c t i v i t y  
from which d a t a  w a s  collected. 

T h i s  report o u t l i n e s  the measurement system and data c o l l e c t i o n  
procedure and p r e s e n t s  t h e  r e s u l t s  of  t h e  a n a l y s i s  of t h e  emission 
data t h a t  h a s  been obtained.  

XVII-1 



RECORDING SYSTEN AND DATA COLLECTION PROCEDURE 

The i n s t r u m e n t a t i o n  f a c i l i t y  is composed o f  r e c e i v i n g ,  
r e c o r d i n g ,  and p r o c e s s i n g  equipment f o r  t h i s  p r o j e c t .  ( 2 )  RF 
e m i s s i o n s  a t  two f r e q u e n c i e s ,  251 MHz and 2.0 GHZ, are 
received. u s i n g  two l i n e a r l y  p o l a r i z e d  a n t e n n a s  for each  
f requency .  An Ampex FR-2000 mul t i - channe l  recorder is 
employed to  record the o u t p u t s  of t h e  f o u r  RF r e c e i v e r s  
as  w e l l  as t h o s e  of t w o  e l e c t r i c - f i e l d  an tennas .  I n  a d d i t i o n ,  
t h e  t i m e  code and a trigger p u l s e  marking t h e  i n i t i a t i o n  
of d i g i t i z a t i o n  are  also reco rded  on  two o t h e r  tracks 
o f  t h e  magnet ic  t ape .  The d i g i t i z e r  u n i t  a c t u a l l y  c o n s i s t s  
of a d i s p l a y  card, a d i g i t i z e r  c a r d ,  a to ta l  of 128 
k i l o b y t e  o f  solid-state memory, and an  HPIB i n t e r f a c e .  
I t  is triggered when t h e  i n p u t  a n a l o g  s i g n a l  goes above a 
p r e s e t  t h r e s h h o l d .  Immediately f o l l o w i n g  t h e  t r igger ,  t h e  
memory registers are f i l l e d  w i t h  the d i g i t i z e d  samples. 
A f t e r  t h e  l a s t  memory register is  f i l l e d ,  t h e  u n i t  s t o p s  
d i g i t i z a t i o n  and s w i t c h e s  to  d i s p l a y  m o d e .  I n  this m o d e ,  
t h e  memory c o n t e n t  may be d i s p l a y e d  on  a n  o s c i l l o s c o p e .  
The d i g i t i z e r  may be o p e r a t e d  a t  a maximum rate of 20 Mbs. 
During d a t a  c o l l e c t i o n ,  it is norma l ly  connec ted  to  t h e  
receiver o u t p u t  of t h e  v e r t i c a l l y  p o l a r i z e d  S-band a n t e n n a  and 
is o p e r a t e d  a t  1 0  o r  20  Mbs. The record thus produced is 
saved on hard  d i s k  by t h e  operator. The u s e  of  a video 
camera i n s t a l l e d  on t h e  receiver an tenna  c l u s t e r  mounting 
board has e n a b l e d  o b s e r v a t i o n  of t h e  opt ical  emis s ions .  
The camera o u t p u t  a l o n g  w i t h  t h a t  o f  a f i e l d  microphone i s  
recorded on v i d e o  t a p e .  The blockdiagram of  t h e  r e c o r d i n g  
sys tem i s  shown i n  F i g u r e  1. 

Four a n t e n n a s  i d e n t i c a l  to  t h e  r e c e i v i n g  a n t e n n a s  are 
used f o r  t h e  c a l i b r a t i o n  of t h e  RF r e c e i v i n g  system. The 
s o u r c e  a n t e n n a s  a r e  i n s t a l l e d  4 4  f e e t  away from, and a t  t h e  
same h e i g h t  as, t h e  r e c e i v i n g  an tenna  c l u s t e r .  C a l i b r a t i o n  
is performed by r a d i a t i n g  a known level  of CW power and 
r e c o r d i n g  t h e  d i g i t i z e d  o u t p u t  of a receiver o b t a i n e d  d i r e c t l y  
or th rough  t h e  magnet ic  tape medium. Thus, a completi? RF 
sys tem c a l i b r a t i o n  r e q u i r e s  e i g h t  test runs .  Each r u n  i s  
conducted by s t e p p i n g  t h e  s o u r c e  g e n e r a t o r  power through a t o t a l  
range t o  change t h e  r e c e i v e r  o u t p u t  from n o i s e  l e v e l  t o  s a t u r -  
a t i o n .  The R F  calibration test  is performed i n  c o n j u n c t i o n  w i t h  
a program t h a t  computes t h e  magnitudes of t h e  E - f i e l d  and t h e  
p o w e r  d e n s i t y  a t  a r e c e i v e r  an tenna  co r re spond ing  t o  t h e  d i g i t -  
i z e d  l e v e l  of  i t s  receiver o u t p u t .  

A major improvement i n  data c o l l e c t i o n  speed was realized 
as a r e s u l t  of m o d i f i c a t i o n  of t h e  computer program t h a t  is 
used d u r i n g  d a t a  c o l l e c t i o n  a c t i v i t i e s .  The program's o r i g i n a l  
purpose  w a s  to t r a n s f e r  t h e  c o n t e n t  of any s e l e c t e d  p o r t i o n  
of t h e  s o l i d  s t a t e  memory t o  t h e  ha rd  d i s k  f o r  permanent 
s t o r a g e .  All of t h e  associated d a t a  r e l a t i v e  t o  a record 
had t o  be manually recorded by t h e  o p e r a t o r .  T h i s  r e q u i r e d  
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no t ing  and recording t h e  t i m e  of  t h e  d i g i t i z e r ' s  t r i g g e r i n g  
and t h e  t i m e  of t h e  aud io  r e t u r n ,  p rovid ing  t h e  necessary 
i n p u t  t o  t h e  computer t o  t r a n s f e r  t o  hard d i s k  a d e s i r e d  
segment of t h e  s o l i d - s t a t e  memory, and r e s e t t i n g  t h e  
d i g i t i z e r  to  p repa re  for t h e  next  record .  The modified 
program performs t h e  logging of a l l  of t h e  supplementary 
d a t a  by presen t ing  several menues from which s e l e c t i o n s  based 
on observed parameters of t h e  event are made and en te red  wi th  
a few key s t r o k e s .  I n  add i t ion ,  t h e  program au tomat i ca l ly  
r e g i s t e r s  t h e  t i m e  of t h e  t r i g g e r  event  and resets t h e  d i g i t i z e r  
upon completion of a data cyc le .  
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Data 

The data examined i n  t h i s  r e p o r t  were ob ta ined  on J u l y  
9,  1 6 ,  19,  22, 1982, and on J u l y  1 4 ,  17, 1983, du r ing  
a f t e rnoon  or e a r l y  evening local thunderstorms . Only 
t h e  emission records w i t h  reliable informat ion  on t h e i r  
range  and t h e  type  of  d i s c h a r g e  were inc luded  i n  t h e  
q u a n t i t a t i v e  a n a l y s i s .  A l l  r e s u l t s  a r e  f o r  ground 
d i scha rges  which occurred  w i t h i n  a 1 0 - m i l e  range of t h e  
f a c i l i t y  and w e r e  extracted from records  s t o r e d  on magnetic 
t a p e  a t  60 i p s .  The t a p e  medium proved ve ry  u s e f u l  as 
i t s  records  could e a s i l y  be d i g i t i z e d  and d i sp layed  f o r  
examination, p l o t t i n g  and other data manipulat ions.  I t  
also allowed comparison of  simultaneous e v e n t s  of d i f f e r e n t  
channels  by u s e  of t h e  recorded t r i g g e r  p u l s e  of t h e  
d i g i t i z e r  as a r e f e r e n c e  marker. 

Peak S i g n a l  S t r e n g t h  Computations 

s t r i k e s  recorded i n  summer 1983. A l s o  included on t h e  lower 
s e c t i o n  of t h e  tab le  are t h e  r e s u l t s  ob ta ined  i n  1982. 
I t  i s  noteworthy t h a t  t h e  range o f  equ iva len t  peak i n t e n s i t y  of 
t h e  e n t i r e  data  is  w i t h i n  one order of magnitude. 

Table 1 g i v e s  t h e  peak s i g n a l  s t r e n g t h  computed f o r  13 ground 

To determine t h e  deg ree  of  approximations i n h e r e n t  i n  t h e  
r e s u l t  shown, t h e  sou rces  of errors should be considered.  
Two obvious sou rces  of errors are t h e  system t o l e r a n c e s  and 
t h e  errors i n  measurement of  range. System t o l e r a n c e s ,  
such as c a l i b r a t i o n  errors due to  misalignment of an tennas ,  
etc.,  are expected t o  be  low.  Repeated c a l i b r a t i o n  runs  
on d i f f e r e n t  days showed a r e p e a t a b i l i t y  error of  less t h a n  
2% (power l e v e l  measurement are performed us ing  calibrated 
power meters and p r e c i s i o n  a t t e n u a t o r s ) .  The d i s t a n c e  of 
a ground f l a s h  t o  t h e  f a c i l i t y  is computed by: 
i n  which Cs is t h e  sound v e l o c i t y  and t t h e  d i f f e r e n c e  
between t h e  t i m e  of t h e  f l a s h  and t h e  audio  s i g n a l .  
F l a s h  t i m e  can be determined a c c u r a t e l y  by playback of t h e  
v ideo  record i n  s ingle-frame mode. The audio  s i g n a l  i n  
playback, however, g radua l ly  b u i l d s  up and, because of  t h e  
poor l o w  frequency response of t h e  microphone, does n o t  
c o n t a i n  t h e  thunder  peaks u s u a l l y  a u d i b l e  d i r e c t l y  from 
a ground s t r ike .  The error i n  t h e  10Km-1 KHz-equivalent 
s i g n a l  s t r e n g t h  due to  t i m e  measurement errors may be 
computed by not ing  t h e  l i n e a r  re la t ion between t h e  two :  

=(Er) (BW/10)'1'2Cs(t+ - A t )  

C s r t  

Eeq= ( E r )  ( B W / l O )  -li2 ( D )  , 

X U I I -  5 
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I n  which E r  i s  t h e  r e c e i v e d  s i g n a l  s t r e n g t h ,  E# t h e  
r e c e i v e r  bandwidth, D t h e  range of f l a s h  i n  k i l o m e t e r ,  and t t h e  
t i m e  o f  t r a v e l  of thunde r .  S i n c e  Eeq is l i n e a r l y  r e l a t e d  
t o  t, t h e  p e r c e n t  error i n  Eeq is e q u a l  to  t h e  error i n  t. 
The 4 t h  Column i n  T a b l e  1 shows t h e  error Eeq p e r  one second 
error i n  t .  2-second ave rage  error i n  t h e  t i m e  measurements 
y i e l d s  a + l o %  error i n  t h e  a v e r a g e  E e q  v a l u e s .  The Eeq and 
i t s  range-for t h e  d a t a  o b t a i n e d  are shown i n  F i g u r e  2 
superimposed on t h e  composi te  experimental  l i g h t n i n g  
ampl i tude  spec t rum r e p o r t e d  by O e t z e l  and P i e r c e  ( 3 ) .  

S i g n a t u r e  Ana l y s i s  

F i g u r e  3 is a composite g raph  of  E - f i e l d  and r a d i a t i o n  
s i g n a l s  (S-band, v e r t i c a l l y  p o l a r i z e d  a n t e n n a )  r e c e i v e d  from 
a ground s t r i k e  a t  2 0 5 6 ~ 3 4  UT, on J u l y  16 ,  1982. The d i s t a n c e  
o f  t h e  f l a s h  from t h e  r e c o r d i n g  f a c i l i t y  was between 6 and 8 
kilometers. The d i g i t a l  levels of t h e  ver t ical  scale a p p l y  
o n l y  t o  t h e  r a d i a t i o n  s i g n a l ;  t h e  t i m e  ax i s  is synchroniaed  f o r  
bo th  s i g n a l s .  The leader r e g i o n  and t h e  f i r s t  and second 
r e t u r n  s t r o k e s  are l a b e l l e d  on t h e  by L, R1, and R2 r e s p e c t i v e l y .  
T h i s  and o t h e r  2 GHz CG r e c o r d s  show s i g n a l  peaks  a s s o c i a t e d  
w i t h  t h e  f i r s t  and subsequen t  r e t u r n  s t r o k e s .  A l s o ,  a few 
b u r s t s  of lower i n t e n s i t y  r a d i a t i o n  are always a s s o c i a t e d  
w i t h  t h e  s t e p p e d  l e a d e r  p r o c e s s .  These are c o n s i s t e n t  w i t h  
t h e  o b s e r v a t i o n s  r e p o r t e d  by Rust,  e t  a l . ,  (1979) a t  2200 MHz. 

An i n t e r e s t i n g  f e a t u r e  obse rved  i n  a l l  of  t h e  CG s i g n a l s  
is t h e  behav io r  of t h e  level  of t h e  r f  s i g n a l  d u r i n g  t h e  
s t epped  l e a d e r .  The expanded g r a p h  o f  t h e  s t e p p e d  l e a d e r  and 
t h e  1st r e t u r n  s t r o k e  f o r  t h e  emis s ion  r eco rded  a t  1417:24 CST, 
on J u l y  1 7 ,  1983, along w i t h  t h e  v i d e o  r e c o r d  of t h e  f l a s h  
are g i v e n  i n  F i g u r e  4 .  The r f  r a d i a t i o n  a p p e a r s  t o  f o l l o w  
a n  e x p o n e n t i a l l y  i n c r e a s i n g  mean which levels o f f  j u s t  p r i o r  
t o  t h e  1st r e t u r n  s t r o k e .  W e  have n o t  de te rmined  i f  t h i s  
i s  a system e f f e c t  ( f o r  example, t h e  c o u p l i n g  o f  t h e  d . c .  
f i e l d  o n t o  t h e  r f )  or  a d i s c h a r g e  c h a r a c t e r i s t i c .  The peak- 
to-peak v a l u e  o f  t h e  rf noise is s i g n i f i c a n t l y  h i g h e r  i n  t h e  
l e a d e r  r e g i o n  t h a n  i n  t h e  i n t e r v a l s  betwean t h e  r e t u r n  s t r o k e s .  
T h i s  c h a r a c t e r i s t i c  may be noted  more c l e a r l y  i n  t h e  graph  o f  
F i q u r e  5 which i s  f o r  t h e  2GHz s i g n a l  r e c e i v e d  a t  1421:17 
CST, J u l y  17, 1983. 

The r ad ia t ion  a t  t h e  VHF g e n e r a l l y  has  a g r e a t e r  number 
of F lscs a s s o c i a t e d  w i t h  t h e  e n C i r e  C-G d i s c h a r g e  h i s t o r y .  
T h i s  i s  e v i d e n t  i n  t h e  example of F i g u r e  6 which shows t h e  g raphs  
of 2 I;Hz ( a )  and 250  MHz s i g n a l s  o f  a %G d i s c h a r g e  a t  1421.33  
CST,  o n  July 1 7 ,  1983. The S-band g raph  shows t h e  f i r s t  
r e t u r n  s t roke  and abou t  16  msec of a c t i v i t y  a s s o c i a t e d  w i t h  t h e  
s t epped  l e a d e r .  Both of t h e s e  f e a t u r e s  are a lso recogn ized  
i n  t h e  VHF r e c o r d .  The r e g i o n  of h i g h  a c t i v i t y  i r .  khe VHF s i g n a l  
ex tend  back f o r  a b m t  1 0 0  M i l l i s e c o n d s .  
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SUMMARY AND c0NcLus10Ns 

The NSFC l igh tn ing  r.tcording f a c i l i t y  is an e x c e l l e n t  
system for t h e  s tudy of the high frequency emissions from 
close l igh tn ing  discharges. 
have improved the f a c i l i t y  making rap id  data c o l l e c t i o n  and 
one-man opera t ion  possible .  

Although the unusually dry summer prevent& obtaining 
the an t i c ipa t ed  quan t i ty  of data ,  two local thunderstoms 
i n  Ju ly  r e su l t ed  i n  recording of RE’ signals from 18 CG flashes. 
Analysis of the data obtained ( including those of 1982) indicate 
t h e  following: 

Eardware and software modif icat ions 

(a) The peak i n t e n s i t i e s  a t  2 GHz are i n  the 6 t o  32 
p V / M  (1 KHz C 1OKm) range. For the collected data t h e  

average i n t e n s i t y  is 11.4 pV/M w i t h  10 records (58%) having 
i n t e n s i l i e s  a t  or above this value.  

(b) The CG discharge 2 GHz s i g n a l s  s h o w  r a d i a t i o n  peaks 
associated w i t h  the first and secondary r e t u r n  strokes. The 
stepped leader appears as an active region and is  e a s i l y  
recognizable i n  each CG record. The discharge h i s o t r y  is 
otherwise q u i e t  except for isolated pu l ses  of much weaker 
amplitude. 
S-band w i t h  a 2 to  5 times longer region of rf a c t i v i t y  
previous to the  first re tu rn  stroke and more f requent  pu lses  
during the  e n t i r e  discharge process. 

The s igna ture  a t  250 MHz p a r a l l e l s  that of the 

(c) No s i g n i f i c a n t  d i f f e rences  were observed between 

The 
t h e  s igna tu res  registered through t h e  ho r i zon ta l ly  and 
v e r t i c a l l y  polar ized antennas a t  either frequencies.  
s i g n a l  s t r eng ths  were, however, weaker i n  bhe hor i zon ta l ly  
polar ized records. 
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RECOMMENDATIONS 

I n  order to  develop a n  adequate data base of l i gh tn ing  
characteristics a t  the l o w  microwave frequencies,  the 
recording f a c i l i t y  should be maintained for a d d i t i o n a l  
data co l l ec t ion ,  This is s p e c i a l l y  important i n  view of the 
improved c a p a b i l i t y  of the f a c i l i t y  for rap id  c o l l e c t i o n  and 
accura t e  c h a r a c t e r i z a t i o n  of l i gh tn ing  data.  

suggest the p o s s i b i l i t y  of i d e n t i f i c a t i o n  of the under 
15Km CG discharges by the rf r a d i a t i o n  i n  the S-band. 
o b j e c t i v e  of  the p r o j e c t  would be to determine the ex i s t ance  
of any system effect i n  the stepped leader ' s  s igna ture .  
Pxtkermore, c o l l e c t i o n  of a f e w  verified cloud-to-cloud 
records would provide a d d i t i o n a l  evidence on t h e  uniqueness 
of t h e  CG s igna tu re  observed. 

t h e  following suggestions for f u r t h e r  instrumentat ion improvement 
should be considered : 

The S-band s igna tu re  observed i n  the present  data, may 

One 

If  the  f a c i l i t y  is  continued f o r  a d d i t i o n a l  data co l l ec t ion ,  

(a) The mounting boards of both receiving and c a l i b r a t i o n  
antenna clusters should be replaced. The presen t  boards are 
s l i g h t l y  deformed due to weathering. 

camera to  enable v e r i f i c a t i o n  of the presence of flashes near  
or j u s t  ou t s ide  the main beam of t h e  S-band horns. 

u n i t  w i t h  good l o w  frequency response. T h i s  w i l l  enhance 
t h e  t i m e  measurements of the audio s i g n a l  f r o m  the f l a s h  
and hence y i e l d  more accura t e  i n t e n s i t y  f igures .  

(b) A wide-angle l ens  should be used on the video 

(c) The f i e l d  microphone be replaced by a d i r e c t i o n a l  
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ABSTRACT 

This inves t iga t ion  is a f e a s i b i l i t y  study of e lectro-  
magnetic sa tel l i te  de-spin systems based on induced eddy- 
cur ren ts  i n  the  satell i te by an ex terna l  doc.  magnetic 
f ie ld .  Two concepts have been investigated: (1) one 
based on a l a r g e  diameter c o i l  posit ioned around t h e  satel- 
l i t e  such t h a t  the a x i s  of the  satell i te r o t a t i o n  is i n  
the  plane of the  c o i l ;  and (2) a magnet, e i t h e r  permanent 
o r  electromagnet, posit ioned c lose  t o  the  satel l i te  by 
t h e  o r b i t e r  RMS. 
by varying the  approp-iate parameters with a view t o  reduce 
t h e  de-spin time t o  a reasonable value. 
for  the magnets and the  c o i l  a r e  indicated. 

A comparison is made of t h e  two concepts 

Design parameters 
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INTRODUCTION 

The se rv ic ing  of disabled satel l i tes  r equ i r e s  t h a t  the u n i t s  be de- 
spun before any r e p a i r  can be done. 
physical  attachment of equipment o r  a s t ronau t s  with equipment that would 
take the r o t a t i o n a l  energy o u t  of  the satellite. This procedure may be 
q u i t e  hazardous. As an a l t e r n a t i v e ,  a system without physical  contact  
with the satel l i te  t h a t  would reduce the sp in  t o  a very low value with- 
i n  a reasonable time is desirable .  
eddy-currents i n  the  satel l i te  by electromagnetic means. 
cu r ren t  power input  would act i n  such a way as t o  reduce the r o t a t -  
energy of the  satellite. 

One way t o  accomplish t h i s  is by 

One such p o s s i b i l i t y  is t o  iiilfuce 
ThJcs eddy- 

In  t h i s  study two schemes f o r  inducing eddy-currents have been 
investigated: 
around the  satel l i te  such t h a t  the a x i s  of the satel l i te  r o t a t i o n  is i n  
the plane of t he  loop; and (2) a magnet, e i t h e r  permanent o r  e l ec t ro -  
magnet, posit ioned c lose  t o  the  satel l i te  by the  o r b i t e r  RMS. Both the 
systems have been parametr ical ly  analyzed with a view tc reduce the 
de-spin time t o  a reasonable value. 
and the current  loop are given. 

(1) one based on a l a r g e  diameter cu r ren t  loop posit ioned 

Design parameters f o r  t he  magnets 
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OBJECTIVES 

The o b j e c t i v e s  of :nis s'udy are t o  i n v e s t i g a t e  ]:id assess the  
p r a c t i c a l  app l i cab i l  L ty  of an electromagnetic sa te l l i te  de-spin system 
based on the induction of counteract ing eddy-currents i n  the sa te l l i t e .  
This  system W i t h u t  physical  contact  with the sa te l l i t e  and using moder- 
a t e  amount of power i .s expected t o  reduce satel l i te  spin t o  a very low 
value withifi a reasonable time. 

DETAILS OF THE STUDY 

i) 'iheorc ical  considerat ions:  

Current-loop A n a l y s i s :  The spinning satel l i te  configurat ion 
assumed a s  a cy l inde r  of thickness ,  t ,  is shown i n  Figure 1 posit€oned 
symmetrically w i t h  r e spec t  t o  thu current  loop such that the a x i s  of 
r o t a t i o n  o f  the cy l inde r  is i n  the plane of t h e  cu r ren t  loop. 
t o  eva lua te  t h e  eddy-current power input t o  t h e s a t e l l i t e ,  a s  a f i r s t  
s t e p ,  t h e  expression for t he  magnetic f l u x  d e n s i t y  a t  a general  point  
i n  t h e  skin of the sa te l l i t e  is derived. The procedure is a s  follows: 
The magnetic f l u x  d e n s i t y  
A by = 0s. The vec to r  p o t e n t i a l  a t  a general  point P shown i n  the  
sketch i s  given by: 

In order  

is r e l a t e d  t o  the  magnetic vector  p o t e n t i a l  - 
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Fig. 1: Configuration of the satell ite pos i t ioned symmzttically w i t h  
respect  to the current loop; Rotation axis of the cy l inder  is 
i n  the plane of the current loop. 
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~b vector potent ia l  A lms only tk +-component 4 because when 
equidistant elements of the loop (dL) at W and -4 are paired, tbe 
resul tant  is Q O N ~  to  ( p t ) .  a in equation (1) is tbe  cuaponent of 

(2 sin’ e-1) and equat$on (1) b e ~ a e s :  
fn t h i s  direction. L e t  0- (S+Ze); then d4 = 2d6 and cos 4 = 

0 

Rearranging and letting: 

k2 = 4 a p  [(a*)* + and rn = ( l - ( l - ~ 2 ) 1 ’ ~ ] [ ~ + ( l - k 2 ) 1 ’ 2 J - 1  (3) 

V I  

32 P 128 = 0 (sfj2 k 3 ( l  + $ k2 + 15 A‘ + .......) 

where K and E are complete e l l i p t i c  in tegra ls  of the first and second 
kind re spec t ive 1 y . 

To determine the magnetic f lux  density 5, using cyl indrical  
coordinates: 

- - 
B = a  B + a  B + a -  

P P 4 4 z B z  
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3 since o d y  A exists 4 
c -  

32 

From equation (3, 

Carrying out the differentiation, collecting terms, and substituting 
for k f inal ly  yields: 

If the current loop bas N turns, Bo and Bz in (5) and (6) i s  each 

m u l t i p l i e d  by N .  values of Bp and BZ can L ?  computed for 

any value of p and z by finding k from equation (3)  and then solving 
for the e l l i p t i c  Integrals K and E .  

Numerical 
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Expression f o r  the  Motional EHP Generated: 

Vector d i rec t ion  of t h e  area swept by f i l w n t a r y  conducccr, h, is 
p a r a l l e l  to  t h e  (yz) plane. 
of Cartesian coordinate u n i t  vectors defined v i t h  respect  to t h e  c w r d i -  
nate axes shown in Figure 1. 

This uni t  vector, 1, can be resolved in terms 

-- 
~ . i  = (B sin 0 cos e + B~ ~ i n  e)  

P 

AS Sin @ = -where As = r a d i a l  dis tance to  a point i n  the  skin of the  
s a t e l l i t e  (cyfinder) from the  r o t a t i o n a l  axis of the  cylinder. Therefore, 

The f lux  l inkage dri, when, h, rotates by an angle de is then given by: 

dJI =[<<>>>As COS e +<(Bz>>sin e] h As de (7) 

The motional EMF, E generated is given by: 

E =II<<>)>As cos 0 +<<BZ>} s i n  e] h As de ( 8 )  

e=o 

The upper limit 8=8 i n  equation ( 8 )  is f ixed by the  rpm of t h e  satellite. 

For example, f o r  10 rpm 8 = - and so for th .  The double averages((%>> 

and @? are obt;ined2as ftoly. For a-given 0, p v a r i e s  from As 

COS e to (As cos e) + h /4 .  a j d  <B,> a? the y e r a g e s  f o r  the  
run of values of p from A cos 8 t o  + h2/4 with 8 fixed. 

The second averages(<%$ and<(BZ))are obtained by varying e from 

O=O t o  8 4  where e is f ixed by the  rpm value. Similar  t o  the deriva- 

t ion  i n  reference (2) the  eddy current  power inpr;t, 

is given by 

It 1 

1 3  

(As cos e) 

1 1 
t o  the  ~ s t e l l i t e  

pS' 
(A i + t / 2 )  

B 2  
E. II r d r  

ps -I 2 OAlh (9) 

In equation (9) ,  As in  the expression f o r  E obtained from ( 8 )  is 

changed t o  the  var iab le  r in  the integrand. Asi is the  Inner r a d i u s  of 
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the  cyl inder  and t, is t h e  thickness of the  cy l inder  w a l l .  

r e s i s t i v i t y  of aluminum, t h e  material assumed f a r  t h e  satellite skin. 
After  s u b s t i t u t i n g  f o r  E in equation ( 9 )  from (8) we have: 

pA1 is t h e  

r = Asi 

Magnet System Analysis: 

“!;e configuration f o r  t h i s  case is shown in Figurz 2 c i t h  Lhe o r i g i n  
of coordinates a t  t h e  center of t h e  magnet and t h e  coordinate axes as 
shmn. 
i n t e n s i t y  E and the  magnetization H in  a medium by 

The magnetic flux d e n s i t y g  is re la ted  t o  t h e  magnetic f i e l d  

In t h e  sketch skom assuming uniform polar iza t ion  p a r a l l e l  t o  the  
axis, V.M = 0 where M is t h e  magnetization i n  the  magnet, 
only an equivalent sur face  charge a t  t h e  ends, and t h e  der ivat ion of the 
f i e l d  expression is similar to t h a t  given in reference (3). 

There is then, 

.- 
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Fig .  2: Configuration 
at  the center 

for the Magnet System; origin of coordinates is 
of the magnet with the axes as  shown. 
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This surface charge q is qM = f nMa where a is t h e  radius  of the  magnet. 

The problem is then analogous t o  t h e  electric dipole* and t h e J c a l a r  mag- 

n e t i c  p o t e n t i a l  aM(P) is: 

M 

The magnetic f i e l d  i n t e n s i t y  'il 

- 
H -V'aM(P) 

- L )  
R2 

is then given by: 

2 

4n 
= - -  l r a M  V ' ( + - L )  

(11) 

Where V' r e f e r s  to  d i f f e r e n t i a t i o n  with respect  to f i e l d  point  coordi- 
na tes  (P). 

Subs t i tu t ing  

and 

4 

we have : 

- 
d where E = X + Y + xz(Z - -1) 

1 x  Y 

- 
Subs t i tu t ing  for xR , A , R and R i n  equation (15), we have: 1 R2 2 

- 
d *This analogy is very close espec ia l ly  f o r  a magnet whose a r a t i o  is large. 
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Flux l inkage i n  rime ( d t )  by the r o t a t i n g  cy l inde r  is 
-- 
B.dS = B dS + BzdSz 

Y Y  

The motional EPW, E is: 

a = O  

Where a1 is the  angle of r o t a t i o n  of the cy l inde r  i n  u n i t  time corres- 

ponding t o  a given rpm 

When a=O, x=O; a=al, x=Assinal and z=[K-4(~~2,2)]; so combining 

equations (161, (171, and (18) and using the  above r e l a t i o n s ,  we have 

f i n a l l y  the  expression fo r  the  motional Em, (E): 

1 
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h T 

J 
Y O  

I n  the above equation, a 
follows: 

power input,  Ps, t o  the  satell i te is, as before,  given by: 

is r e l a t e d  t o  the  rpm of t h e  satellite as 
4n f o r  8 rpm, a l  = - etc. 15 f o r  10 rpm,  al = -. 3' The eddy cu r ren t  l 7  II 

(Asi i- 

c2 u r d r  
's;( 2 pkl h 

si r = A  

Again, i n  equation ( 2 0 ) ,  A i n  the expression f o r  E obtained from s 
(19) is changed Eo the  v a r i a b l e  r, i n  the integrand. 

Expression f o r  the Motional EMF (Approximate Solution): 

I f  one makes the approximation t h a t  the r a d i a l  d i s t ance  r, is l a r g e  
compared t o  d, t he  length of the  magnet, the expression f o r  t h e  motional 
EMF E, would be much simpler compared t o  equation (19). 
t h i s  approximate procedure is followed: 

In  the following, 

I n  equation (ll), using the  approximation r>>d R1R2=r2 and (R2-R1) 

= d cos 0 ,  equation (11) becomes: 

The magnetic f i e l d  i n t e n s i t y  E is given by; 

XVIII-13 



ORIGINAL PA= I8 
OF POOR QUALm 

- u -  
B = o H =  

- -  
B = Ar Br + Bo, and t h e  components Br and B 

uW2d cos  0 

are g iven  by: 
0 

I 0 = 
Br 2 r2 

uW2d s i n  0 
0 - 

- 4r2 

Motional EMF generated: 

Vector d i r e c t i o n  of t h e  area swept by f i l amen ta ry  con4uctor  h, i n  
F igure  2 is p a r a l l e l  to t h e  x-z plane. This u n i t  vec to r ,  1, can be re- 
solved i n to :  

- 
1 = -cos u A + sin a A 

2 Y 
and 

-1 

B.l = B [ s i n  a sin 0 s i n  @ - cos a cos e ]  

+ B [cos a s i n  0 + s i n  a cos 8 s i n  4 1  
r 

0 

The Flux l inkage  dY, when h, r o t a t e s  by 3n ang le  da ,  is: 

dY = [<<B l > >  + <<B l > > ] h  As da r 0 

where, 

7 R~~ = B [ s i n  a s i n  e s i n  + - cos a cos e ]  r 

and 

B~~ = B~ [cos a s i n  o + sin n cos e s i n  $1 J 
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The double averages <<B l>> and c<B ’>> i n  equation (26) are found as 

follows : 

h 
2’ 

r e 

For a given a, Brl and B are evaluated f o r  t h e  run of values,  0 
y=O t o  -. f o r  example, y o ,  0.15, -1.5 i f  h = 3 meters, 

<Be1> is determined. 

< B  1> are obtained fo r  these d i f f e r e n t  values of a and the  second averages 

<<B 1>> and <<Be 1>> are computed. 

rpm is given by: 

Then <Brl> and 

Then a is varied a t  s u i t a b l e  i n t e r v a l s  and <B ’>, r 
e 

The motional EMF generated f o r  a given r 

1 a - a  

E = / [<<B >> + <<B >>] h A da r 0 S 

a s 0  

and the eddy cu r ren t  power input P is: 
S 

(A + t / 2 )  

c 2  TI r d r  

’A1 
P =  
S 

r = Asi 

where the  A i n  obtained from equation (28) is replaced by t h e  va r i ab le  

r in  the  integrand of equation (29). 
of the cylinder.  The time required t o  d i s s i p a t e  the  r o t a t i o n a l  energy of 

the satell i te,  is the r a t i o  of  the r o t a t i o n a l  k i n e t i c  energy of t he  

s a t e l l i t e  divided by the eddy current  power input. 
the de-spin t i m e ,  T: 

S 
As before Asi, is the  inner r ad ius  

Cal l ing this time 

Kinet ic  Energy of t he  S a t e l l i t e  i n  Jou le s  
60 (Eddy cu r ren t  power input-in watts) T i n  minutes = 

The k i n e t i c  e7,ergy of the r o t a t i n g  cy l inde r  is, E = Iw2, where w is t he  

angular ve loc i ty  and I is the moment of i n e r t i a  of the r o t a t i n g  cylinder.  

I = 2 (r12 + r 2 2 )  f o r  a hollow cyl inder  r o t a t i n g  on i ts  axis .  Here m, is 

the mass of the cyl inder  and r1 and r2 are the inner and ou te r  r a d i i  of 

the cylinder.  

m 

The dynamics of the spinning s a t e l l i t e  can be t r e a t e d  by solving the 
the fallowing f i r s t  order  equation: 
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where K is the  configurat ion e 

(30) 

constant given by 

(31) 
L K~ = r u r 3  L t [I - - 2t tanh SI L 

In  t h i s  equation, u is the  conductivity of the cyl inder ,  r is the ou te r  

radius,  L is  the height of t h e  cyl inder  and t ,  is the thickness  of the 

cyl inder  w a l l .  B is che average magnetic f l u x  density.  Le t t i ng  K = - I '  
equation (30) becomes : 

Ke B2 

dw 
d t  - =  - Kw 

the so lu t ion  of which is, 

cal case is shown i n  f i g u r e  3. 

The p l o t  of t h i s  equation f o r  a typi-  

i i )  Design considerat ions 

Current Loop: The results which w i l l  be ou t l ined  i n  the  next s ec t ion  

A t  room temperature using a reasonable value of about 3 mm diameter 
i nd ica t e  9000 A-T as a s u i t a b l e  upper l i m i t  tcr y i e l d  a reasonable de-spin 
time. 
wire which can ca r ry  45 amps, the number of t u rns  of t he  loop required is 
200. 
meters using a 10 meter diameter c o i l .  Using aluminum as the  material f o r  
the w i r e ,  the  r e s i s t ance  of t he  wire is around 1 4  ohms. This l eads  t o  too 
much power requirement t o  energize the c o i l .  
remedy the  s i t u a t i o n .  For example, at l i q u i d  ni t rogen temperature the 
r e s i s t i v i t y  of aluminum is estimated t o  be 
looo K and 50° K (4). 
r e s i s t ance  of 0.53 ohm. 
and the 1 2 R  power Input is 1.073 KW. 
rying 45 amps a t  room temperature the diameter of the aluminum wire a t  
l i q u i d  ni t rogen temperature keeping the t o t a l  r e s i s t a n c e  the  same is 0.61 
mm. So, choosing 1 mm diameter w i r e ,  f o r  t he  200 turn-coil ,  the  t o t a l  
cross-sectional diameter f o r  the c o i l  conductor without t h e  cooling jac- 
k e t  is 1.4 cm. With coolF.& j acke t  and in su la t ion ,  t he  o v e r a l l  diameter 
of the in su la t ed  c o i l  conductor is about 7.5 cms o r  3 inches, an accep- 
t a b l e  dimension. 
reasonable value, less than 200 lbs.  

This l eads  t o  a t o t a l  length of wire i n  the c o i l  t o  about 4400 

Low temperature c o i l  would 

ohm-meter using da ta  a t  
With a cu r ren t  of 45 amps, t h i s  l eads  t o  a t o t a l  

The vol tage drop ac ross  t h e c o i l  is then 23.8 V 
Based on AWG8 wire capable of car- 

The o v e r a l l  weight of the  cu r ren t  loop is  a l s o  a 

A computer search w a s  made t o  i nves t iga t e  t h e  p o s s i b i l i t y  of using 
superconducting conductors a t  l i q u i d  nitrogen temperature. Nothing 
turned up i n  the search. 
vis ion a t  Westinghouse (5) i t  was learned t h a t  the state-of-the ar t  

I n  conversation with the superconducting di-  
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superconduct ing commercial m:*czr:al a v a i l a b l e  a t  temperatures  h ighe r  than 
l i q u i d  helium is Niobium-Germanium t a p e  opera ted  a t  s l u s h  hydrogen tem- 
p e r a t u r e  -- around 1 7  01 1 8 O  K. 
depos i ted  on copper s u b s t r a t e  by CVD and p l a t e d  wi th  h a s t e l l o y  to  pro- 

v ide  s t r eng th .  

The use of  l i q u i d  hydrogen would be p r a c t i c a l  i n  t h e  p re sen t  a p p l i c a t i o n  
involv ing  t h e  s h u t t l e  as l i q u i d  hydrogen is r e a d i l y  ava i l eb le .  

Niobium-Germanium f i l m  l o p  t h i c k  is 

1 The o v e r a l l  t h i ckness  of  t h e  t a p e  is 1 5  m i l s  and wide. 

- Mapet Design Considerat ions:  

Permanent Magnet: The use  of a permanent magnet, i f  one of s u i t a b l e  
s i z e  and weight can be designed, t o  achieve  de-spinning would be desir- 
a b l e  as t h i s  would mean no externa!. power source.  I n  view o r  t h i s ,  de- 
s i g n  cri teria f o r  permanent magnet are summari.zed. Commercial sources  
f o r  permanent magnets which can provide  t h e  r a t h e r  h igh  magnet izat ion 
necessary  f o r  t h i s  a p p l i c a t i o n  are no t  r e a d i l y  ava i l ab le .  

The important  parameters  i n  the  des ign  of a permanent magnet are: 
i) t h e  r e s i d u a l  induct ion ,  Br, ii) the  coe rc ive  fo rce ,  Hc, i i i )  t h e  maxi- 
mum energy product (BH) max and i v )  t he  permeance c o e f f i c i e n t ,  B&H. The 

m a t e r i a l  used should have a h igh  Br and H . 
d e f i n e s  the  a c t u a l  ope ra t ing  po in t  on t h e  demagnet izat ion curve f o r  t h e  

m a t e r i a l  from which the  magnet is ,lade. (BH)max is t h e  h ighes t  va lue  

t h a t  can be obta ined  when mul t ip ly ing  va lues  of  B and Y a long  the  GI-- 

magnet izat ion curve. 

material and the  ope ra t ing  p o i n t  should approach (BY) 

maximum f l u x  dens i ty  t h a t  can occur  i n  the  magnet : 4 t h  no a i r  zap. A 
magnet wi th  an a i r  gap h a s  a ‘ s e l f  dem,i;netIzing’ e f f e c t  t h a t  hcts t o  
reduce the fir..: dens i ty  i n  t h e  magnet and t h i s  f l u x  dens i ty  cac never  
equa l  B . The b a r  magnet is the  case of t h e  g r e a t e s t  a i r  gap. 

The permeance c o e f f i c i e n t  
C 

(BH)max d e f i n e s  t h e  g r e a t e s t  c a p a h i l i t y  of t’le 

Br  is t h e  
I’dX* 

r 

For the  s p e c i f i c  case of round bar  magnets t h e  foi lowing des ign  
equa t i ,ms  are r e l e v a n t  (6) : 

f o r  a x i a l l y  o r t e n t e d  types,  wi th  K 

f o r  a l l  f e r r i t e s .  

= 0.7L f o r  Alnico types and K1=L 
1 

H = j w ) f o r  d i a m e t r i c a l l y  o r i en ted  types. In  both these  
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equations L is t h e  length and D is t h e  diameter of the ba r  magnet. 
a given L and D use of these equations w i l l  g ive  the  permeance coe f f i -  
c i e n t  which def ines  the operat ing point on the demagnetization curve. 

For 

Cobalt-rare e a r t h  a l l o y  permanent magnets are, perhaps, t he  b e s t  
Irl view of this,  t h e  in- material to  use i n  the  present  application. 

formation on t h i s  type of magnet material is suamarized below: 

Cobalt-rare e a r t h  a l l o y  permanent magnets (7): 

Re cobalt-rare e a r t h  a l l o y s  have t h e  general  formula R Co where R, 5’ 
is one of the rare-ear th  elements samarium, praseodymium, etc. They are 
made by pre-alloying the  cons t i t uen t s  under an inert atmosphere, re- 
ducing the a l l o y  t o  a f i n e  powder, pressing to t h e  required shape in a 
s t rong magnetic f i e l d ,  and f i n a l l y  sintering i n  an inert atmosphere. 
They owe t h e i r  permanent magnet p rope r t i e s  to t h e  extremely high magnet- 
o c r y s t a l l i n e  anisotropy of t h e i r  hexagonal crystal s t ruc tu re .  

Sm Co5: Br = 0.85 wb/m2; (BH)max = 135 KJ/m3; €Ic = 640 KA/m; 

s p e c i f i c  gravi ty  = 8.1; working temperature l i m i t  = 200° C; Composition: 

Co 66%; Sm 43%. Piagnetizing considerations:  t he  magnet can be magnetized 
by a solenoid powered by d.c., supplied by b a t t e r i e s ,  a r e c t i f i e r  o r  a 
motor generator. 
supply, and s ince  magnetization can usual ly  be accomplished i n  a second o r  
lecs, i t  may not be necessary t o  design f o r  continuous running. 
an l so t rop ic  materials the magnetizing force should be a t  least th ree  and 
f o r  i s o t r c p i c  materials, f i v e  times the coercivi ty .  For materials such 
as f e r r i t e s  and cobalt-rare ea r ths ,  where the intrinsic coe rc iv i ty ,  H i c  
is much g rea t e r  than Hc, it is H For pro- 

ducing very l a rge  magnetizing forces ,  l a r g e  cu r ren t  pulses  l a s t i n g  f o r  
only a f r a c t i o n  of a second are used. 
charge of a capacitor. Superconducting c o i l s  have sometimes been used 
f o r  magnetizing rare-earth-cobalt magnets. 

The winding sho-dd be designed to  match t h e  a v a i l a b l e  

For 

chat should be considered. 
i c  

This can be obtained from the dis-  

Spec i f i ca l ly  f o r  the Dresent app l i ca t ion  a permanent magnet with a 

magnetization M, of about 1.96 x 10 A/M would be des i r ab le  in order  t o  
achieve a reasonable vaiue of de-spinning time. This value of magneti- 
zat ion is a good compromise between reasonable s i z e  and s t rong enough 
in t e rac t ing  magnetic f l u x  densi ty  a t  the sk in  of t he  satellite. 
magnetic f l u x  densi ty  i.1 the magnet corresponding t o  M = 7.96 x 10 
is 10,000 gauss whereas 15,000 gauss is about t h e  l i m i t  f o r  a ba r  mag- 
net. From the  information provided by Ithaco, Inc., New York (8) the  

l a r g e s t  magnet ava i l ab le  corresponds t o  a magnetization M - 4 x 10 

5 

The 
5 A/M 

5 A/M 
and weighs 50 Kms. Based on t h i s  data ,  the magnetization of M = 7.96 x - - 
10’ can be provided by a bar  magnet with a diameter of 10 cms and 2.5  
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meters long. 
mation ava i l ab le  the weight of the magnet increases l i n e a r l y  with dipole  
moment . 

Its weight would be around 187 K g m s .  According t o  infor-  

As regards the electromagnet (a solenoid with a magnetic core),  the 
5 ampere-turns (A-T) necessary to y i e l d  a magnetization of 7.96 x 10 

-would be: 
A/M 

5 7.96 x 10 '= NI 
P 

where L! is the appropriate  permeability. Using a value of p=5, (9) f o r  

f lux  densi ty  of 10,000 gauss, t he  ampere-turns NI would be 1.59 x 10 . 
For a current  of 1-45 amps, t he  same value used i n  the  cu r ren t  loop de- 
s ign ,  the number of t u rns  N would be 3500 turnsjmeter. 

5 

i i i )  RESULTS AND ANALYSIS 

Both in  the case of t he  cu r ren t  loop and the magnet system the var- 
ious parameters have been parametr ical ly  analyzed and the  r e s u l t s  are 
shown i n  the  following figures.  
eddy cu r ren t  power input  and de-spin time vs. rpm of the  satel l i te  f o r  
t he  following ampere-turns (A-T): 6000, 9000 and 12,000. The satel l i te  
(cyl inder)  dimensions chosen a r e  the height  of  t he  cy l inde r  h=3m, the 
inner  radius  A = 1.45 m, the thickness of t he  cy l inde r  w a l l ,  t=0.05 m 

and the radius  of the cu r ren t  loop, A-5 m. Figures 6 and 7 are similar 

p l o t s  f o r  a smaller s i z e  spinning satel l i te ,  

tr0.05 m and A=3.5 m. 

Figures 4 and 5 are re spec t ive ly  p l o t s  of 

si 

Here he2.5 m, Isi=1.2 m, 

The ampere-turns chosen are 6000 and 9000. 

The de-spin time increases ,  as one would expect,  when the rpm of the 
saczl l i te  decreases. Also as the  ampere-turns increases  t h e  de-spin t i m e  
decreases. By doubling the number of ampere-turns, t he  le-spin time is 

1 reduced by about - 4' 
times are obtained when the r ad ius  of the cu r ren t  loop is reduced t o  
3.5 m f o r  the case of 6000 A-T. 
de-spin t i m e s  range from 20.3 to 39.4 minutes a t i m e  span within the  
o r b i t a l  daylight.  
des i r ab le  de-spin t i m e s  a r e  obtained by going t o  9000 o r  even 12,000 A-T. 
The data  shown i n  f i gu re  5 is f o r  the case where the radius  of the c o i l  
is 5 m. The ampere-turns needed could, of course, be reduced by using 
a smaller diameter co i l .  A s  mentioned earlier i n  the r epor t  i n  s ec t ion  
( i i )  .mder design considerations,  good values of power input  around 1.1 
KW a r e  obtained by using cryogenic cooled c o i l s .  
f o r  the case of 9000 A-T aluminum c o i l  a t  l i q u i d  ni t rogen temperature. 
The power requirement is q u i t e  modest compared t o  the avail-able power of 
6 KW, The o v e r a l l  weight of the cu r ren t  loop is a l s o  a reasonable value, 
less than 200 lbs.  

For the smaller satel l i te  very good values of de-spin 

For example, for 10, 8 and 6 rpms the 

For the  l a r g e r  sa te l l i te ,  a s  indicated i n  f i g u r e  5 ,  

The value s t a t e d  is 
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Figures 8 and 9 are, respect ively,  the eddy-current power input 
and de-spin time vs. rpm f o r  d i f f e r e n t  pos i t i ons  of t he  magnet relative 
t o  the spinning satel l i te  (d ranging from 1.85 m t o  2.85 m). The 

magnetization M of the  magnet is 7.9 x 10 A/M and t h e  magnet dimensions 
are: r ad ius  A=0.05 m and length d=2.5 m. The dimensions of the spin- 
ning satellite are: ha2.5 m, A =1.2 m, and tt0.05 m. A s  one would 

expect, the  de-spin tine f o r  a given rpm increases as the  d i s t ance  d os 
is increased. There is about a two-fold increase i n  de-spin t i m e  as 
the d i s t ance  of t he  magnet from t h e  satell i te is increased by 1 meter. 
What is puzzling, however, is that the  de-spin time decreases as the 
rpm of the spinning satellite decreases. This is opposi te  t o  that f o r  
t he  cu r ren t  loop case. One poss ib l e  explanation is t h a t  the eddy-cur- 
r en t  power input P 
a l  energy as the  rpm of the spinning satel l i te  changes. A thorough ex- 
planat ion would involve th ree  dimensional p l o t s  of t h e  i n t e r a c t i n g  f l u x  
density.  

values of magnetization W7.9 x lo5, 1.2 x 10 
given rpm, as M is increased the  de-spin time decreases from 139 min- 

5 6 utea t o  21.7 minutes as M is increased from 7.9 x 10 A/M to  2 x 10 A/M. 

The data  shown i n  f igu re  10 is f o r  a satel l i te  whose dimensions are: 

h=3 m; A =1.45 m; t~0.05 m. The magnet dimensions are: t h e  radius  

A=0.05 m and length d=2.5 m. 
i n t e r e s t i n g  in t h a t  t he re  is a s i g n i f i c a n t  change i n  de-spin time as the  
radius  of the magnet is changed keeping the  length constant.  
as shown i n  t a b l e s  I and I1 f o r  the case of 10 rpm the de-spin t i m e  is 

5 
268 minutes with M=4 x 10 A/M and A=0.05 m whereas the  time is 9.53 

minutes with W7.9 x 10 AIM and A=0.087 m. 

5 os 

si 

does not  vary a g r e a t  dea l  compared t o  the rotat ion-  
S 

Figure 10 shows t h e  p l o t  of de-spin t i m e  vs. rprn f o r  t h ree  
6 6 and 2 x 10 A/M. For a 

si 
The da ta  shown i n  t a b l e s  I and I1 are 

For example, 

5 

By comparing the data  of t he  cu r ren t  loop with the  magnet system, it 
would seem t h a t  the cu r ren t  loop design is t o  be preferred from the  point  
of view of s h o r t e r  de-spin time and smaller weight of t he  cryogenic 
cooled c o i l .  
a permanent magnet with a diameter of 10 cms and 2.5 meters long the 
weip,ht of the magnet is 187 Kgms.  t o  provide a magnetization of 7.96 

x 10 . However permanent magnet has the des i r ab le  f e a t u r e  that no ex- 
ternal power source is required to  energize it. Before a f i n a l  evalua- 
t i on  can be done the magnet sys tem needs t o  be researched fur ther .  

As indicated in  sec t ion  (ii) under design considerat ions f o r  

5 
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Table I: Eddy-current power i n p u t  and de-spin times f o r  d i f f e r e n t  rpm; 

Magnet parameters: M=4 x 10 AIM, AnO.05 m, d32.5 m. S a t e l -  

l i t e  dimensions: 

5 

h52.5 m, Asi=1.2 m; t ~ 0 . 0 5  m, d m1.85 m. 
Os 

RPM 10 8 6 4 2 1 

P (Watts) 0.185 0.201 0.193 0.142 0.053 0.015 
S 

De-spin time 2 68 158 93 56 37.4 33.3 
(minutes) 

Table 11: De-spin times f o r  d i f f e r e n t  rpm. 
5 

Magnet parameters: 

1.7.9 x 10 AIM, A~0.087 m y  d12.5 m. S a t e l l i t e  dimensions same 
as i n  Table I, dOs=1.85 m. 

RPM 10 8 6 4 2 1 

De-spin time 9.53 6.01 3.80 2.50 1.80 1.60 
(minutes) 
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CONCLUSIONS AND RECOMMENDATIONS 

The t h e o r e t i c a l  study undertaken i n d i c a t e s  t h a t  the non-contacting 
electromagnetic sa te l l i t e  de-spin system based on t he  induction of count- 
e r  a c t i n g  eddy-currents i n  the satel l i te  is p r a c t i c a l  and requires  only 
moderate ayounts of power. It would be possible  t o  reduce satel l i te  s p i n  
t o  a very l o w  value within n reasonable t i m e  of t he  o rde r  of o r b i t a l  
daylight or lePs. 

A comparision of the two systems, one based on a l a rge  diameter c o i l  
posit ioned symmetrically around the sa te l l i t e  and the o the r  using a mag- 
net  posit ioned c lose  -0 the sa te l l i t e  i n d i c a t e s  t h a t  the current  loop 
design is t o  be preferred from the point  of view of s h o r t e r  de-spin time 
and l i g h t e r  weight of the cryogenic cooled c o i l  compared t o  the weight 
of the magnet. The permanent magnet, however, has  some merit i n  t h a t  i t  
does not involve any ex te rna l  power source In  p a r t i c u l a r ,  the current  
loop design using a c o i l  r ad ius  of 3.5m and 6000 A-T g ives  very good 
values of de-spin times within the o r b i t a l  dayl ight  f o r  t he  smaller  of 
the two satellites invest igated.  
cryogenically cooled c o i l s  is around 1 kw. The sa te l l i t e  (cyl inder)  
s i z e  is 2.5m long and 2.5m in diameter with a w a l l  th ickness  of 0.05m. 
Even f o r  t h e  heavier sa te l l i t e  - 3m long and 3m i n  diameter - reasonable 
de-spin times can be obtained using a 9000 A-T c o i l .  
using reasonable s i z e  magnets seems t o  be p r a c t i c a l  for l i g h t e r  s a t e l -  
lites with the magnet posit ioned c lose  t o  t h e  sa te l l i t e  - about 2 feet 
away. The i n t e r e s t i n g  r e s u l t  t h a t  the de-spin time decreases as the rpm 
of t h e  spinning s a t e l l i t e  decreases i n  case of the magnet design seems 
t o  suggest t h a t  the two designs are complimentary. The current  loop 
design is a good method when the spin rate is high and the magnet design 
is, perhaps, b e t t e r  when the  spin rate is low. 

The power input t o  the coil using 

The magnet design 

The recommendations are as follows: 

The t h e o r e t i c a l  ana lys i s  of the  magnet system needs t o  be  vursued 
fur ther .  I n  p a r t i c u l a r  the reason why the de-spin time decremes 
as the rpm of t h e  spinning satel l i te  decreases needs to  be inves t i -  
gated i n  g r e a t e r  d e t a i l .  A three-dimensional computer p l o t  of 
i n t e r a c t i n g  f l u x  dens i ty  p r o f i l e  would be h e l p f u l  in t he  analysis .  
The design of a cos t - e f f ec t ive  and reasonable s i ze  permanent magnet 
with a rather high magnetization needs t o  be pursued fu r the r .  The 
p o s s i b i l i t y  of commercial sources o t h e r  than I thaco needs t o  be 
looked into.  

k scaled-down laboratory model of the proposed de-sDin system could 
be constructed with a view t o  test the r e s u l t s  of the theo re t i ca l  
ana lys i s  out l ined i n  t h i s  report .  

A computer simulation of a complete de-spin mission p r o f i l e  using a 
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series  of representative s a t e l l i t e  characteristics tbat have a 
bearing m the de-spin process is suggested. 

Finally, i t  is appropriate to mention that t h e  designs envi?aged 
i n  t h i s  study w i l l  provide a safe and effect ive s a t e l l i t e  de-spin system 
which could replace the prtsent concept of direct astronaut EVA inter- 
vention for de-spinning. 
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STUDIES OF NEUTRON c\ND PROTON CICTIVATION 
I N  LOW-EARTH ORBIT I 1  

BY 

C. E. Laird, Ph. D. 
Professor of Physics 

Eastern Kentucky University 

CIBSTRCICT 

The study of neutron and proton nuclear activation 
in lon-zbuth orbit repwtsd in NCISCI CR-162051 has been 
continued with increasing emphasis givmn to primary and 
secondary neutron activation. The previously reported 
activation due to protons has been modified to include 
1. flux attenuation caused by all inrlartic reactions8 
2. the modification of the proton flux distribution 
caused by sample covering material; and 3. the 
activation of the sample as a function of the distance 
into the -*la from the surface of incidence. CI d h o d  
has been developed for including ths effects on the 
activation of the finite width and length of the 
samples. The reactant product spectra produced by 
proton-induced reactions has been studied. Cross 
sections needed for neutron induced reactions leading 
to lonq-lived (half-life>l day) radioisotopes have been 
indentified and, in some cases. compiled. Reactions 
for which cross sections are unavailable have been 
indentified for further study. From data found in the 
literature an estimate has been made as to the flux of 
primary neutrons in the planned LDEF orbit. 
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INTRODUCTION 

The radiation Pnvironmsnt experimced bv scim- 
tific equipment placcd in low-Earth orbit is a mbject 
of continuing study by NASA. An understanding of the 
grimary and secondary radiation and their effmctr on 
spacecraft aratsrials and experiments is needed to 
assure the proper operation of orbiting scientific and 
engineering instruamtation; especially, for radiation 
detection equipamt planned for satellites such as the 
Gamma Ray Observatory. While the effects of proapt 
radiation produced by incident charged particl- aay be 
suppresred by using anti-coincidence shielding, the 
rsfects of induced radioactivity are much amre diffi- 
c A t  to counter. Thm feasibility of orbital rxperirmnts 
requires a better understanding both of the primary 
radiation environment and of the induced radioactivity 
in orbiting spacecraft. 

The High Energy Physics Branch of the Space 
Science Laboratory at Marshall Space Flight Center has 
developed an experiment to gain further knowledge of 
spacecraft radiation environments. This experirmnt 
conristr of raeaurrinq the radioactivity induced in 
small -tal samples scheduled to be flown in the Long 
Duration Exposure Facility and on Spacelabs I and 11. 
Cln analysis of the activation of these samples will 
yield information related to the primary and secondary 
fluxes o+ Darticles encountered by the sampler. 

In order to anticipate the activation of these 
Samples. preliminary calculations w e r e  begun during the 
Sueuner of 1982 under the NcIscI/ASEE Summer Faculty Fel- 
lowship Program. The rewltr of that study have been 
published<l>. Rs a continuation of that work this 
report contains the activation caused by primary pro- 
tons as a function of d m t h  into the sample, the reduc- 
tion in activation caused by inelastic nuclear pro- 
cesses attenuating the proton flux, the effects of 
covering the samples with a 318 inch aluminum coverings 
and a rnrthod for calculating the activation of the 
samples in the situation where the activating particlee 
may leave the sides. Also. the expected primary neutron 
flux is estimated from atmospheric and orbital neutron 
f 1 ux measurements. Fi nal 1 y ,  suggestions are made for 
further study. 

X I X - 1  
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A. EFFECTS OF INELASTIC 8ccITfERINo 

While both protons and neutrons parsing thrwqh 
matter interact through nuclear processmm, protons a l w  
expwimnce elwtromagnmtic forces. The elmctromaqnmtic 
forces, acting bet- charged projoctiles and atomic 
rleetronr, result i n  a loss of kinmtic energy and aay 
cause the tota l  rtapping of the particle. The r a t e  of 
m w g y  lore (stopping p-1 and the range of charged 
particles i n  m a t t e r  h a w  bcm extensively studied<2>. 
Ruently, Zaidms<S> has establ ish4 useful mi- 
errpirical equations for  thesm procrr- and Andw8en et 
a1.<4> have tabulated " b e s t 4 i t "  valurs using a 
modification of the Bethe formula. The Zaidms' 
equations and the mffecto of the stopping poww and 
range have been discussed i n  a p r w i w o  repwt<l>.  

The nuclear intaractions bet- nucleonr and 
nuclei include elastic and inelastic mat twing.  Elar- 
t i c  scatterinq ~ ~ ~ r l t s  i n  the deflection of the n u e l m  
with the recoiling nuclws carrying off  the kinetic 
m w g y  lwt by the nucleon. Inelastic scattering 
results i n  the capture of the nuclwn, n i th  othw 
particles (p',n,D,f,mtc.) being emitted. Cte protons 
pass through matter, they continually l o w  m w g y  
through rleetroaagnetic scattering uhsre the Coulomb 
force betwarn the proton and the atomic elmctrons 
results i n  a continual reduction i n  the man mmrgy of 
the protons and a spreading of the energy distribution 
of the protons through straqqling. Host nuc leu  reac- 
t ion excitation functions peak within a few W of the 
reaction threshold8 a r g w i a l l y  *an barrier pmetration 
effmcte have been ovwc011)p and uhen thwe are w f f i c -  
ient nunbmrs of high-spin protons t o  populato high 
spin ground mtates. CIm the protons lorno mwgy,  t h o u  
with anorgies greator than the peak of tho excitation 
function havr an increasing probability of reacting 
with the nucleus as they lose enwgy. A s  the enwgy 
drops below the peak m e r g y ,  mffects of bary iw  pone- 
t r r t ion  rapidly rducms the intwact ion probability. 
Thus, electromagnetic interactions may increase the 
probability of an interaction for sone protons but 
decrease that probability #or other protons. 

Nuclear interaction may a l w  modi+y the enmrgy o+ 
thr  nucleon through elastic scattering or may capture 
that nucleon with other partielmi being emitted. Elas- 
t i c  nuclear scattering of protons and noutrons from 
moderrtsto-heavy nuclei. as i n  the LDEF sample%, 
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results in scatterinq with rather small energy loss 
(2% for A > SO) and with an angular distribution having 
a dominant peak in the forward direction. Since the 
calculations of this report assume a randocn distribu- 
tion of incident particles and since t h w e  is only a 
small energy loss pmr nuclear elartic collision, the 
resultant distribution of nuclmonr will not be smrioue- 
ly affected by elastic scattering. Thus, elartic 
scattering was not included in the present crlcula- 
tions. 

Inelastic scattering processes result in a 
reduction of the flux of primary nucleons a% they pass 
through the material; not simply a modest change in 
energy or directions, Excitation functions for total 
inelastic scattering have been measured for a wide 
variety o+ targete<5,6,7>. The procdure for inelastic 
scattering expwimmts<S> involves measuring the reduc- 
t i o n  in the incident beam intensity after it pasus 
through a given tarqet and the angular distribution 
both of the elastically scattered nuclwnr and of thc 
charqed secondaries produced in a reaction. Corrections 
for elastic and inelastic scattering into the forward 
direction are made to the mcasured transmitted intm- 
sity to obtain the reaction crosm section. The quoted 
accuracy for such rwarurements are from 3 to 4% <5,6> 
including both statistical and non-statistical errors. 

Renberq et al.<S> have measured the inelastic- 
scattering cross sections for a largc number of targatr 
fw incident protons enwqics from lbr to SM) HIW. 
Also. they have graphically presented ot?.w inelrstic- 
scatterinq data taken +roan the literature for proton 
energies from 10 MeV to 2 GaV. Plare recentXy, -egg et 
a1 .<6> have determined inelastic scattering croms 
sections for proton energies up to 30 PkV measured with 
targets of tantalum. gold and terbium. Bararhmkw et 
a1 .<7> have tabulated total. clastic. and inelastic 
cross sections for nuclwns. antinucleons. pi- &.d 
K-mesons for energies great& than SO HeV. Unfwtunete- 
ly, above 200 W these results exhibit large incon- 
si stanci e%. But. the m o r e  recent moawrenents, noted 
above. remove some of the inconsistancies. 

Abeqg et al. ( 6 )  compared their results both to 
black nucleus and optical model calculations. They 
found that the optical model. which specifically calcu- 
lates the proton pmnetrability and which us- global 
optical model parameters, gave the better fit. However. 
in their black-nucleus model they only used a qeometri- 
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cal cross section modified to have an effective radus 
of R + 3  where 3 is the reduced W8Velmgth of the 
incident particle. 

Rmberg et al.C5> u d  a (#to complicrtmd d e l  
which includod an approximate Coulanb rmpulsion factor 
and an approximation for the trmspuoncy of the 
nucleuu. Their data war analyzed using 

2 
Sin = n (R+ X 1 (l-V/E) (1-1) (1) 

uhwa f?4?Oov3 
indamtic scattering cross soction, and V is the Cou- 
lomb barrier of the nucleus def ined by 

is the nuclear radius, Sin is tho 

E is the kinetic merqy of the incident particle, K is 
an "effective intra-nuclear" wave number, and T is the 
transparency of the nucleus to the proton qivm by 

This function fits their data but does not do v w y  -11 
for the data below 100 Hev. There, this model t m d s  to 
poorly account both for the rapid rise of the cross 
section to a peak near 2S HeV and the rapid fall off 
to 8 valley near 100-200 PbV. b e  complicated d e l  
calculations do give the required crorr-uctional be- 
havior but at a substantially great- iomputational 
effort. A recent treatnnnk by Townsmd et at. ( 8 )  
urinq eikonrl mcatterinq theory fits the date very 
wall for cnwgies from 25 MeV up to 22.5 8eV. 

Since there rwramd to be no simple analyticaX 
function with which to calculate inolastic cross 
wctione, it was d=ided to make use of the expwi- 
mental croue sections end of interpolation fo r  the 
activation calculations. However, the A dopmdmce seen 
in the model fit to the inmlastic scattoring data was 
used to scale the mearured data for a givm nuclnrr 
such a% Fe to nuclei ouch as Co which w o r e  not rtudimd 
by t h e u  authwr. Thur,f-r thir report the unrwaurred 
inelamtic cross-sections for V, Ni , and Co were scaled 
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f r o m  Fer for Ta f r o m  Pb, and fo r  In  f r o m  Sn(1n). Table 
I contains the s c a l d  ine las t ic  cross sections used i n  
t h i s  report. The expmeted accuracy of these tabulated 
valuer should be on the order o+ 10%. 

fil80, Table I contains, f o r  each element, the 
appropriate parameter. C which i s  us& i n  fa idm’s 
equetion<l.S> t o  calculate charged pa r t i c l e  range and 
stoppinq power. The units of C are uuch that the 
stopping power i s  i n  MeV per grams/rq. cm. and range i n  
gramsisq. cm. i f  the enerqy i s  i n  HeV. 

The computer program IRTRAP..l> used i n  these cal- 
culations was modified t o  correct for the f l u x  attenua- 
t i o n  due t o  ine las t ic  processes using the -11-known 
exponential law 

where F i s  the proton f lux. Sin(E) i s  the ine las t ic  
cross section a t  an c n w q y  E. N i s  the number of 
atomslcubic centimeter, and x i s  the distance ( in grams 
per rq. cm.) i n t o  the sample. Since E i s  continual ly 
decreasing due t o  stopping effects. the ine las t ic  cross 
section must be e v r l u r t d  a t  an average energy w i t h i n  
tho distance x. For proton energies betmen the 
tabulated values a semi-log interpolat ion was used. 

Table 11 contains. i n  column B, the act ivat ion 
produced i n  the Cobalt sample when i ne las t i c  attmua- 
t i o n  i s  included. CS comparison of col. B w i t h  col. 6, 
which contains the act ivat ion w i t h o u t  absorption, shows 
only a ernall reduction i n  the activation. Typical 
reductions of a feu percent indicate that  the attmua- 
t i on  of the proton f l u x  bv a l l  ine las t i c  procmsws w i l l  
not o i .p i i f i can t ly  a f fec t  the act ivat ion of the LDEF 
samp?. C t S  . 

8. COVERING PICITERIAL 

The LDEF samples ere mounted e t  various locations 
around the f a c i l i t y  and, thus. are ef+ectad by varying 
amounts of material on the d i f ferent  sides. For most 
samples the side facinq outward w i l l  have only a m a l 1  
laver of insulat ing material. However. on one met of 
samplem the covering material consists of 3/8 inches of 

X I X - 3  
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aluminum and silicon. On all samples, m w g h  matwial 
ir usually prmsmnt on the sides that incidmt particles 
wwld not impinge at right angles to the rider. On the 
back of each sample, at least 5 g/rq.cm. of natmrial 
will drarticrlly rduce the activation from the omni- 
directional trappmd-proton flux found in the plrnnod 
wbit. Thus, activation by trappod-protons lncidmt on 
the mpacecraft sido of the umpler is not conribwed to 
be significant. Hmumvor, if thmre should be a 
significant proton flux onto the sample from inside the 
facility, it will show up as a significant activation 
on the inside %urface(smm Section C). F w  further 
C.lCUlatiOI'l81 P W p o W r  it ~ 1 %  that protonr 
strike neither the backs nor at right anglrr to the 
rid- of the ramplmr. Also, since silicon has nmarly 
the rune 2 as 41, calculations are prountd only far 
the effects of 318 inch of aluminum covwing natmrial. 

The inelretic-scattering cross ractions u w d  in 
thmse calculations are taken from Ref. 5. Crorr w c -  
tions are evaluated from this data using a wni-log 
interpolation. Stopping powerr m d  ranges are calcu- 
lated using Zaidens' semi-empirical equations (3). In 
the calculation of the activatim the rusples wmre 
considered to be square segments which are part of an 
infinitely wide urd long sample as previously outlined 
(1). The activation /unit area (# of nuclei/day of 
flight/unit area of sample) was calculated for a unit 
area on the surface and scaled to the required surface 
area. It was a s m d  that the proton is incidmt at an 
angle8 and thus, it has parsmd through a thicknorr of 
covering material given by t/cor(8 1 n h w e  t is the 
thickness n w m l  to the rurface. For a givm incident 
energy the morgy degradation and the flux attmurtion 
i s  calculated. This lower-energy, attenuated flux Cm 
t h m  u w d  for calculating the activation of the sample. 
Table 111 contains the effects of the covwing matwirl 
on the incident flux at a variety of incidmnt angles as 
-11 as the flux far no covering matmrial for conpari- 
00n. While the flux is not dramatically reduced for 
protons of a specific enwqy unless the proton is 
stopped, the margy of the emerging proton is greatly 
reduced. 

Column C of Table I1 contains tho total activation 
per day produced In tho Cobalt sample coverod by alum- 
inum. This covering reducor the sctivatlon by m o r e  than 
SOX in each reaction. Tho rtopplng of protonr in the 
rovoring material qroatly reduces the flux reaching the 
sampler a8 -11 as roducing the enorgy of tho- that 
do. Both effects strongly reduce the total activation. 
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Table V contains the act ivat ion a% a function of 
depth i n t o  a covered Cobalt sample. This w i l l  be 
discusslrd i n  Section C. 

C. ACTIVATION CIS A FUNCTION OF DISTCINCE INTO SAMPLE 

As previously mentioned. a proton passing through 
the sample continuously loses merqy u n t i l  i t  %tops or 
leaves the sample. For protons having energy above the 
peak of ths reaction cross mection the probabi l i ty  of a 
reaction increases as the onergy decreaws. I f  the 
proton w r r t g y  i s  at, or below, the peak the reaction 
probabi l i ty  decreases as the anergy decreases. Since 
the proton anerqior decrease i n  approximately a l inear  
fashion w i t h  the distance i n t o  the sample, var ia t ion i n  
act ivat ion w i t h  distance i n t o  the sample might be 
observed 

In  Table I V  the act ivat ion of a vanadium sample 1% 

presented a= a function of distance (grams/rq. em.) 
i n t o  the sample (along the z a x i s ) .  The act ivat ion 
reaction l i s t e d  here i s  (p,n) and ha5 been calculated 
w i t h  tha f l u x  of protons expected i n  o rb i t  but, i n  case 
1. assuming only normally i nc idmt  proton. and, i n  c1.e 
2, assuming an omnidirectional f l u x  t<8 > I .  In  both 
cases i t  is obvious that the act ivat ion i s  groatest 
near the surface of the rampla. HOwwer, the <€I> 
average resu l t  has an overal l  greater act ivat ion and a 
d i r t r i bu t i on  of act ivat ion that i s  greatest near the 
f ron t  surf ace. 

Further confirmation of these conclusions can be 
seen i n  Table V whore the act ivat ion as e function of 
distance i n t o  the sample is q i v m  for the Co(p,3n) 
reaction. fhene resul ts  include f l u x  a t tmuat ian by 
ine last ic  processes whereas t h o w  i n  Table I V  d id  not. 
I n  both V(p,n) mnd Co(p,3n) reactions a s imi lar  pattern 
of decrearinq act ivat ion with distance is seen. Results 
for  other reaction5 not tabulated support the 
proposition that  th is w i l l  hold i n  most. i f  not a l l ,  
reactions. 

Once the LDEF samples have been returned from 
orb i t .  careful counting of both the f ront  and back 
supfaces o+ the samples w i l l  g ive an indicat ion of the 
proton f lux  onto thow surfacer. The attenuation of 
the in tens i ty  o f  gamma rays passing from one surfaco 
through the ramplr and counted a f te r  leaving the second 
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surface w i l l  y i e l d  data re la ted  t o  the p o r i t i o n  of  
greatest act ivat ion. For example, i f  the greatest 
act ivat ion is a t  surface A, then the count r a t e  w i t h  
surface A nearest the detector w i l l  obviously be 
qreater than w i t h  w r f a c e  B there. Aosuminq tha t  the 
@nergy dependence of  the proton f l u x  i o  approximatrly 
correct, then deviat ions of the f r o n t  t o  baek counting 
r a t i o  from that  predicted by the model may ind icate a 
s iqn i f i can t  proton f l u x  from ins ide the spacecraft. 
This would be seen i n  the spectra of  low-energy gamma 
rays which are h iqh ly  attenuated by the sample. The 
attenuation f o r  gamma rays passing through one-half, or 
1/16 inch, of the Cobalt sample i s  6.7% a t  1377 MeV and 
26% a t  158 keV. By comparing the r a t i o  of  the inten- 
s i t y  ?f widely separated gamma-ray peaks measured from 
the LDEF samples w i t h  tha t  expected from thin oources- 
both gamma rayu produced i n  a spec i f i c  reaction-an 
e f fec t i ve  ac t iva t ion  depth can be obtained. Therefore. 
i f  the gamma-ray spectre taken w i t h  the back of the 
sample facing the detector y i e l d  a greater than 
expected in tens i ty ,  then a s ign i f  icant proton f l u x  w i l l  
be incident from ins ide the spacecraft. 

D. TECHNIQUE FOR MEASURING ACTIVATION AS A 
FUNCTION OF POSITION WITHIN THE SAMPLE 

The f i n i t e  width and length of the samples reduce 
the overal l  ac t i va t ion  becauae some pa r t i c l es  leave the 
edges of the material and others enter through the 
r ides  end do not encounter as much material as those 
passing through the t o t a l  thickness. A technique which 
could be used t o  accurately calculate an approxima- 
t i o n  t o  the expected ac t iva t ion  would break tho ermple 
i n t o  a large number of  cubical (or paral le lopiprd) 
c e l l s  each surrounding a l a t t i c e  point. The surface 
c e l l s  have pa r t i c l es  incident on the top, whereas the 
c e l l s  on the sides have pa r t i c l es  incident upon them. 
For a sample of length and width W and thickness t 
and c e l l  s i r e  d. we would have N X N X NZ c e l l s  where N 
= W/d and NZ = t /d .  The act ivat ion i n  a qiven c e l l  
a t  l a t t i c e  point  i. j .  k produced by pa r t i c l es  incident 
on cell i’. j ’ .  6; N. j ‘ .  k’or i ’ .  N. k‘  would be qiven 
bv 
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Protons entering the sides (k = 0 )  may or may not have 
reduced w modified f l u x e s  dependinq on the material, 
i f  any, adjacent t o  the sample. 

A r t r e i g h t  forward approach t o  th is  problem would 
require (assuming incidence on only one r u r f a c r  and the 
four r ides)  calculat ing the a c t i v i t y  produced on rach 
c e l l  (1000 c e l l r  i f  N = NZ = 10) by protonr (or nmu- 
trons) incident on N surface c e l l 0  and 4N x NZ r i d e  
ce l ls .  This can be reduced by a factor of e ight  u r ing  
the mywartry of the sample. I f  one breaks the sample 
i n t o  a f i gu re  consist ing o f  an equi la tera l  t r i a n g l e  of 
r i d e  W and th icknr rc  t, recursion relatians'. ipr w i l l  
al low f o r  ca lcu lat ing the t o t a l  ac t i va t ion  i n  a l l  c e l l s  
by protons incident only on one-eiqhth. The eowdin-  
ates of the centers of the surface c r l l r  are (i - 1/2, 
j - 1/2, k = 0 )  f o r  i, j = 1 to N. Since only one hald 
o f  the area of the c e l l r  f o r  i - j time., i - 112 = j - 
1/21 are i n  the t r ianqle,  they must be weighted by 8 
factor of a ha l f .  We, therefwe, have 1/2 N(N-1) fu l l  
surface squares and N one-half squarer. The sidms o+ 
this f igure  i s  made up of  N X NZ rectangular regr.ant8. 

A p a r t i c l e  incident on the surface at: po int  (n,y, 
0 )  w i l l  subtend an angle 8 w i t h  rerpect t o  a nwmrl  
t o  the surface and an anqle 4 w i t h  respect t o  an x ax is  
a r b i t r a r i l y  taken t o  be pa ra l l e l  to one o f  the t w o  
sides of the square End t h r w q h  the cetter. 
o f  6 w i l l  be O'to 90 and of  4 from 0 t o  360'. 
Clssuminq the p a r t i c l e  fo l lows a s t ra igh t  l i n e  through 
the sample, i t% pos i t ion  a f t e r  t rave l ing  E distance L 
w i l l  be  given by 

The range 

X = x + L s i n 6  cos 0, 

t =  t - L C O S B  

where z = 0 f o r  surface incidence. Thr p a r t i c l e  l e r v r s  
the  sample when L taker a vaiae such tha t  X,Y > a, or 
2 > T. I f  T is qrrator that er equal to tho range of 
the par t ic le ,  then i t  stope i n  the samplr. 

For theopar t ic les incident on the r i d e r  6 must be 
lees then 90 and -90°< cb < 90". I f  adjacent matorial 
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i s  f lush  w i t h  the exposed surface of the sample. then 
ut assume no 9O0 incident pa r t i c l es  are present. 
Likewise, we assume pa r t i c l es  cannot be incident a t  
angles greater than 90’. Although pa r t i c l es  nay be 
e l a s t i c a l l y  scattered o f t  of  adjacent rurfacmm i n t o  the 
sample i f  there i s  no side material, pa r t i c l es  are also 
e l a s t i c a l l y  scattered o f f  of  the sample i n  such 8 way 
that the two e f fec ts  are expected t o  cancel. Af ter  
t ravel ing a distance L i n t o  the sample, the poeit ior i  i s  
given by Eqs. 6 where Z i s  a negative number. The 
condit ion f o r  the p a r t i c l e  t o  cease in teract ing i s  
the same as i n  surface incidence. 

The act ivat ion a t  a given c e l l  can bh determined 
bv calculat inq the act ivat ion along a small segment of 
the assumed l inear  path and assigning tha t  a c t i v a t i m  
t o  tho closest l a t t i c e  point. Once the p a r t i c l e  has 
stopped. leaves the s 6 1 ~ l e  or f a l l s  below thc lowest 
reaction threshold, then no fur ther  act ivat ion i s  
possible. 

Once the act ivat ion i n  each c e l l  has been cr lcu- 
lated, symmetry can be ured t o  t o t a l  the act ivat ion i n  
a l l  c e l l  f o r  total-surface incidence. IT Po(i,j,k) i s  
the ac t iva t ion  a t  a l a t t i c e  point  i , j ,k due t o  p a r t i -  
c les incident on th r  t r i ang le  or i t s  6ideo. then the 
t o t a l  act ivat ion f o r  a point  ins ide the tr iangular slab 
w i l l  be qiven by 

P ( i . j . k )  = Po(1.j.k) + Po(+, j,k) + Po(-i,-j-k) 

+ Po(i.N-j.k) + Po(-i,N-j.k) 

+ Po(-i. j-N,k) + Po(i.-j.k). ( 9 )  

Once t h i s  has been determined. the act ivat ion e t  a 
point  correspondinq t o  a r e f l e c t i o n  about the diagonal 
i s  qiven bv 

where i. j > 0. This gives the ac t iva t ion  f o r  the 
sqdare i .  j > 0 end then the symmetry about the x- and 
y-axes gives the act ivat ion over the mnt i r r  dab. 

This procedure should y i e l d  an accurate estimation 
of the act ivat ion a t  any point  i n  tha l a t t i c e .  The 
ul t imate accuracy would be dependent upon the t o t a l  
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number of calls used in the calculation. Hommvw, 
there is a linear rmlat!mship bet- the number of 
cells and the computor time required to p w f w r  the 
calcul8tim. &n malyri8 of the optimal number of 
cells required to obtain sufficient accuracy f= 
theme calculation ir n d e d .  but ha% not ymt b#n 
undntrkm. The ccnnputw codm IRTRCIP ha8 not bomn 
lwdifimd to includr thir mrthod of computing the 
act 5 vat t on. 

E. -Y PCIRTICLES CSM) RECICTIONS 

Since the energies of the expected proton +lux go 
wall above 190 HhV, the types of particles witted in 
proton reactions on the sampler are numerous. Houever. 
the exponentially decreasing nature of the proton 
flux means that thm prnbability of the emission o+ 
particles having high production thresholds is small. 
Since neutrons have 1 arqer 1 --energy panutrabi 1 it i e8 
fhan charged particlw, they are the dominant type of 
particle emitted in these reactions. The emittmd 
charged particles nil1 have avewage energies much less 
than the incident protons and will be stopped by elm- 
trorurqnetic procmws before producing significant BBC- 
ondary activation. The uncharged neutrons will not 
be stopped and could seriously compete with primary 
activations. especialiy primary neutron activation. 

Seconda y neutrons emitted in proton-induced 
reactions are usually classified as coming fram com- 
pound nuclear or direct nuclear reactions. Conpound 
nuclear reactions yield particle distributions which 
peak at low energy (typically below 1 W )  and fall off 
rapidly with energy. Secondary neutron% fluxes fall off 
rapidly to 1/10 of the maxima, at ac~ enwgy of 5 
HeV<9>. The angular distribution of themm neutrons ir 
isotropic. The e n e r g y  dependence is given as a 
Mannallian energy distribution having the form 

where E is the neutron energy, C is a normalization 
constant and T is the effective nuclear tmtpe. .ture. 
Since the neutrons comm fro. !p,xn) and 0th- 
rmactionu, the effective 7’- A - temperaturr must be 
deuwmined for  each react~or* end. thm, a series of 
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distribution functions must be used in activation 
ca 1 cul at i ons . 

Direct nuclear reactions result in anisotropic, 
higher energy neutrons. Direct reaction neutrons are 
emitted predominately in the fwuard direction with the 
probability of emission decreasing sharply with angle. 
Furthermore. direct reactions to isobaric analog states 
and to specific low-energy states in the daughter 
nucleus lead to peaks in the neutron spectra. These 
peaks are very difficult to model. but are not suffic- 
iently strmq to cause large discrepancies in activa- 
tion calculations. Direct reactions can be treated 
usinq the exciton or pre-equilibriua model (10). A s  a 
matter of fact. since the dircxt reactions are small 
compared to compound reactions, the activation through 
low threshold reactions. such as (n,Y) or (n,p). can be 
accurately calculated without considering direct reac- 
tions. However. the activation produced by high- 
threshold proton reactions will demand the m w g y  and 
angul ar di str i but i ons of di rect-react i on secondary 
neut r on5 . 

Previous work (1) on activation of these samples 
centered on compiling cross sections leaditig to long- 
1 i ved i sotopes. CIct i vat i on cal cul at i ons for secondary 
neutrons (and secondaries in general) requires a more 
thwcuqh compilation of reaction cross sections as 
well as the energy and angular distributions of the 
emitted particles. Sufficient data for these 
calculations have yet to be compiled. 

F. ORBITAL NEUTRON FLUXES 

The activation of the LDEF metal samples will be 
produced by primary protons. primary neutrons. cosmic 
rays. and secor-laries produced within the sample and by 
other material in the facilitv. CI careful interpreta- 
tion of the measured activation bv neutrons will be 
greatly facilitated by a preliminary calculation of 
their expected activation effect. In order to perform 
this calculation an estimate of the neutron flux to be 
ecountered bv LDEF is needed. 

Many studies have been done on neutron fluxes as a 
+unction of altitude bnd latitude<ll-l9>. These have 
been performed using various tvpes of neutron counters 
attac'ed to high altitude balloons or placed in 
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orbiting satellites. This data indicate% th8t the total 
neutron flux decrmasrr in m w q y  ab- 1 W V ,  thrt it 
increases with latitude above and below the equator, 
and that it decrmsess with altitude above about 20 kr.  

Bhatt<ll> has mtrapolatd the results of nrutron 
flux- waeured in balloon flights at 7.8' N latitude 
to the top of the atlomphere, usually dmfinmd to be 50 
kn. Theue flux- .how (for E > l W )  8 rapid drcrease 
with energy .  Although there are indications of 8 
slightly greater upward neutron +lux than doamward, his 
data are total fluxes and may be approximated a% 
omnidirectional. 

Klumpar et s1.<17> measured the neutron flux at 4 2 O  

N latitude at an altituda of 3.5 g/rq. cr: (37 ka) for 
neutron energies from 3 W to 20 W .  For the range 
3 < E < l O  W they found an energy power depmdmce with 
an exponent of -1.8.+1--2. Hatching this functional 
dependence to Bhatt's SO km neutron flux at 10 nhV, w e  

find a flux of 3.5 E-'.' Nfeec c m  
energies 3 < E < l O  HeV. 

PleV for neutron 

Lockwood et a1.<16> reported t h e  neutron flux as 
measured by instruments aboard 080 6. Two aspects of 
that measurenaent arc useful to this study. First, the 
latitude dependence of the neutron c y t  rate uas 
presented. For latitudes less than 40 the dcpmdmca is 
approximately quadratic in latitude. A least-squares 
fit to their data for 8 <32°yiclded the result 

,, = 1 + .001s2e2 ( 9 )  

for a 400-500 km orbit where 8 is the latitude in 
degrees. The quality of the +it is as good as one's 
ability to read tho data in Fig. 1 of their article. 
Furthermore, they observed the count rate as a function 
of altitude and stated that the flux is reduced at 
400-500 km to 43% of the value at SO km. 

The equatorial neutron flux at SO0 km can be crude- 
ly approximated by taking 4S% of  the flux at 50 kn 
using Bhatt's extrapolation and the Klumpar et al. 
energy dependence normalized to Bhatt's value. 
Integrating the latitudinal depmdence of the flux over 
a 24 hour period of the 28.S0,500 km planned orbit for 
LDEF vi-Ids the fluxee found in Table VI. 
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The activation caused by the flux can be calcu- 
lated given the properties of the matmrials and the 
cross sections for the various reaction of intwest. 
Although some of the cross sections are found in 
ENDFIB-V (Evaluated Nuclear Data File) library from 
Brookhavan National Laboratory, other nwersary cross 
sections are not presmtly available. Once a more 
complete compilation is available, the neutron 
activation calculations can be done with a madified 
iorm of IRTRAP. 

6- SUMPWFtV CIND CONCLUSIONS 

The computer program I R T W  has been Qodifieo to 
include the effects of trapped-proton attenuation and 
energy degradation in sample end covering material and 
to calculate the activation profile within the LDEf 
metal samples. The calculations indicate that an 
uncovered sample will have a decraarinq leve'. of acti- 
vation with distance from the surface facing outward 
from the facility. The 3/8 inch aluminum covering 
material will reduce the activation by gore than half 
and wi 11 "wash-out" the activation energy distribution. 
However. the covered-sample activation will yield 
useful information concerninq the flux of high-energy 
protons passing tnrough the covering. 

The effects of secondary charqed particles on the 
samples seems to be negligible. This is due to the 
expected evaporation spectra of t h e w  particles and 
their short mean-free-paths in materials. However. 
secondary neutrons have much qreater paths and will be 
the dominate particle emitted by reactions in the 
samples. These neutrons will offer swiws c mtition 
to some trapped-proton interactions and el 1 mary 
neutron reactions. 

Finally. an attempt to pro+ile the expected 
primary neutron flux has been made. The reliability of 
there estimated fluxes is. as of vet. not known and 
need ar'di t i onal study. 

H. RECO~MENDGTIONS 

1. fin experimental program needs to be initiated at a 
proton accelerator to obtain empirical data on 
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sample activation. This data can be used to 
ascertain the reliability of the I R W  calcu- 
lations and to provide a means of testing the 
counting and analysis techniquw to be u u d  in the 
LDEF experiamnt. It a l w  will provide mperioncc to 
the investiQatws needed to assure that all appro- 
priate factors have been conridwed. 

2. The effects of finite width and length of the 
samples on the activation should be given further 
study. Modifying I R W  in the manner suggested in 
this report should be undertaken. 

3. The search for  cross sections needed to calculate 
the expected activatian or to unfold the activating 
fluxes rhwld be continued. Contacts at Indiana 
Univasrsity Cyclotion Facility and at Oak Ridge 
National Laboratory need to be continued or 
initiated in order to obtain this data by locating 
tabulated data w by experimentation. 

4. A careful study should be made of the local back- 
ground at the propowd sample counting rite, of any 
tMporal changes in that background, of both 
nachanical and electronic means of reducing that 
background, and the efficiency of the detector for 
extended, 1- level wurces. Also, the self- 
attenuation of the gamma rays by the samples should 
be studied. Furthermore, the garwsr-ray mpectra taken 
with a high-resolution oh(Li) detector should be 
anal yted wi th data anal yri s sof twere avai 1 able at 
Eastern Kentucky University. 
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E (MeV) 
1 0  
17 
20 
25 
30 
35 
40 
4s 
so 
60 

1 00 
22s 
340 
460 
5so 

C 

I sot ope 
Produced 

Ni -57 
Ni -56 

AI 
610 
690 

700 
660 
&SO 

500 
42s 
400 
402 
422 
427 

184 

Total Xnclrrtic C r o s s  Sections 
(mi 11 i b u n s )  

Pllateri a1 
V 

738 
836 

846 
837 
827 

752 
7- 
643 
638 
662 
663 

148 

co 
813 
922 

932 
922 
91 1 

828 
777 
708 
703 
730 
73 1 

148 

Ni 
e13 
922 

932 
922 
91 1 

828 
777 
708 
703 
730 
73 1 

1 48 

In 
950 

1270 

1510 
1510 

1425 
1270 
1 1 8 0  
1157 
1188 
1 1 8 8  

110 

la 

161 1 
1617 
1 6 4 9  
1703 
1740 
1729 
1 748 
1776 
1662 
1600 
1626 
1559 
1593 

90 

TCIBLE I 1  

CIct i vat i on of Cobel t Sample 
(100000 nuclei per day) 

A B C 

.I849 01769 .0721 

.00788 .00756 .00338 
co-58 10.25 9.823 3.971 
CO-57 6.489 6.215 2.586 
C0-56 1.944 1.865 . BS09 
Cr-51  . 8178 7883 .3712 
Mn-54 1.598 1.534 .6784 

a-uncovered sample without inelastic scattering 
corrections 
E-uncovered sample with inelastic corrections 
C-covered sample with inelastic corrections 
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Effects of Aluminum Covering on Proton Flux 
(10000 protons /day rq. cm. MeV) 

A. No Covering 

E (Rev) 
4.5 6.0 10.0 15.0 30.0 50.0 100.0 200.00 

F1 ux 
11.34 10.82 8.654 9.987 4.384 3.679 2.S81 1.079 

8. 3/8 inch Clluminium Covering 

Incident Energy 
Bng 1 e Threshold 50 100 
(degrees) Energy 

0 4s. 9 1s. 2 839 9 
3.82 3.556 2.516 

22 47.9 10. 1 82.6 
3-70 3.546 2.5111 

44 95.4 77.1 
3-55 - 2.4905 

66 76. 7 54.9 
2.77 - 2.4155 

77 107.6 - - 2.06 

88 312.1 - 

(HW) 
200 

e x i t  
190.9 mnmrgv 
1.0484 flux 

190.2 
1 0465 

187- 2 
1.0389 

176. 9 
1.0127 

156.7 . 966s 
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TABLE IV 

Activation as a Function of Sample Depth 
Without Inelastic Scattering 

for  the V-Sl(p.n) Reaction 
(100000 nuclei per day) 

Depth 
(g/sq. cm.) 

.I 
- 2  
.3 
.4 
05 
-6  
- 7  
.e 
- 9  

1.0 
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 
2.0 

Nor ma 1 
Incidence 

1.29 
1.40 . 91 . 95 
1.04 . 78 
I 77 . 79 . 57 . 69 
.68 
.66 
.45 
-63 
I 61 . 59 . 45 . 43 
.58 . S6 

Theta 
Averaged 

3.70 
2.60 
2.21 
1.67 
1.79 
1.46 
1.29 
1.09 
1.14 . 92 
1.14 . 79 
.a6 . 89 . 65 . 84 . 42 
71 

.54 
144 
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TABLE V 

Act i vat i on Incl udi nq Incl rrtic Scrtteri nq 
for Co-S9(p,3n) Rmrction 

(1000 nuclei/day) 

Depth 
(q/sq. cm. )  

.1 

.2 

.3 

.4 

.5 

.6 

.7 

.e 

.9 
1.0 
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 
2.0 
2.1 
2.2 
2.3 
2.4 
2.5 
2.6 
2.7 
2.8 

Normal Theta 
Incidence Aver aged 
no cover i ng mater i a1 

I43 . 42 
-41 . 40 
-40 . 39 
9 3 8  . 37 . 37 . 37 
9 3 6  . 3s . 35 . 34 
I 34 . 34 
I 33 . 33 . 32 
.I 31 
-31 . 31 . 31 
-30 . 29 
-29 

. 29 
29 

1.64 
1.38 
1.29 . 99 . 99 

9 8 9  
.82 . 69 
m 70 . 60 . 67 . 91 
.s6 
-50 . 39 . 48 
-38 . 4s 
-36 
.35 . 43 . 37 
-3s . 35 . 34 . 41 . 35 
28 

Thmta 
Averaged 
with 
cwer i nq 

-224 . 253 
-307 . 227 . 281 . 300 . 278 . 246 
.273 
9 242 
307 

.225 
-285 . 274 
.246 . 300 . 240 

,231 . 224 . 275 
235 . 225 . 229 

-219 
-263 
,224 . 179 

287 
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TABLE V I  

Expmctmd Neutron F l u x  for  LD€F Orbit 
(1000 neutronr/dry rq. em. W V )  

3 
7 
10 
30 
50 
70 
90 

F1 ux 

26.7 
5.8 
3.0 
1.4 . 99 
0 5 5  . 26 

5 
9 
20 
40 
60 
eo 

100 

F l u x  

10.6 
3.7 
1.8 
1.1 
-72 
.40 . 17 

x I x-22 



1983 

NASA/ASEE SUMMER FAZULTY RESEARCH FELLOWSHIP PROGKAM 

MARSHALL SPACE FLIGHT CENTER 
THZ 'PINIVERSITY OF ALABAMA I N  HUNTSVILLE 

ULTRAHICY MOLECULAR WEIG.'  AROMATIC SILOXANE POLYNERS 

Prepared By: La r ry  M. Ludwick, Ph.D. 

Academic Rank: Professor  

Un ive r s i ty  and Department: Tuskegee l n s t i t u t e  
Department of Chemistry 

NASA~MSFC : 
Divis ion:  
Branch: 

NSFC Counterpar t :  

Cont rac t  No: 

Non-Metall ic Materials 
Polymers and Composites 

W i l l i a m  J. P a t t e r s o n ,  Ph.D. 

NGT 01-008-021 
The L 'n ivers i ty  of Alabama i n  

H u n t s v i l l e  

xx- I 



LnTRXHIGH MOLECULAR WEIGti l  AROMATIC SILOXANE WLYNERS 

Larry M. Ludwick, Ph.D. 
Professor of Chemistry 
Tuskegee Institute 
Tuskegee Tnstitute, Alabama 

ABSTKAL i 

Silphenylene-siloxace pcly-mers ca.. be prepared by the 

R 
I 

I I 
CY 3 CH3 

R = -CH3,  -CH%H2 ,;,,E!! - -  Si- 0 -Si- 0 

condensztion feaction of a diol [1,4-his(hyd-oxydin?ethylsilyl) benzene 
and a silan ,bis(dimethylamiao)dimeLhylsilane ] . Using a stepwise 
condensation technique, a polymer (R=-CH3) with a morecular weight 
in excess D f  1.0 x lo6 has been produced. 
increased thermal stability, coL.pared to amethyl siloxane polymer 
wichout the aromatLc phenyl ring in the backbone. 

J 
The polymer exhibits 

The use of bisjaimethylamiro~meth~ivinylsilane should allow for 
redy crosslinking at the vinyl sites (R=-CH=CH2) introduced into the 
backbone. !-lowever, undtr the conditions cjf the reaction system a high 
molecular weight polymer was not obtained or the polymer underwent a 
crosrlinking process ruring the syntkzsis. 
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INTRODUCTION 

Polysiloxanes ha-*e been noted for their ability to exhibit 
desirable mechanical properties over a wide range of temperature. 
Thcse characteristics are the result of both high thermal stability 
and low-temperature flexibility. Numerous attempts have been made 
to improve these properties by structural modifications. Most 
srlccess has been obtained bj incorporating different functional 
groups witF;n the polymer tackbone. (1) This alteration can serve 
to improve aoth the thermal stability and the backbone flexibility. 
Thermal stability improvements result because the stable functional 
groups in the backbone apparently prevent the silicon-oxygen backbone 
from reverting to thermally stable cyclic trimers and tetramers. 
Carboranes and arylene units have shown notable success in this 
respect. (2,3,4) 

The condensation of a bis(hydroxysily1)benzene with bis(amino)- 
siianes produces a silphenylene siloxane copolymer (SPS) in which 
the backbone has an exactly alternating sturcture. Using a 

R 

Si-qjH4-S- CI si- 0 R = -CH3 
R'= -CH3, -CH=CH2 i' R R R 

multistep synthetic approach involving 1,;-bis(hydroxydimethylsfly1)- 
henzene and bis (~imethylamino)dimethylsilan2, the methyl SPS polymer 
(R' = -CH3) has been prepared in 50-gram quantities with a weight 
average molecL,a; weight 3.n excess of 1 x lo6 as determined by gel 
permeation chromatography. ( 5 )  Verification of high molecular 
rcights has been obtained by light scattering experiments. ( 6 )  In 
addition the polymer exhibits improved thermal stability over the 
polymethylsiloxanes. Improved thermal stability and mechanical 
properties have also been observed for the vinyl/methyl SPS polymer 
(R' = -CH=CH2). ( 7 )  

Thc oiirpose of this project was to prepare sufficient qilantities 
of the hAgh molecular weight vinyl/methyl SPS polymer so that cure/ 
formulation studies could proceed. 
vulcanized elastorer Pamples for extensive evaluation of the 
mechanical prooerties. In order to facilitate the cure/formulation 
studies, f-t was desired to incorporate the vinyl. substituent to 
provide built-in sites for crosslinking. These polymers have been 
synthesized using a low temperature reaction involving a highly 
reactive bis(ureid0)silane. (8) Since this monomer is extremely 
reactive, the use of bis(dimethy1amino)methylvinyl silane in a 
multistep approach provides an attractive route to this terpolymer. 

These studies would provide 
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EXPERIMEXTXL -- 

Mater i a1 s 
Toluene was dried for use in synthesis by distillation from 

calcium hydride. It was stored over molecular sieves until use. 
Yethanol and tetrahydrofuran (THF) (Burdick and Jackson) were used 
without additional treatment. 1,4-Bis(hydroxydimethylsilyl)benzene 
(Silar Laboratories, 1r.c. and Petrarch Systems, Inc.) was purified 
by recrystallizatio? from carbon tetrachloride. Two recrystallizations 
produced a mater'cL with a purity greater than 98%, as shown by gel 
permeation chramotography (GPC) analysis. Bis (dimethy1amino)dimethyl- 
silane and bis(diI1: thy1amino)methylvinylsilane (Silar Laboratories, 
Inc.) were both used as obtained. Analysis by gas chromatography 
showed no significant additional components. 
sufficient for several syntheses,were kept in a closed nitrogen- 
filled glove bag. Transfers were made using gas tight syringes. 
Stock quantities of the silanes were stored in a freezer in plastic 
hags containing Drierite. 

Quantities of these silanes, 

Polymer Preparation 
Polymer syntheses were performed in 3-necked fitted with 

a reflux condenser, an addition funnel and a thennometer. 
including the reactant disilanol, was dried in a SO°C vacuum over for 
several hours, preferably overnight, before use. It was assembled 
with a continuous purge of dry nitrogen gas which was maintained 
during the reaction. Dry toluene was added to the system and stirred 
with a magnetic stirrer. 
with a heating mantle. 

The system, 

The mixture was kept at reflux (105-112°C) 

The silane was added in various modes, including direct addition 
to the reaction flask. Normally the silanes were mixed w i t h  dry 
toluene in the addition funnel and added over a period of several 
hours either in a dropwise fashion or in several portions at 1-2 hour 
intervals. Additional toluene was added as needed to maintain adequate 
mixing 'n the reaction flask. After approximately 24 hours the heating 
was discontinued and the reaction mixture poured into rapidly stirred 
methanol. 
with additional methanol and dried in a 5OoC vacuum oven. 

The oily or semi-solid product which separated was washed 

The polymer synthesis was normally conducted in two steps. In 
the first step, approximately 95% of the calculated molar amount of 
the silane was used. 
In  the second step, the amount of silane used was two to three times 
the amount deficient in the first step. The product was isolated as 
before. The progress of molecular weight advancement Jas monitored 
by observing the retention times with a gel permeation chromatograph. 

Following reaction the product was isolated. 

Folymer Charazerization 
Intrinsic viscosities were drtennined at 3O.O0C (fo. l0C) using a 

Cannon-Ubbelc' ' -  dilution viscometer. Four dilutions (75, 6 0 ,  43 and 
25%) were ma. c stock solutions. 
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Nuclear magnetic resonance (NMR) spectra were obtained using a 
Polymers were dfssolved either in CDC13 Varian EM-360L instrument. 

of d8-toluene. The silanes were used neat. Tetramethysihne or 
methylene chloride sxved as references. 

Gas chromatographic analysis of the silane monomers was performed 
on a :lewlett-Packard 5710A gas chromatograph. 

Gel permeation chromacorgaphy used a Waters Associates liquid 
Chromatograph. 
THF were used with a solvent flow of 1.0 ml/min. 
the ultraviolet dector was displayed on eithe: a Hewlett-Packard 
3380A integrator or a Perkin-Elmer Sigma 15 Chromatographic Data 
Station. 
when toluene was used as so&vent for the less soluble poiymers. A 
single 30-cm column of 100 A ultrastyragel (waters Associates) was 
used for the analysis of the disilanol starting material. For the 
characterization of the prepolymers and polymer products, a set of 
three 30-cm ultrastyragel columns (1 x lo4, 1 x lo5 and 1 x lo5 8 
sizes) was used. Later a set of two ultrastyragel columns (1 x 10 
and 1 x lo5 g) was also used with essentially the same resvlt. 
retention time was used as a rough indication of molecular weight 
advancement. During certain parts of the experimental work the 
times varied considerably. A series of polystyrene standards 
(Waters Associates) was injected as a single mixture at regular 
intervals to assess retention times. Typical values are shown in 
Table 1. 

20-5Opl samples of approximately 3X solutions in 
The output of 

The refractive i d e x  unit was also employed as the detector 

eore 
The 
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Table 1 

Standard Polystyrene Retention Times (Min) 

Peak Ma Two-Columns Three-Columns 

THF Toluene THF 

2.3  x lo6 
1.75 x lo6 
6.55 105 
3.70 
1.96 105 

2.05 lo4 

1.11 x lo4 5 
3.45 x 10 

- 17.0 
19.8 18.0 
21.3 19.3 
22.8 20.6 
25.0 22.4 
26.2 23.4 
29.0 25.9 
30 .2  26.8 

b 28.3 
30.3 
32.7 
34.8 
37.6 
39.2 
42.7 
44.1 

a 

bNot resolved 
Supplied by Waters Associates 
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RESULTS AHD DISCUSSION 

Several attempts were made to synthesize a high molecular 
weight SPS polymer containing 510% of the vinyl pendant (R' = 
-CH=CBz). Some typical results are shown in Table 2. Since the 
Sigma 15 Chromatographic Data Station was not available for much 
of the time period, molecular weight characterization for most 
preparations was not attempted. 
time was used to assess the advancement in molecular weight. This 
was done by com} -3ng retention times with the set of polystyrene 
standards. While this method dozs not take into consideration the 
viscosity of the materials, it did provide a qualitative measure of 
the success of each synthesis. 

In all cases the relative retention 

None of the experiments produced a polymer with a molecular 
weight (short retention time) comparable to that of the previously 
prepared SPS dimethyl polymer. In fact most preparations achieved 
basically the same GFC retention time. 
experiments: (1) when a high polymer was achieved (unintentionally) 
during the first step with little subsequent advancement in molecular 
weight, (2) when the first step produced a low molecular weight 
product Mhich was advanced further in the second step, and (3) when 
the vinyl silane was added only during the second step to a dimethyl 
SPS prepolymer. 

This occurred in several 

The reasons for these results have not been fully determined. 
However, a number of possibilities exist. Primary among these must 
be the purity of the starting monomers. In the case of the disilanol 
used, the materials purchased from two suppliers both contained a 
number of minor components. 
removed by recrystallization from carbon tetrachloride, even two 
recrystallizations could not a small impurity which exhibited a 
slightly longer retention time. Typical chromatograms are shown in 
Figure 1. This peak may be due to a monofunctional impurity which, 
if present, would significantly decrease the length of the polymer 
backbone possible. The disilanol used in the preparation of the high 
molecular weight dimethyl SPS polymers did not exhibit this peak, and 
in fact was never recrystallized prior to use. ( 5 )  

Although most of these impurities were 

A second factor is the concentration of the disilanol/toluene 
mixture. While this aspect has not been fully investigated, it 
appears to be important to keep the reacting disilanol concentration 
as high as possible. This is somewhat difficult to control as the 
disilanol does not readily dissolve in the toluene until the solvent 
nears reflux temperature. In this regard it 3180 may mean that the 
silane should be added directly to the disilanol mixture, or at least 
in a minimum amount of toluene. Additional toluene may then be added 
as required during the experiment. 

The results of experiment #7,  and to some extent experiment 115, 
were u-rlike those of previous trials. 
of disilanol was kept very high. During the second step the reaction 

In experiment 17 the concentration 

xx- 7 



8 

1 

2 

3 

4 

5 

6 

7 

i- 

Table 2 

Methylfvinyl SPS Polymer jyntheses 

Prepolymer 

Mol % Silane Useda 
M/M MIV 

95 6 

87 6 

89 5 

90 5 

92 6 

91 6 

86 10 

96 0 

Re t e n t  ion 
Time (min) 

40 

45d 

4se 

36 

--f 

-- 

- - f  

44 

Pqlymer 

b S i l ane  Used 
M / M  M/V 

X - 

X 

X - 

X X 

X X 

X - 

X - 

- X 

R e t  en t io 
Time (mi 

40 

37 

36 

--f  

36 

--f 

37 

37 

%ole percent based on d i s i l a n o l  used. 
% m e s s  (2-4 times) s i l a n e  bdsed on d i s i i d n o l  used. 
‘LML-6 (dimethyl SPS polymer prepared 1962) 33 min. 
dSi lane mixture added dropwise over s eve ra l  hours. 
‘=Silane added d i r e c t l y  t o  r eac t ion  mixtu: 2. 
fCould not be determined due t o  s o l u b i l i t y  decrease and changes i n  

r e t e n t i o n  times. 

xx- 8 



c .  ,fi 

U * 
a 

a. 

c 
I .  n 

.1. * ORIGINAL PAGE 
OF POOR QUALIW 

P 

-2 

b. 

Figure 1, GPC Anslysis of 1,4-Bis (hydroxydimethy1silyl)benzene 
a. Silar Laboratories 
b. 
c. Petrarch Systems 
d .  

Silar Laboratories, Recrystallized Twice from Ccl4 

Petrarch Systemc, Recrystallized Twice from CC14 
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mixture became nearly solid very quickly and required large amolmts 
of toluene. In addition a mechanical stirrer was necessary to 
maintain stirring. 
mass. 
to absorb it. The product did not dissolve in THF, acetone, hexane, 
c'loroform, methylene chloride or acetonitrile. In most cases the 
solvent was absorbed, leaving a gelatinous material. Even extremely 
dilute solutions were difficult, if not impossible, to  filter through 
anything other than paper or a course glass frit. This apparently 
contributed tc the increasing retention rimes observed during GPC 
analysis. 
extremely elastic and only slightly sticky. The sol'id readsorbed 
solvent, reforming the gelatinous mass. These observations sugsest 
that these preparations had crosslinked during the reaction. This was 
also indicated by the NMR of the product (See Figure 2). With polymer 
%7 the vinyl signal at-65.9 was less intense than that in polymer # 5 ,  
even though polymer C? was prepared with nearly twice the amount of 
vinyl silene monomer. This observation is highly qualitative because 
the extremely low solubilities of both polymers in CDC13 required the 
use of very high instrument settings. 

The product appeared LO be a solid gelatinous 
It did not appear to be soluble in toluene but rather seemed 

When the solvent was removed the whitish solid was 

The reaction temperature and/or reaction time also appears to 
be important. The rubbery product was most temacious and thick on the 
bottom surface of the flask, next to the heating mantle. 
to suggest that the reaction temperature and/or time may need to be 
reduced when using the vinyl silane, p.-rticularly during the second 
step of the reaction sequence. 
more reactive bis(ureid0)silanes to react at much lower temperatures. 

This seems 

An alternative would be to use the 
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a. 

I I I I I I I 1 1 

10 9 8 7 6 5 4 3  2 1 0 PPm 

b. 

1 I I I I 1 I 1 1 I 
10 9 8 7 6 5 4  3 2  1 0 P W  

1 
Figure 2. H NMR Spectra of Methyl/vinyl SPS Po1;mers in CDC13. 

a. 
b. Polymer 7 - LO% Vinyl Substitution 

Polymer 5 - 69. Vinyl Substitution 
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CONCLUSIONS AND RECONMENDATIONS 

The synthesis of high molecular weight SPS polymers containing 
vinyl pendants to aid in crosslinking studies has not yet been 
successful. However the results indicate some probable causes for 
the problems. The purity of the disilanol monomer needs to be 
increased. This may be accomplished by using other recrystallizing 
solvent or solvent combinations, sublimation or perhaps preparative 
liquid chromatography techniques. Increased purity, along with more 
careful attention EO the concentration of the reaction mixture, 
should produce higher molecular weight products. 

The apparent crosslinking problem which occurred during several 
of the syntheses may be avoided in several ways. Using lower 
temperatures and shorter reaction times may reduce this problem. 
However, previous work also suggested that the condensation reaction 
does not occur below aboct 90°C so that a more reactive aminosilane 
may be required. 
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A REPORT ON SUPERFLUID HELIUM FLOW 

THROUGii POROUS PLUGS 
FOR SPACE SCIENCE APPLICATIONS 

BY 

Franklin Curtis Mason 
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'4iddle Tennessee State URiversity 

Murfreesboro, Tennessee 

ABSTRACT 

The need for cryogenically cooled experiment21 space 
science apparatus, such as the infrared telescope being 
readied for the Spacelab 2 mission, has brought about the 
perfecting of techniques for utilizing superfluia helium as 
the primary cryogen for producing the desired cooling. At 
the heart of the matter is the ability of superflula helium 
to flow through diininishingly small pores, and based. on thjs 
fact, the flow of the superfluid through a porous metal pluq 
serves as the method of achieving a controlled flow 2rocess 
which produces the desired cooling effect. 

As a background for the study of the nature of super- 
fluid helium flow through porous plugs for other space 
science uses, preliminary tests on various plugs of a given 
material, diameter, height, and filtration grade have been 
performed. Two characteristics of the plugs, pore size and 
number of channels, have been determined by t h e  bubble t e s t  
and warm flow test of helium gas through the plugs, 
respectively. 

Tests on t h e  flow of He Ii through the plugs have a lsa  
been performed. An obvious feature of the results of these 
tests is that for isothermal measurements of pressure versus 
mass flow rate below approximately 2.10 K ,  the flow is 
separated into two different rcqimcs, indicative of the 
occurrence of a critical phenomenon. 

Tn oraer t o  provide a more complete understanding of 
the nature of the superfluid flow of helium through porous 
p l u g s ,  tests c,f a similar nature to those cited above are 
still being conducted, and future methods for advanced testin,; 
of the plugs are mincj developed. 
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INTRODUCTION 

The u s e  of po rous  p l u g s  as phase  separat-x-s t o  c o n t r o l  
s u p e r f l u i d  helium ( H e  11) f low i n  space c r y o g e n i c  sys t ems  
is a w e l l  e s t a b l i s h e d  c o n c e p t  (1-4), w i t h  a working appl i -  
c a t i o n  to  t h e  IRAS s y s t e m  p r e s e n t l y  i n  space. A l s o ,  t h e  
i n f r a r e d  t e l e s c o p e  ( I R T )  and t h e  g r a v i t y  probe (GP-B) ex- 
pe r imen t ,  b o t h  o f  which are t o  be carried i n t o  space 3n 
f u t u r e  S p a c e l a b  f l i g h t s ,  w i l l  be u t i l i z i n g  t h i s  methou of 
c r y o g e n i c  f l o w  c o n t r o l .  Even w i t h  t h e s e  v a r i o u s  a p p l i -  
c a t i o n s ,  r e s e a r c h  is st i l l  b e i n g  done on t h e  s u p e r f l u i d  
f low o f  he l ium t h r o u g h  porous  p l u g s .  The I n f r a r e d  Ast ron-  
omy Branch o f  t h e  M a r s h a l l  Space F l i g h t  C e n t e r  Space S c i e n c e  
Labora to ry  i s  c u r r e n t l y  engaged i n  po rous  p l u g  r e s e a r c h .  
I n  t h e  c a p a c i t y  of a NASA/ASEE Summer F a c u l t y  Fe l low,  t h e  
a u t h o r  of t h i s  paper h a s  been a p a r t  o f  t h i s  e f f o r t  f o r  t h e  
summer of  1983. 

OBJECTIVES 

T h e  o b j e c t i v e  of t h e  r e s e a r c h  be ing  r e p o r t e d  on h e r e  
is t o  g a i n  a b e t t e r  u n d e r s t a n d i n g  of t h e  s u p e r f l u i d  f low 
of hel ium th rough  porous  p l u g s  f o r  otner c r y o g e n i c  appl i -  
c a t i o n s  t o  s p a c e  s c i e n c e .  On t h e  way t o  r e a l i z i n g  t h i s  
o b j e c t i v e ,  p l u g  per formance  d a t a  u s e f u l  i n  t h e  d e s i g n  of 
f u t u r e  s p a c e  c r y o g e n i c  sys t ems  are a l so  b e i n g  a c q u i r e d .  

The o b j e c t i v e s  o f  t h i s  p a p e r  are t o  d i s c u s s  porous 
p l u g s  and some r e c e n t  tests on t h e  f low o f  f l u i d s  th rough  
t h e  p l u g s ,  i n c l u d i n g  t h e  S u p e r f l u i d  f low,  and t o  d i s c u s s  
f u t u r e  tests p r e s e n t l y  being c o n s i d e r e d  by t h e  I n f r a r e d  
Astronomy Group o f  t h e  MSFC Space S c i e n c e  L a b .  

DISCUSS I OK 

Porous P l u g s  

I n  t h e  p h y s i c s  o f  po rous  p l u g s ,  t h e  main f a c t o r s  t o  
bc c o n s i d e r e d  her5  are p o r o s i t y ,  p o r e  s i z e ,  and p e r m e a b i l i t y .  
In a porous  sample ,  such  as  a porous  pl ' ig ,  t h e r e  a re  t w o  
t y p e s  of p o r o s i t y  t o  c o n s i d e r ,  c l o s e d  and open poros i ty  ( 5 ) .  
C l o s e d  poros i ty  forms as t h e  p o r e s  p i n c h  closed d u r i n g  t h e  
f a b r i c a t i o n  p r o c e s s .  Open porosi ty  r e f e r s  t o  t h e  i n t e r -  
connec t ion  to  t h e  m a t e r i a l  s u r f a c e  ar?d i s  t h e  basis f o r  t h e  



property of permeability. Quantitatively, porosity is 
defined as the volume of th2 voids divided by the total 
volume. The term total porosity relates to the combination 
of open and closed porosity, and it is of interest in 
-egard to the thermal conductivity of the plugs. Effective 
Gorosity is a measure of open porosity, and it relates 
directly to the mass flow rate. Qualitatively, permeability 
relates to the ease with which fluids pass through a porous 
plug. It is measured by the application of Darcy's law, or, 
when assuming a model of laminar flow through parallel 
channels, by applying the Poiseuille flaw formula (7,8). 
The three factors defined above in turn are related to other 
factors such as pore shape and pore density. 

Porous plugs are available in several materials, and 
they are usually manufactured from powders ( 5 ) .  In the 
process of fabrication, sized powders, the particles of 
which are typically irregularly shaped, are pressed and 
then sintered. In this seemingly straight forvJard process, 
the necessary control to produce precise pore characteristics 
is often difficult. For space science applications this 
virtually necessitates the testing of individual plugs in 
order t o  determine the performance characteristics of each. 

Two sets of porous plugs are currently being testea 
by the infrared astronomy group this smwer. They are a 
set of stainless steel and a set of bronze plugs. The 
supplier of these plugs if the Pacific Sintered Metals 
Company ( 9 ) .  The diameter of all the plugs is one-half 
inch. Plug thicknesses range from one-sixteenth inch to 
one-half inch. The filtration rating of the stainless steel 
plugs is 2-5 microns, while the filtration rating of the 
bronze plugs is about 10 microns. Other plug character- 
istics are given in Table 1. 

The definitive work on the flow of fluids through 
porous media was by Darcy, whose wcrk was reported in 
1856 (10). Studies by Darcy on the flow rate of water 
through filter beds led to the formulation of Darcy's law. 
This law states that the flow rate (Q) through a porous 
medium is proportional to the cross-sectional area ( A )  of 
the medium, directly proportional to the pressure drop (AP) 
across the medium, and inversely proportional to the 
length ( a )  of the flow path. In equation form, this law 
is written as 

where K is a constant of proportionality, and is known as 
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t h e  h y d r a u l i c  c o n d u c t i v i t y  (11). The p e r m e a b i l i t y  of  t h e  
medium is r e l a t e d  t o  t h e  h y d r a u l i c  C o n d u c t i v i t y .  

Darcy a lso n o t e d  t h e  s i m i l a r i t y  between f l o w  th rough  
porous  media and  l amina r  p i p e  flow. I n  t h i s  c o n n e c t i o n ,  
a porous medium may be though t  of as c o n s i s t i n g  of a bund le  
of  c i rcular  p a r a l l e l  flow c n a n n e l s ,  a l l  o f  which have t h e  
same d i a m e t e r  and l e n g t h .  T h i s  model w i l l  be a p p l i e d  t o  
t h e  porous p l u g s  b e i n g  d i s c u s s e d  he re .  

The P a r a l l e l  Channel Model 

I n  t h e  p a r a l l e l  channe l  model, known a l so  as  t h e  Kozeny 
h y d r a u l i c  model ( 1 2 ) ,  t h e  f low rate o f  an o r d i n a r y  f l u i a  
such  as w a r m  he l ium gas or  l i q u i d  he l ium above t h e  su9e r -  
f l u i d  t r a n s j t i o n  t e m p e r a t u r e ,  assuming l amina r  f low i n  both 
cases, is g-ven  by t h e  P o i s e u i l l e  f low formula.  T h i s  
formula is, assuming t h e  f l u i d  t o  be i n c o m p r e s s i b l e ,  

- rNd' p LIP 
128  11 Ll 

m =  

where is t h e  mass f low rate ,  N is t h e  number of  c h a n n e l s ,  
II is t h e  plug l e n g t h ,  p i s  t h e  f l u i d  d e n s i t y ,  i.~ is  t h e  
f l u i d  v i s c o s i t y ,  and AP is  t h e  p r e s s u r e  d i f f e r e n c e  across 
t h e  plug. 

If  w a r m  g a s  l amina r  f l o w  d a t a  f o r  h v e r s u s  AP are 
g a t h e r e d  anu p l o t t e d  on a g r a p h ,  t h e  s l o p e  of  t h e  graph  
would y i e l d  i n f o r m a t i o n  on t h e  number of c h a n n e l s .  T h a t  i s ,  

lTNd' p SLOPE = -- 128 211 

or 
128 t u  (SLOPE) 

N =  
rrp d4 

F o r  l a m i n a r  s u p e r f l u i d  he l ium f low through gorous  
p l u g s ,  t h e  above e x p r e s s i o n  f o r  t h e  mass f low r a t e  i s  
a l t e r e d  to ( 1 3 )  

( 3 )  

( 4 )  

W e  n o t e  h e r e  t h a t  p i n  t h i s  e x p r e s s i o n  i s  t h e  S u p e r f l u i d  
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d e n s i t y ,  and p is  t h e  normal f l u i d  v i s c o s i t y .  S is t h e  
en t ropy ,  T is t h e  a b s o l u t e  tempera ture ,  and L i s  t h e  l a t e n t  
heat of  vapor i za t ion .  For c a l c u l a t i o n a l  purposes ,  va lues  
of  t h e s e  q u a n t i t i e s  are w e l l  known (14). 

T o  ge t  t h e  diameter of t h e  f l o w  channels ,  a t e s t  known 
as t h e  bubble t e s t  is  performed. Th i s  test i s  based on 
gas-pressure  displacement  of a we t t ing  f l u i d  (such as i so -  
propyl  a l coho l )  from t h e  pore s t r u c t u r e ,  and what is being 
measured i s  t h e  m i n i m u m  c o n s t r i c t i o n  i n  t h e  l a r g e s t  pore ( 5 ) .  
On t h e  b a s i s  of  c a p i l l a r i t y ,  t h e  pore  d iameters  are given 
by 

d = 4 y/P (6) 

where d i s  t h e  d iameter ,  y is t h e  s u r f a c e  t e n s i o n ,  and P 
i s  t h e  p re s su re .  I t  should be noted h e r e  t h a t  t h i s  tes t  
i s  s a i d  t o  be of  l i m i t e d  v a l i d i t y  i n  ana lyz ing  pore  
s t r u c t u r e  (5). 

I n  t h e  Kozeny model, t h e  effective p o r o s i t y  is found 
by computing t h e  t o t a l  volume of t h e  channels  and then  
d i v i d i n g  by t h e  p lug  volume. The r e s u l t i n g  expres s ion  is 

where D i s  t h e  plug diameter. The remaining symbols have 
been p rev ious ly  de f ined .  

E XP E RI MEN TAL CONS I DE RAT I 0 S 

The d e t a i l s  of t he  t h r e e  d i f f e r e n t  tests a s s o c i a t e d  w i t h  
t h e  porous p lugs  a r e  shown i n  F igures  1, 2 ,  ap.d 3 .  

Figure 1 depicts t h e  d e t a i l s  of t h e  w a r m  flow g a s  
t es t .  I n  t h i s  test helium gas  from a r e g u l a t e d  helium 
supply bot t le  a t  room temperature  i s  conducted through a 
1/4 inch  0.d. copper l i n e  i n  which a Has t ings  LF-20 flow 
t r ansduce r  and a OM-525 p r e s s u r e  t r ansduce r  have been placed.  
S i g n a l s  from t h e s e  t r ansduce r s  are f ed  t o  t h e  a p p r o p r i a t e  
e l e c t r o n i c  meters and r e g i s t e r e d  on an  x-y recorder, wi th  
t h e  mass flow r a t e  on t h e  "y" a x i s ,  and t h e  p r e s s u r e  d i f f -  
e rence  across t h e  plug on t h e  "x" a x i s .  The g a s  e x i t s  t h e  
l i n e  through t h e  porous plug as shown. Information from 
t h i s  tes t  g i v e s  t h e  pe rmeab i l i t y  of t h e  plug i n  a d d i t i o n  
to t h e  number of channels  involved i n  t h e  flow. 

XXI-4 



The d e t a i l s  of t h e  bubble tes t  are shown i n  F igure  2 .  
Again, helium gas  a t  room tempera ture  from a supply b o t t l e  
is conducted through a tube.  I n  t h i s  case t h e r e  is only a 
DM-525 t r ansduce r  f o r  r e g i s t e r i n g  p r e s s u r e ,  which i s  read  
on a Hewlett-Packard d i g i t a l  vo l tmeter .  The flow is reg- 
u l a t e d  u n t i l  t h e  smallest bubble can be seen  emerging from 
t h e  plug i n t o  t h e  i sop ropy l  a l c o h o l  on t o p  of t h e  plug.  The 
obse rva t ion  of t h e  bubble formation i s  made by t h e  use of a 
b inocu la r  microscope. Th i s  tes t  i s  repea ted  f i v e  times fo r  
each plug and an average p r e s s u r e  i s  c a l c u l a t e d .  The 
bubble test g i v e s  the s i z e  of t h e  pores  i n  t h e  plug t o  t h e  
approximation s t a t e d  above. 

I n  t h e  s u p e r f l u i d  t es t ,  t h e  d e t a i l s  of which are shown 
i n  F igure  3 ,  t h e  porous p lug  is s e a l e d  i n  by indium O-rings 
a t  t h e  bottom of a thin-wal led 1/2 i n c h  i . d .  s t a i n l e s s  steel 
tube  t h a t  ex tends  i n t o  t h e  c r y o s t a t .  B e l o w  t h e  tube ,  t h e  
plug is  i n  c o n t a c t  w i th  t h e  l i q u i d  helium i n  t h e  ba L. 
Immediately above t h e  p lug ,  a s t a t i c  p r e s s u r e  l i n e  i n s i d e  
t h e  s t a i n l e s s  steel tube  measures tne p r e s s u r e  on t h e  down 
stream s i d e  of t h e  plug.  The s t a i n l e s s  steel tube conducts  
t h e  f i u i d  which emerges from t h e  p lug  t o  a vacuum pun$. '?ne 
f l Jw is measured i n  a s imi la r  way t o  t h a t  a s s o c i a t e u  wi th  
t h e  tm  previous  tests d i scussed  above. P r e s s u r e s  are a l s o  
measured i n  a s i m i l a r  f a sh ion  t o  t h e  w a r m  flow test ana t h e  
bubble test. I t  should be note6 t h a t  on t h e  pressure t a e  
r a d i a t i o n  b a f f l e s  have been p laced ,  and t h a t  both t h i s  tube  
and t h e  gas  conduction tbbe  are enc losed  i n  a l a r g e r  evac- 
uated t u b e  t h a t  s e r v e s  t o  i s o l a t e  them from t h e  ba th .  I n  
t h i s  way t h e  tests are i so the rma l .  

One ou t s t and ing  f e a t u r e  of t h e  s u p e r f l u i d  tests is t h a t  
d a t a  t ak ing  has  been au tona ted  by t h e  u s e  of a i - I e w l e t t -  
Packard 9835 computer i n  conjunct ion  wi th  a Hewlett-Packard 
3497A Data Acqu i s i t i on  Cont ro l  Unit .  
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RESULTS 

The various characteristics of the two sets of porous 
plugs are given in Table 1. For the bronze plugs, desig- 
nated as the 83-20 Series in the table, one notes that the 
pore diameters range in value from 49 microns to 73 microns. 
The number of channels varies from approximately 3,200 to 
28,000. The effective porosity ranges from 0.037 to 0.63. 
For the stainless steel series, labelled as the 83-40 series, 
the pore diameters vary from about 6 . 6  microns to about 15 
microns. The number of channels ranges from 40,000 to 
121,000. The effective porosity varies from 0.015 to 0.077. 
These results hardly make it necessary to retract the state- 
ment about the need for testing individual plugs. 

Superfluid tests were run for four porous plugs early 
in the summer. The plugs tested were 83-20, 83-21, and 83-22 
of the bronze series, and 83-40 of the stainless steel series. 
During these tests a series of flow rate vers\;s pressure 
difference measurements were made at a fixed temperature for 
temperatures from 2.15 K to 1.80 K in steps of 0.05 K 
temperature increments. For comparison purposes the data 
for plugs 83-20 and 83-40 have been plotted on log-log graphs. 
These graphs, designated as Figures 4 and 5 ,  reveal the gross 
features of the flow of superfluid helium through the poro;’s 
plugs. The data from these particular plugs were selected 
to be displayed because of the -lug lengths being the same, 
which is one-sixteenth of an inch. Of notable significance 
in both cases is the fact that the data separate into two 
distinct regions for temperatures below 2.10 K. Between the 
lambda-point temperature of.2.17 K and 2.10 K the flow is 
characterized by a curve which is more in keeping with the 
flow of gaseous helium. As the temperature decreases and a 
bigger fraction of the superfluid helium becomes converted 
to the Superfluid component of He 11, one sees the onset of 
the data breaking into two regimes. 

Another feature of the superfluid flow data is an 
apparent effect of pore size on flow rate. In Figure 4 for 
the bronze plug flow rates as high as 5,000 SCCM (standard 
c.c.’s per minute) occur at relative low pressure differences. 
Furthermore, for this case one notes that for a given AP, the 
flow rate increases with decreasing temperature. For the 
stainless steel plug of Figure 5 the flow rates differ by a 
factor of ten or so from those of the bronze plug at pressures 
somewhat larger, comparatively s~ qking. In the data plots 
for the stainless steel plug we ser; that for a given AP, the 

XXI-6 



flow rate decreases with decreasing temperature. This is 
just the opposite of the behavior of the bronze plug, and at 
a given AP in the lower branch of Figure 5 the flow rate is 
somewhat insensitive to a temperature change. 

To test the parallel channel model against superfluid 
flow data, constants of proportionality at a temperature of 
1.8 K were calculated from Equations (2) and (5) for plugs 
83-20 and 83-22, and the straight lines indicated by these 
constants were plotted on a graph along with the experimental 
data. The calculations were based on the numbers given in 
Table 1 for pore diameters and numbers of channels. Other 
reqbired data for these calculations were found in a previ- 
ously cited source (14) and from tables available in the 
laboratory (15). The resulting plots are displayed in 
Figure 6. Since the two plugs are of different lengths, the 
plots suggest a dependence of flow rate on plug length. Also 
of note in the plots is the fact that the experimental points 
lie below tbe calculated ones. In this respect, for plug # 
83-20 the ratio of the experimental to the! calculated slope 
for the upper regime is 0.70, and 0.35 for the lower one. 
For plug # 83-22 these respective ratios are 0.62 and 0.31. 
The calculated curves are plotted in such a way that the two 
branches for each plug intersect at the critical flow rate 
as determined from the experimental plots. The experimental 
critical flow rates themselves are different, with plug 
# 83-20 having a higher critical mass flow rate than that of 
plug f 83-22. However the percent difference is only about 
21.5%. In summary, this analysis shows not too good agree- 
ment between the model and the actual data, but the two only 
differ by factors ranging from 1.4 to 3.2 for the collective 
data. 

CONCLUSIONS AND RECOMMENDATIONS 

In this report, the data analysis represents a precursory 
attempt to develop the author's understanding of the nature 
of the superfluid helium flow through porous plugs. Still 
left undiscussed here is the all-important occurrence of the 
transition from one flow regime to another in superfluid 
helium. Along these lines, there have been discussions held 
(16) this summer concerning counterflow experiments on the 
porous plugs. In these experiments one would envision meas- 
uring heat flow rates versus temperature differences and mass 
flow rates versus pressure difference on each plug in the 
hope of finding a correlation between the respecti7.e critical 
points in the flow. Low temperature thermometry and calori- 
metry would be involved in the counterflow experiments, and 
this would add several more complexities to the experimental 
set-up. However, the informatjon to be gained from such 
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studies is seen as crucial to a more compJete understanding 
of superfluid helium flow through porous plugs. 

In addition to the critical mass flow rate occurrence, 
another important question to be resolved is that of the 
phase (or phases) of the fluid within the plug during the 
flow. In this respect, previous experimentation in the MSFC 
Space Science Laboratory has led to the statement that heat 
and mass transport below the critical flow rate is by counter- 
flow of superfluid helium, with the pores of the plug being 
filled with superfluid; above the transition, it is believed 
that the superfluid-vapor interface retreats into the plug: 
and at the higher temperatures just below the lambda point, 
the plug is almost completely filled with vapar (13). 

One of the observations given in this report does rate 
further. investigation. From Figures 4 and 5 concerning the 
behavior of the superfluid flow rate as a function of pore 
size, a recommendation for future research on this question 
is in order. The approach would be to measure the flow rate 
as a function of temperature and pore size for a given 
material in order to determine if there exists a pore size 
between about 5 microns and 6 0  microns such that the mass 
flow rate would be rather insensitive to temperature. 
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( A )  

- 
'-W: 

LEGEND 

( A )  ---- Regulated H e l i u m  Supply Bottle 
(B) ---- F l o w  Control Valve 
(C) ---- Flow Rate Transducer 
(D) ---- Flow Control Valve 
( E )  ---- DM-525 Presslire Transducer 
(F) ---- Port to Atmosphere 
( G I  ---- Hastings Flow Meter 
( H )  ---- Datametrics Pressure Meter 
( I )  ---- Porous Plug 
(J) ----x-y Plotter 

FIGURE 1 

DIAGRAK OF WARM FLOW TEST 
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LEGEND 

( A )  ---- Regulated Helium Supply Bottle 
(B) -_-- Flow Control  Valve 
(C) ---- Flow Control  Valve 
i D) __-- Da tame ti- ics Pressure Meter 
( E )  ---- DM-525 Pressure  Transducer 
(F)----Port to Atmosphere 
(G) ---- Isopropyl  Alcohol Layer 
(H) ---- Porous Plug 
(I) ---- Flow Control Valve 

. . -  

F I G U R E  2 

BUBBLE TEST DETAILS 
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LEGEND 

( A )  ---- Vapor Exhaust Line 
(B)----Pressure Measuring Lice 
(C) ---- Radiation Baffles 
(Dl----Insulating Vacuum Space 
(E) ---- Liquid Helium Bath 
( F )  ----Porous Plug  Clamp 
(GI ---- Porous P l u q  

.. - 
FIGURE 3 

SUPERFLUID TEST DETAILS 
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POPULATION CONTRM OF SELF-REPLICATING SYSTEMS; 
OPTION C 

BY 

Richard L. &Cord, Ph.D. 
Professor o f  Mathematics 
Middle Tennessee State Univers i ty  
Murfreesboro, Tennessee 

ABSTRACT 

From the conception and development of  the theory o f  s e l f -  
r e p l i c a t i n g  automata by John von Neumann, others have expanded on h i s  
theories. 
developed a repor t  which is a ' f i r s t '  i n  presenting the theor ies i n  a 
conceptualized engineering sett ing.  
invo lv ing  se l f - rep l i ca t ing  systems are presented. One o f  the opt ions 
al lows each primary t o  generate n repl icas,  one i n  each sequential 
time frame a f t e r  i t s  own generation. Each r e p l i c a  i s  l i m i t e d  t o  a 
maximum of m ancestors. 

I n  1980, Georg von Tiesenhausen and Wesley A. Darbro 

In tha t  repor t  several options 

This study involves determining the s ta te  vector o f  the rep l i cas  
i n  an e f f i c i e n t  manner. 
F = [f;$ i s  a non-diagonalizable matrix. Any element f;j represents 
the nun e r  o f  elements o f  type j = (c,d) i n  t ime frame k+l  generated 
from type i = (a,b) i n  time frame k. I t  i s  then shown t h a t  the s ta te  
vector is :  

The problem i s  cast i n  matr ix notat ion, where 

where J i s  a matr ix i n  Jordan form having the same eigenvalues as F. 
M i s  a matr ix composed o f  the eigenvectors and the generalized eigen- 
vectors o f  F. 
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INTRODUCTION 

I n  1980, Ceorg VY- Tiesenhausen and desley A. Darbro 161 developed 
"a f i r s t  approach t o  conceptualize se l f - rep l i ca t ing  systems from past 
and present abstract  theories." 
theor ies composed by John von Neumann i n  the l a t e  1940's and expanded 
by others. 
appl icat ion o f  s e l f - r e p l i c a t i n g  systems t o  future space mission. 

This development was based on 

NASA o f f i c i a l s  and others have discussed the possible 

I n  the mathematics o f  s e l f - r e p l i c a t i o n  presented i n  the study c i t e d  
above and i n  the pub l ica t ion  by Darbro and von Tiesenhausen [l], 
several options are described. 

Option A i s  designed t o  al low simultaneous r e p l i c a t i o n  o f  a 
primary; tha t  is ,  each primary may generate n rep l i cas  i n  each t ime 
frame a f t e r  i t s  own generation un t i l  cut-off.  

Option B allows each primary t o  generate n rep l i cas  sequent ia l ly ,  

Option C is special  case of opt ion B i n  which the maximun number m 

one i n  each time frame a f t e r  i t s  own generation. 

o f  ancestors i s  specif ied. 

A pr imary i s  an i n d i v i d u a l  capable o f  r e p l i c a t i o n  and may or rnhy 
not be a r e p l i c a  i t s e l f .  The words qenerates, repl icates,  and 
reproduces are synonyms. Production re fe rs  t o  the process o f  der iv ing 
an end product (other than- as a r e s u l t  o f  work done. 
word cut -of f  ind icates the end of the r e p l i c a t i o n  and the beginning of 
production. 

The 

08 JEC T I VES 

The aim o f  t h i s  study has been: 

1. t o  review the l i t e r a t u r e  r e l a t i v e  t o  the Fibonacci 
sequence and the mathematics of  se l f - rep l icat ion.  

2. t o  invest igate diagonal izat ion and Jordanizat ion r e l a t i v e  
t o  c e r t a i n  specia l  matrices. 

3. t o  determine the s t a t e  vector o f  the rep l i cas  i n  an 
e f f i c i e n t  manner, i n  p a r t i c u l a r  f o r  opt ion C, the system 
having a maximum number n o f  rep l i cas  per primary and a 
maximun number m of ancestors f o r  a repl ica.  

XXII-5 



The major concern o f  t h i s  study i s  opt ion C as presented by Darbro 
and von Tiesenhausen 111. 
number n of rep i i cas  which i n  t u r n  become primaries. 
continues un t i l  e i t h e r  the number o f  ancestors f o r  a primary reaches 
the value m or u n t i l  cut-off.  Each primary generates i t s  n rep l i cas  
i n  sequential time frames, beginning i n  the fir& time frame a f t e r  i t s  
own generation. A t  cut-of f ,  r e p l i c a t i o n  ceases and product ior  
begins. 

i n  Figure 1. Consider Figure 2 i n  which n = 2 and m = 3 f o r  opt ion 
The diagram i s  i d e n t i c a l  t o  the opt ion B diagram up t o  time frame 4 
a t  which time the r e s t r i c t i o n  m = 3 begins a f f e c t i n g  the number o f  
repl icas.  

For th is opt ion a primary generates a f i x e d  
Repl icat ion 

The example depicted f o r  opt ion B when n = 2 by McCord [4] i s  sh. 

For R = (n+l) (mtl) types o f  rep l i cas  (which are o m y  become 
pr imaries) denote the types by the elements of AXB = t(e,fd), 

.--, n 11, ..., (B,m>, ( l ,m>, ..., 
x o f  rep l icas generated by the primary and the 
B = f8:l, ..., m). Each ordered 

number y o f  ancestors o f  tha t  primary. 

time frame k, where B 5 a s  n, bf c S n , 0 5  b S m , B S  d s m ,  A k = 
(8,1,2, ..., nm). 
r e l e t  i o n  : 

Consider a square matr ix  F = 
o f  order R, where f;; i s  the number o f  rep l i cas  o f  type j = 
i n  time frame k+l  generated by a primary o f  type i = (a,b) i n  

Matr ix  F can be constructed by the fo l lowina 

XXII-6 



From Figure 3, a matr ix F can be formed: 

F =  

'0 1 d 1 0  0 0 0 0 0 0 0' 
0 0 1 1 0 0 0 0 0 l 0 0  
0 0 1 0 0 0 0 0 0 0 B B  
0 B B B l 0 l B B 0 0 0  
0 0 0 0 0 1 1 0 0 0 0 0  
0 B 0 B 0 1 0 0 B 0 0 0  
0 0 0 0 0 0 0 l B l 0 0  
~ 0 l d 0 0 0 0 0 1 1 0 0  
8 k j 8 8 0 0 0 0 1 8 6 0  
0 B a B 0 0 0 0 0 1 0 B  
0 0 0 B 0 B B B B B l B  
0 B 0 0 0 B B B B B B l  

0 

ORIGINAL PAGE I3 
OF POOR QUALITY 

14) 

As presented by Darbro and von Tiesenhausen 

&lamer Specif i c a l  CY y , 
i n  the frameword o f  , the s t a t ~  vector may be formed lil or any time frame k. 

T ( 0 )  = [l B 0 0 0 B B B B B 0 B] 
T(1) = ? < 0 > *  F = [B 1 B 1 0  B 0 B B B 0 

T ( 2 )  =T(1) F = f (8)  8 F' = Lkj 0 1 1  1 fl 1 fl B B B fl] 

n 6 j  = 1 ( 5 !  F = ?(El) Fb = [0 J I 0 0 2 0 0 4 L 0 03 

( 5 )  

( 6 )  

(7) 
- 

. 
(8) 

and generally, 

f ( k )  = f ( k  - 1) F = ' f ( B )  F' . - - 
( 9 )  

A t  time frame 6 ,  the steady s ta te  vector ind icates the data displayed 
i n  Table 1: 

a 
r e p l i c a  
type 

b 
1 
2 
B 
1 
2 
B 
1 
2 
B 
1 
2 

b 
ancestor 

type 

B 
0 
B 
1 
1 
1 
2 
2 
2 
3 
3 
3 

f*b 
number 

0 
B 
1 
0 
0 
2 
B 
0 
4 
8 
0 
0 

Table 1. Frequence of replica-ancestor types. 
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Continuing wi th  the 8me example i n  uhich n = 2 and .-  = 3, the 
cumulative diagrm (Figure 4) is perhaps more revealing. If e,b index 
the  number of replices and encestors, reapsctively, for m y  perticuldr 
primary, the state vector for any time frame k cm be expressed u s i n g  
the following format for a,b where a =  n, b s  sl , / \k = 6: 

- - 
8 0 1 0 0 2 0 0 4 8 0 0  
0 8 1 0 0 1 0 0 2 4 0 0  
0 0 1 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 1 0 0 2 4 0 0  
0 8 0 0 0 1 8 0 1 2 0 0  
0 0 0 0 0 1 0 0 0 0 e e  
8 0 0 0 0 0 8 0 1 2 0 0  
B 0 0 0 0 0 0 0 l l e 0  
0 0 0 0 0 0 0 0 1 0 a c  
~0 0 0 0  0 0 0 0  0 1 PI 0 

b 0 0 0 1 1 1 2 2 2 3 3 3  
a :  0 1 2 0 1 2 0 1 2 0 1 2  (10) 

fw = 0, f,, = 0, fa, = 1, f01 = 0, f,, = 0, f & b  = 2, ..) (12) 
'as = b . 

Since tre vector ?(k)  which represents the state of t he  replicas a t  
t i m e  k can be expressed by (91, then 

and 

B l 0 1 0 e 0 0 0 0 8 0  
0 0 l l l e e 0 0 0 0 0  
0 0 1 0 0 0 0 0 0 0 0 0  
8 0 0 0 1 0 1 0 0 0 0 0  
0 0 0 0 0 l l e 8 0 B 8  
0 0 0 B 0 1 0 0 0 0 0 0  
0 0 0 0 0 0 0 l B l 0 0  
0 0 0 0 0 0 0 0 1 1 0 0  
0 0 B 0 0 0 B 0 1 0 B 0  
0 0 0 0 0 0 0 0 0 l 0 a  
0 0 0 0 0 B 0 0 0 0 1 0  
B B I 0 0 0 0 0 0 0 0 1  

(14) 
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ORlGINAL PAGE iS 
OF POOR QUALITY 

c 

1 0-1 0 0-2 0 0-4-8 0 0 
0 1-1 1 0-2 0 0-4-8 jil 0 
0 0 0 1 1-2 1 0-4-8 0 0 
0 0 0 0 1-1 2 1-4-7 0 0  
0 0 0 0 0 B  1 2 - 3 - 4 B B  

M 4 = 0 0 0 8 0 0 0 0 0 0 0 0  
0 0 1 e 0 0 f l 0 0 0 0 0  
0 0 0 0 0 1 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 1 0 0 0  
0 B 0 0 0 0 0 0 0 1 0 0  
0 0 0 0 0 0 0 B 0 0 l 0  
0 0 0 0 0 0 0 z 0 0 0 1  

L. 

From Strang 5 ,  any square metr ix  having s linearly independent 
eigenvectors is similar to a Jordan form matrix with s blocks, each  
block o f  the  form 

M= 

J; 

- 
i 0 0 0 0 0 1 2 4 8 0 0  
01-1 1 - 1 1 1 1 2 4 0 0  
0 0 0 0 0 0 1 0 0 0 0 0  
0 0 1 - 1  1-1 0 1  2 4 0 0  
0 0 0 1-2 3 0 1 1  2 0 0 
0 0 0 0 0 0 0 1 0 0 0 
0 0 0 0 1-6 0 0 1 2 0 0 
0 0 0 0 0 1 0 0 1 1 0 0  
B 0 0 0 0 0 0 0 1 0 0 0  
0 0 0 0 0 0 0 0 0 1 0 0  
0 0 0 0 0 0 B 0 0 0 l 0  
0 0 0 0 0 0 0 0 0 0 0 1  
L 

(15) = A1 

where each blank is 1*‘ zero. S i m  ::,I there exists square matrices W,J,N 4 

such tha t  F = MW , where J is a 3ordan form matrix, then it follows 
t h a t  

FK = M f b f ’  (16) 

and 

F(k) =?(e) F‘ = f(0) MJ M- . (17) I C 1  - 
Thus t h e  problem of  finding the state vector can be made to rest on 

raising a Jordan form matrix t o  an exponent. I t  may be pointed out 
that  the eigenvalues o f  J are precisely those eigenvalues of  F. 
Moreover, the columns of M are t h e  eigenvectors and the generalized 
eigenvectors of F. 

In t h e  example of n = 2 and m = 3, 

1(6) = [l 0 0 0 0 0 0 0 0 0 0 * F‘, where 

T(6) = [l 0 0 0 0 0 0 0 0 0 0 a) W%”. Specifically, 

(18) 

(19) 

(20) 

F = MJM-’ , so t h a t  

(21)  

and 

X X I  1-9 



J: 

0 

r a l 0 0 e e 0 0 0 0 0 0  
f l 0 l 0 0 0 0 0 0 0 e e  
0 U 0 1 0 0 B B 0 0 0 0  
0 0 0 0 1 0 0 0 0 0 0 0  
0 0 0 0 0 1 0 0 0 0 0 0  
0 0 0 B 0 0 B 0 0 0 0 0  
0 0 0 B 0 0 l 0 0 0 0 0  
0 0 0 l 0 0 f l l 0 0 0 0  
0 0 0 0 0 0 0 0 1 0 0 0  
0 0 0 0 0 0 F B f l l 0 Q  
0 0 B 0 0 B B 0 0 B l 0  
0 0 l e e B B f f f f B B l  . 

(22) 

. 

ORIGINAL PAGE 
OF POOR QUALITY 
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In option C, 
ways. 

1. Use of a 

CONCLUSIONS AND RECCMMENDATIONS 

- 
the state vector f(k) can be generated in several 

diagram. - - 
2. Recursively, by using f ( k )  = f ( k - 1 )  - F. 

3. 

4. 

Some areas which may prove to be of interest are: 

1. 

- 
Raising F to an exponent, f(k) = f ( 8 )  Fy. 

Jordanizing F, ?(k) = ?(a) MfM-’ . 

Defining and investigating the problems of placement of the 
replicas as they are generated. 

Considering the demise of replicas; that is, replicas are no 
longer reproductive 121, 11,. 

2. 

X X I I - 1 1  
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FIGURE 3. Fcrrnation of h t r f x  F = 
C,ptior C; n = 2, m = 3.  
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A FMCW RADAR RANGING DEVICE FOR THE 

TELEOPERATOR MANEWERING SYSTEM 

Malcolm W. McDonald, Ph.D. 
Associate Professor  of Physics 

Berry College 
Mount Berry, Georgia 

ABSTRACT 

A frequency-modulated continuous wave radar  system is under 
development i n  t h e  Communications Systems Branch of t he  Information 
and Electronic  Systems Laboratory a t  Marshall Space F l igh t  Center. 
The radar  u n i t  is being designed f o r  use on the t e l eope ra to r  maneuvering 
system. 
range and range rate measurements out  t o  a range of t h i r t y  meters. 
This w i l l  f a c i l i t a t e  "soft" docking with accuracy. 

Its function is t o  provide mill imeter-level accuracy i n  

This report  is an updating of previous deveiopments reported 
on t h i s  system. An innovation i n  the system is t h e  u t i l i z a t i o n  of 
a standard reference signal generated by shunting a por t ion  of t h e  
radar  energy i n t o  a shorted coaxial  delay l ine.  The r egu la r  radar  
t a rge t  r e t u r n  s i g n a l  is constant ly  compared with t h e  reference s i g n a l  
t o  provide i n t e r n a l  e r r o r  compensation. 
a l i m i t  imposed by present  l abora to ry  dimensions, t he  radar  system 
exh ib i t s  r e l i a b l e  accuracy with range e r r o r  less than 0.2%. 

Within a f i v e  meter range, 
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As space exploration continues and the permanent space platform 
o r  s t a t i o n  becomes a r e a l i t y  the  need f o r  a small "workhorse" vehic!;: 
w i l l  be met by the Teleoperator Manewering System. 
been ident i f ied  unt i l  recently. has been l a t e l y  designated as t he  
Orbital  Hrmewering Vehicle, o r  OMV. 
made t o  TMS i n  t h i s  report. 

RIS, as it  has 

Reference will continue t o  be 

The RLS vehicle wil l  require an accurate close-range radar system 
t o  enable "soft" docking with the space s t a t ion  o r  other  vehicles. 
The radar system described in  t h i s  report is being developed t o  help 
meet that  need. 
i n  t h i s  laboratory fo r  the measurement of the thickness of coal seams 
i n  coal mining operations (ref.  1). 

This system has evolved from an earlier system developed 

The micromve energy is generated in a voltage-controlled YIG 
(yt trims-iron-garnet) %-band oscillator. 
is modulated by a symmetric triangdar voltage ramp which drfves the 
output frequency through an adjustable  sweep range Af of one o r  two 
gigahertz that is centered on a frequency of 35 gigahertz (see f ig .  1). 
This energy is transmitted from a 15 cm diameter dish antenna which 
also i e~e iVe8  a component of returning energy ref lected from a cubical 
corner re f lec tor  located a t  a range distance R. The t i m e  delay t fo r  
the returning energy is dependent upon the range R. The returning 
energy is homdyned i n  a microwave mixer with the frequency c u r r e n t l y  
avai lable  from the osc i l l a to r  t o  produce an audio frequency F (a few 
kilohertz) which is proportional t o  the range. 
of the audio s igna l  leads t o  a computed value of range. 
processing af the range and time data  w i l l  produce a reading of range 
r a t e  ( re la t ive  speed of approach o r  recession between the radar system 
and a moving target) .  

The o s c i l l a t o r  frequency 

Careful processing 
Computer 

XXIII-5 



OBJECTIVES 

The objectives guiding the scope of t h i s  research e f fo r t  are: 

1. t o  invest igate  the nature and source of the f i r s t -o rde r  and 
second order range determination e r ro r s  indigenous t o  the FMCW radar 
system under development i n  the Communications Systems Branch laboratory 
a t  Marshall Space Flight Center, 

2, to  seek optimized s igna l  processing techniques which w i l l  
reduce the range e r rors  t o  acceptable levels ,  and 

3. to  set a goal of minimizing the range determination e r ro r s  
to  a value of 9 . 1 %  within the five-meter l imited range avai lable  i n  
t h e  laboratory. 
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RESEARCH REPORT 

I. General Description 

The bas i c  p r inc ip l e s  of frequency-modulated continuous wave (FMCW) 
radar  operat ions are described i n  var ious references (see,  f o r  example, 
Skolnik, r e f .  1). Figure 1 i l l u s t r a t e s  t h e  frequency modulation used 
i n  the radar system under inves t iga t ion .  

A voltage-controlled microwave o s c i l l a t o r  is swept l i n e a r l y  i n  time 
up and down through t h e  extreme frequencies,  f l  (minimum) and f 2  (maximum), 
with a half-per iod T of approximately four  mill iseconds.  
frequency w a s  a c t u a l l y  about 122.5 Hz. 
iron-garnet) type, and its c e n t e r  frequency w a s  set t o  a nominal value 
of 35 gigahertz.  
wavelength emitted of 8.6 millimeters and is swept through a frequency 
range one or two gigahertz  (adjustable).  

The sweep 
The o s c i l l a t o r  is a YIG (yttrium- 

Thus t h e  r a d a r  operates  i n  t h e  ICa band with a nominal 

The basic  radar- target  geometry is i l l u s t r a t e d  i n  Fig. 2. The 
microwave energy is fed t o  a transmit/receive d i s h  antenna. 
range-dependent time delay t a port ion of t he  energy r e tu rns  t o  the  
antenna a f t e r  r e f l e c t i n g  from the  target. 
cubical  corner r e f l e c t o r  mounted on a c a l i b r a t e d  five-meter o p t i c a l  
bench. The returning energy is homodyned i n  a microwave mixer with 
the  updated frequency ava i l ab le  d i r e c t l y  from t h e  o s c i l l a t o r .  
of t he  mixer is a low frequency (audio, a f w  k i lohe r t z )  beat  s i g n a l  
of a frequency F which is l i n e a r l y  r e l a t e d  t o  the range of  t h e  t a rge t .  

Af t e r  a 

The t a r g e t  is a copper-coated 

The output 

Invest igat ions reported earlier (ref .  2) u t i l i z e d  d i r e c t  measure- 
ment of the audio frequency F made during a s e l e c t e d  time window i n  
the  lat ter p a r t  of the upsweep o r  downsweep half  cycle  f o r  t he  purpose 
of  computing range. That earlier method su f fe red  from t h e  fact  t h a t  
measurements of F were being made during e i t h e r  the up o r  downsweep, 
but not both, with whatever b i a ses  t h a t  f a c t  might introduce i n t o  the  
range computation. It a l s o  had a problem with a Doppler e r r o r  which 
w a s  introduced when the t a r g e t  w a s  i n  motion. A f i n a l  shortcoming of 
the earlier method employed An the radar  system o r ig ina ted  i n  a type 
of "step" e r r o r  which occurred unavoidably a t  certain range values when 
the zero-crossing de tec t ion  c i r c u i t r y  w a s  forced t o  s t e p  forward o r  
backward one cycle  of t he  F waveform t o  commence the  measurement of 
frequency within the se l ec t ed  time window. The present  system employs 
a s i g n a l  processing scheme which obviates  a l l  of those d i f f i c u l t i e s  i n  
the earlier system. 
in the next sect ion.  

The new s i g n a l  processing scheme w i l l  be discussed 
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I l h  

\ \ \  / 

Figure 1. FM Sweep Parameters. The center frequency, f = 35 GHz. The 
sweep excursion, A €  = f2 - f y  = 1.25 or 2.5 8Hz ( a d j u t a b l e ) .  
Parameters F, T, and t are described i n  the text. 

T/R ANT. 
T A R G E T  

K A T  FREQ. ( F )  A U D I O  S I G N A L  

Figure 2 .  Radar-Target Geometry. The transmit/receive antenna is a d i s h  
of diameter 15.24 c m  (6.00 inch) and 5 . 1  cm focal  length. The 

tartet  is  a copper-coated cubical corner re f l ec tor  which slides along a 
five-meter calibrated opt i ca l  bench. 

XXIII-8 



11. C i r c u i t  Description 

A block diagram illustrates the  microwave and e l e c t r o n i c  signal 
processing c i r c u i t r y  i n  Figure 3. The new system incorporates  t he  
following changes i n t o  the  former system: 1) t h e  in t roduc t ion  of  a 
shorted coaxial  delay line-generated audio s i g n a l  (frequency denoted 
by G) which serves as an electronic d r i f t  compensation reference, 2) 
sampling of range d a t a  and c a l i b r a t i o n  d a t a  during both t h e  upsweep 
and the downsweep cyc le  ( t h i s  enables  a cancel ing of t h e  Doppler e r r o r  
associated w i t h  a moving target), 3) t h e  upconversion and FM discrim- 
ina t ion  of t h e  range audio and c a l i b r a t i o n  audio signals, and 4) t h e  
d i g i t i z a t i o n  of t h e  analog vol tage output  from the  FM discr iminator .  

The more important waveforms with t h e i r  r e l a t i v e  timing indicated 
are i l l u s t r a t e d  in Figure 4. 
fundamental c lock timing reference throughout t h e  system. It estab- 
l i s h e s  the  vol tage ramp period which d r ives  t h e  YIG o s c i l l a t o r  up on 
one half  cycle  and down i n  frequency during the  o t h e r  ha l f  cycle.  
The microwave energ? from the  o s c i l l a t o r  is divided i n t o  two components 
by a hybrid microwave s p l i t t e r .  
through a microwave c i r c u l a t o r  t o  the  t ransmit / receive antenna. On t he  
route  t o  the  antenna an in- l ine 10 dB d i r e c t i o n a l  coupler d i v e r t s  a 
small port ion of t he  energy o u t  t o  t h e  c a l i b r a t i o n  delay l i n e  c i r c u i t .  

The SYNC square wave serves as t h e  

The f i r s t  component is d i r e c t e d  

The major port ion of t h e  f i r s t  component is transmit ted from the 
antenna with an energy r e tu rn  from t h e  t a rge t .  
energy is c i r cu la t ed  around to r e j o i n  the  second component i n  a second 
hybrid s p l i t t e r  (combiner). The time-delayed range component is mixed 
w i t h  t he  undelayed to produce a range-dependent audio beat signal, 
r e fe r r ed  t o  as t h e  F s igna l .  
f i l t e r  and an automatic gain con t ro l  c i rcui t  t o  t h e  analog switch. 

The t a r g e t  r e t u r n  

This s i g n a l  passes through a bandpass 

Picking up agaln a t  the  10 dB in- l ine d i r e c t i o n a l  coupler,  t he  

The r e f l e c t e d  energy mixes with the 
ten d% reduced signal is c i r c u l a t e d  i n t o  a shorted coax ia l  transmission 
l i n e  3.5 meters i n  length.  
reverse-path leakage energy t h a t  g e t s  through t h i s  second c i r c u l a t o r  
t o  produce a reference audio s i g n a l ,  r e f e r r e d  to as the  G s igna l .  
C signal frequency is passed through a highpass f i l t e r / a m p l i f i e r  t o  
the analog switch. The delay l i n e  length e s t a b l i s h e s  the G s i g n a l  
frequency a t  a value corresponding to  an equivalent  range of  about 
4.6 meters. 

The 

The SYNC12 pulse  is derived from the SYNC pulse  i n  a divide-by- 
two c i r c u i t .  
range audio F and t h e  c a l i b r a t i o n  audio G s igna l s .  

SYNC12 dr ives  t h e  analog switch t o  pass a l t e r n a t e l y  the  
A f u l l  sweep cycle  
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Figure 3 .  Block Diagram of System. Abbreviations are explained i n  t ex t .  

XXIII-10 



of the  range audio F (upsweep p lus  downsweep) and then a f u l l  sweep 
cycle  of t h e  c a l i b r a t i o n  audio is passed. 

network which produces two ou tpu t s  bearing a ninety-degree phase 
r e l a t ionsh ip .  
a ten-megahertz s i n g l e  sideband upconverter. 
t h e  upper sideband (local o s c i l l a t o r  frequency p lus  audio frequency) 
daring one ha l f  of t h e  sweep cyc le  and the  lower sldeband ( loca l  
o s c i l l a t o r  frequency minus audio frequency) during t h e  o t h e r  ha l f .  
The upconverted s i g n a l s  are d i r e c t e d  through a 10 MHz bandpass f i l t e r  
i n t o  the  FM discriminator.  

From the  analog switch the audio frequency is f ed  t o  a quadrature 

These two outputs  are switched a t  t h e  SYNC rate i n t o  
The upconverter produces 

The output from the  FM discr iminator  is vol tage o f f s e t  t o  become 
t h e  b ipo la r  ANALOG IN s igna l .  
o r  high frequency components and sampled by a n  analog-to-digital  
converter.  
START CONVERT pulse  f o r  t h e  ADC. 
i n t o  a c a l c u l a t o r  (Hewlett-Packard HP 9825A) through an interrupt-ode 
buffer .  
is r eg i s t e red  on a d i g i t a l  display.  The displayed range rep resen t s  an 
n-fold s l i d i n g  average of t he  las t  n reading9 computed. 

It is f i l t e r e d  t o  remove any t r a n s i e n t s  

A delay-sample pulse  pulse generator c i r c u i t  der ives  the  
The d i g i t i z e d  da ta  is t r ans fe r r ed  

The range c a l c u l a t i o n  is performed and an updated range reading 

The SYNC and SYNC/Z pulses  are a l s o  read i n t o  t h e  c a l c u l a t o r  as 
per ipheral  s t a t u s  input  l e v e l s  STI$ and STIl, respect ively.  
t he  c a l c u l a t o r  t o  i d e n t i f y  t h e  input  da t a  and t o  e s t a b l i s h  an o rde r  
f o r  data  t r a n s f e r  from t h e  ADC. 

They enable 

111. Theory of Operation 

As is i l l u s t r a t e d  i n  Figure 1, the  Y I G  o s c i l l a t o r  is driven i n  a 
The l i n e a r  fashion between frequency extremes f l  and f 2  i n  a t i m e  T. 

r e tu rn  s i g n a l  from t h e  target (dashed l i n e )  d i f f e r s  from t he  microwave 
energy it re-encounters ( s o l i d  l i n e )  by a frequency d i f f e rence  F. 
This becomes the  audio s i g n a l  developed i n  the mixer i n  response t o  
the  t a r g e t  a t  range R. The t i m e  delay t f o r  t h e  r e t u r n  signal is 
defined by 

t = 2R/c (Equation 1) 

where R is the range and c is the  propagation speed of t h e  microwaves. 
The beat frequency F i s  r e l a t ed  t o  the time delay t by 

F/t = Af/T . (Equation 2) 

Combiring t h e  two equations allows range t o  be expressed i n  terms of 
t h e  audio frequency F, 

R =  cFT/2bf  . (Equation 3) 
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In o t h e r  words, s i n c e  c, T, and A €  e i t h e r  have, o r  can be set a t ,  f ixed 
values,  R is d i r e c t l y  proport ional  t o  F. 

In the  F'M discr iminator  t he  output vo l t age  is l i n e a r l y  proport ional  
t o  the  (upconverted) input  frequency. 
lower-sideband vol tages  V2 and V I ,  r e spec t ive ly ,  we can write 

Thus, if we l a b e l  t h e  upper- and 

VI = mF1 + b , and 

V 2  = mF2 + b 

where F1 and F2 represent  t he  lower- and upper-sideband frequencies 
defined by 

F1 = fLO - F , and 

F p  = fLO + F 
and m and b are s lope and i n t e r c e p t  parameters c h a r a c t e r i s t i c  of t h e  
V vs. F behavior of  t h e  FM discr iminator .  
o s c i l l a t o r  frequency i n  t h e  upconverter. 

fL3 represents  t he  l o c a l  

Defining t h e  range vol tage VR = V2 - V 1  (see Figure 4) and sub- 
s t i t u t i n g  i n t o  Equation 3 y i e l d s  

VR = 2mF , and 

R = (cT/4mAf)-VR . (Equation 4) 

I n  p r inc ip l e ,  then, R is  d i r e c t l y  proport ional  t o  VR. In  f a c t ,  
however, e l e c t r o n i c  d r i f t  i n  t he  system can cause t h e  value of VR t o  
vary in time f o r  a f ixed value of R. 
r e l a t e d  e r r o r s  an approach adapted from t h e t  of Johnson and coworkers 
(see Ref. 3) w a s  i n s t i t u t e d .  The c a l i b r a t i o n  audio frequency G 
generated by the delay l i n e  undergoes p rec i se ly  the  same s i g n a l  
processing a s  does the  range audio F. 
voltage Vc (see Figure 4) analogous t o  the range vol tage VR. 
t h e  r a t i o  of the two vol tages ,  v R / v C ,  is d i r e c t l y  proport ional  t o  R ,  

To compensate f o r  such d r i f t -  

It generates a c a l i b r a t i o n  
In  f a c t  

R = M(VR/VC) + B . (Equation 5 )  

As VR tends to d r i f t ,  Vc d r i f t s  i n  a corresponding manner, thereby 
maintaining a f ixed ra t io  a t  a f ixed  range. A measurement of t h e  
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s lope  M and i n t e r c e p t  B c h a r a c t e r i s t i c  of t h e  r e l a t i o n s h i p  of t h e  
r a t i o  VR/Vc and t h e  range R f o r  t h e  r a d a r  system need be  made on ly  
one time. Thus, t h e  v o l t a g e  d a t a  sampled by t h e  ADC enab le s  t h e  
computation of t h e  v o l t a g e  r a t i o  and t h e  Equation 5 a l lows  a method 
of e s t a b l i s h i n g  t h e  corresponding range. 

IV. Results and Conclusions 

The r ada r  system, as desc r ibed  i n  t h i s  paper ,  e x h i b i t s  r e l i a b l e  
range measurements wi th  e r r o r s  less than f 0.2% o u t  t o  a l abora to ry -  
r e s t r i c t e d  range l i m i t  of f i v e  meters. I t  was found t h a t  some degree 
of in te rmodula t ion  of t h e  c a l i b r a t i o n  s i g n a l  G due to i n s u f f i c i e n t  
i s o l a t i o n  of t h e  range s i g n a l  from t h e  c a l i b r a t i o n  signal seems t o  
account f o r  t h e  major po r t ion  of t h e  range de termina t ion  errfir i n  t h e  
system p r e s e n t l y .  
i n  t h e  i s o l a t i o n  of t h e  G s i g n a l  from the  F s i g n a l  w i l l  l e a d  t o  even 
b e t t e r  performance of t h e  r a d a r  system i n  t h e  fu tu re .  

It is  concluded and recommended t h a t  improvement 
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THE DEVELOPMENT OF A DIGITAL PROCESSING 
SYSTEM FOR ACCURATE RANGE DETERMINATIONS 

BY 

Alfonso Pujol Jr. , P1i.D. 
Associate Professor Electrical Engineering 
The University of Tennessee Space Institute 

Tullahoma, Tennessee 37388 

ABSTRACT 

As a member of the NASA-ASEE Summer Faculty Fel1ow:hip 
Program it was my task to investigate, identify and develop 
a means of providing millimeter detection capabilities for 
a close range radar system. The system under investigation 
is a digital procasor that converts incoming signais from 
the radar system into their related frequency spectra. 
Identification will be attempted by correlating spectral 
characteristics with accurate range determinations. The 
system will utilize an analog to digital converter for 
sampling and converting the signal from the radar system 
into 16-bit digital words (two bytes) for RAM storage, data 
manipulations, and computations. To remove unwanted frequency 
components the data will be retrieved from RAM and digitally 
filtered using Large Scale Integration (LSI) circuits. Fil- 
tering will be performed by a biquadratic routine within the 
chip which carries out the required filter algorithm. 
conversion to 4 frequency spectrum the filtered data will be 
processed by a Fast Fourier Transform chip. 
identification of spectral characteristics for accurate range 
determinations will be made by microcomputer computations. 
System operations and computations, including chip routines 
will be under the complete control of a 16-bit microcomputer. 
However, because of the limited time of the summer program 
and the long procurement time for necessary electronics and 
support items, the design and hardware development phases 
of the project were focused to the input portion of the digital 
processor. 
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INTRODUCTION 

For the past few years research has been undertaken at 
the George C. Marshall Space Flight Center (MSFC) for the 
development of an accurate close range (from 0.0 meters to 
30.0 meters) radar system for Teleoperator Maneuvering 
Systems (TMS). The TMS system will perform functions much 
like a harbor tug; the Frequency Modulated-Continuous Wave 
(FM-CN) close range radar system will provide accurate range 
measurements for precision alignment maneuvers for docking 
(for satellite towing or repair purposes) or other complex 
procedures with orbital objects. Initially, the TMS systems 
will operate from the space shuttle and move satellites 
between the shuttle and higher orbits. Later, the TMS systems 
will be based with space stations where basic repairs can be 
performed at distant orbital work sites. 

A s  a member of the NASA-ASEE Summer Faculty Fellowship 
Program for 1982 and 1983 it was my task to investigate (l), 
identify (1) and develop a means of providing millimeter 
detection capabilities for the radar system. The procedure 
under investigation involves a digital signal processor that 
converts incoming analog waveforms (radar echoes) into their 
frequency spectra. From the spectrum attempts will be made 
to identify and correlate spectral characteristics such as, 
amolitude, phase or frequency shifts with accurate (? 0.5 
mitiimeters) range determinations. Because of the limited 
time of the fellowship program and the long procurement times 
for the necessary electronics and support items, attention 
was focused to only the design and hardware development of 
the input (sample and storage) circuitry to the digital 
processor. Thus, this paper will present a discussion on the 
overall digital signal processing system under study and on 
the input circuitry to that system. 

OBJECTIVES 

The objectives guiding the scope of this research effort 
are : 

1 .  T o  investigate a digital signal processing system for 

L .  To develop the input circuitry to that system. 

accurate range determinations. 
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DIGITAL SIGNAL PROCESSING SYSTEM 

The Proposed System 

Referring to Figure 1, the proposed digital signal pro- 
cessing system will be interfaced to the short range radar 
system after the Automatic Gain Control (AGC) circuit. The 
system will utilize an Analog to Digital converter (ADC) for 
sampling and converting the analog signal from the AGC circuit 
(analog waveform of 0.0 volts to 5.0 volts) to 16-bit digital 
words (two bytes) for RAM storage, data manipulations, and 
computations. The freqneucy of the analog signal will be 
between 3.0-and 40 KHz for target distances from 0.0 to 30.0 
meters, respectively. Thus, for a digital representation of 
the analog signal, the Nyquist frequency will be 80.0 KH, for 
a minimum ADC sampling rate of 12.5 psec. To remove unwanted 
high frequency components and enhance certain frequency bands 
the data will be retrieved from RAM storage and digitally 
filtered using Large Scale Integration (LSI) signal processing 
circuits. A biquadratic routine stored in RAM within the chip 
will perform the required filtering (2,3). Filter coefficients, 
cut off and reject frequencies, and other filter parameters 
will be input t o  the digital filter chip (DF) by the software 
control program of the 16-bit microcomputer. For conversion 
to a frequency spectrum, the filtered drta will be processed 
by a Fast Fourier Transform chip (FFT) . The chip, in con- 
junction with a microprocessor, will calculate up to a 1024 
point complex FFT using internally generated coefficients in 
single or multiple passes. Analysis and identification of 
spectral characteristics for accurate range determinations 
will be made by microcomputer computations. 
and computations, including chip routines, will also be under 
the control of a 16-bit microcomputer. 

System operations 
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Input Circuitry to the System 

Figures 2a and 2b illustrate the input (sampling and 
storage) circuitry to the digital signal processing system 
(Figure 1). The circuit utilizes twenty-one LSI chips and 
will operate as a stand-alone system in two modes: writing 
data to the RAM; sending data to the DAC (digital to analog 
converter). The stand-alone modes will allow other portians 
of the digital processing system (to be developed later) to 
perform functions independently of the input. The system 
will be activated by a positive signal (start pulse) or by 
a single-pole double-throw switch (SW)  located within the 
"Start Conversion" portion (Figure 2b) of the circuit. 
Activation by a positive signal will be generated by a micro- 
processor. 
at the chip level, on the operations of this circuit. 

I. Writing Data to RAM 

The following section will present a discussion 

Referring to Figure 2b, to initiate sampling of the 
analog signal from the AGC circuit, the system will be 
activated by a start pulse from a microprocessor or by a 
switch within the "Start Conversion" portion of the circuit. 
Referring to Figures 2a and 2b, this pulse will not only 
activate all B nodes within the circuit, but also the A nodes 
and node 34 (the output line 34) to the ADC. Referring to 
the figures, the B and A will disable the LS 245 transmission 
dates, enable the LS 244 transmission gates (to the RAM) and 
the S 4016 RAM chips. The start pulse will also reset the 
CD4040 counting (address) chip (pin 11). The output of node 
34 will be input to the ADC 1131 analog to digital converter 
(pin 34). This input signal will activate the sampling and 
converting action of the ADC. The ADC will sample the analog 
signal from the AGC and convert each sample into a 14-bit word. 
Each word will be transmitted to RAM and stored as a 16-bit 
word. The address for each word will be assigned by the CD4040 
counting chip. After each address assignment, the CD4040 
counter will be incremented by one (pin 10) by a signal gener- 
ated by the ADC (pin 33). For repeating the sampling and 
storage process, this signal will also be input to the LS 123 
one-shot chip (Figure 2b). 

This process will be repeated until the CD4040 counter 
reaches 2000 (the 2k RAM is filled). At this time a signal 
will be sent from the CD4040 (pin 1) to the LS74 (pin 1) D- 
flip-flop. The LS74 will complement the input signal (pin 1). 
The complement will be sent through a NOR gate to another 
LS 123 one-shot which will disable line 34. The ADC is also 
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disabled and the process is completed. The data stored in 
RAM is ready to be read (by the microprocessor) for data 
manipulations, and computations. 

11. Reading Data from RAM 

Once the above procedure is completed, a microprocessor 
will address and read the stored data. To execute the read 
procedure, a low pulse is sent as a start pulse. The RAM is 
enabled by this low pulse to all B nodes. Referring to Figure 
2a and 2b, in terms of disabling and enabling LSI chips, the 
reverse process of gating (Section I) will occur. With the 
LS 245's enabled, the microprocessor will address the S 4016 
RAM chips for reading of the data. This process will be 
repeated as many times as necessary. 

111. Writing to the DAC 

This mode of operation will be ttsed for debugging the 
system. 
to the DAC (not shown) and compared to input signals from the 
AGC. If the circuit is functioning properly, both signals 
should compare almost identically. 
the DAC, the circuit will be activated by a positive start 
pulse. 
mode of operations (similar to Section I above). Activating 
the switch located in the "Write to DAC" portion of the cir- 
cuit will enable the CD4047, 10 KH, oscillator and the CD4040 
counter. The counter will address the S 4016 and write the 
data to the DAC at a continuous 10 KH, rate. 

user. Opening the switch will disable the system. 

In this mode the data stored in RAM will be written 

Tht activate writing to 

This will place the circuit chips in their proper 

The data will be displayed and compared as desired by the 
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SUMMARY AND CONCLUSION 

This paper presented a discussion on the proposed 
digital signal processing system, and on the hardware 
associated with the input portion to that system. Be- 
cause of the lack of time, the hardware and software 
development phases for the overall system was not 
completed. Because of the many technical areas involved 
(hardware, software, microcomputers, etc.;, it is 
recommended that such a project be given a year around 
priority. It is also recommended that the systems soft- 
ware be developed in conjunction with the hardware. Once 
these phases are completed, then analysis for range 
determinations can begin. 
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ABSTRACT 

SENSOR CONTROL OF kOBOT ARC WELDING 

A basic problem in the application of robots for gas-tungsten 
arc welding (GTAW) is how to guide an arc-welding torch slong 
a veld seam using sensory information. This study is an 
analysis of the pctential for using computer vision as sensory 
feedback for robot arc welding. The primary motivation fcr 
this study is the proposal to automate some of the welds that 
are currently hand operations cn the Space Shuttle Main Engine 
(SSME). Factors that complicate the automation of many of the 
welds that are currently performed manually include difficult 
access, poor fitup, material movement during the weld, complex 
shapes, and the fact that there zre a large number of small 
welds. 

This study examines the basic parameters that must be 
ccntrolled while directing the movement of an arc-welding 
torch. The acticns of a human welder are examined to aid in 
determining the sensory iriformaiion that would permit a robot 
to make reproducible high-strength welds. SGecial constraints 
imposed by both robot hardware and software are considered. 

Several sensory mo-’alities that will potentially improve weld 
quality are examined Special emphasis is directed to the use 
of computer vision for controlling gas-tungsten arc welding. 
Vendors of available automated seam-tracking arc-welding 
systems and of computer vision systems are surveyed. An 
assessment is made of the state-of-the-art and the problems 
tnat must be solved in order to apply computer vision to 
robot-controlled arc welding 01 the Space Shuttle Main Engine. 
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1.0 INTRODUCTION 

1.1 ROBOT WELDING: 

The use of robots for automated welding is a subject that has 
received much attention. Several manufacturers offer total or 
partial systems that are called “seam trackers” that locate a 
weld axis by mechanical or computer vision systems. Such 
systems are known as one or two-pass systems depending on 
whether the seam location is determined before or during the 
actual welding motion by the robot. 

Currently existing systems vary ‘ i n  the ability to locate a 
weld axis; some systems require special joint preparation in 
order to reliably follow a joint that is to be welded. 
Mechanical seam trackers require that a seam has a mechanically 
discernible groove and two passes may be required to locate and 
then complete the weld. Scratches, oxidized or rusty work, pen- 
cil marks, stains, etc. all interfere with the ability of a visual 
curve tracker to follow a given weld seam. Other sensory modali- 
ties, such as ultrasonic seam detectors, are being studied. 

This report addresses the basic problem of using sensory 
information to control arc welding by a robot. There are no 
inherent constraints on the sensory modality that may be 
considered. In particular, this report is to provide 
background information for selecting a robot welding system 
for use in automating welds that are currently made manually 
on the Space Shuttle Main Engine fSSME). 

1.2 SPECIAL CONSTRAINTS OF SSME WELDING 

A primary purpose of this study is to investigate the 
potential for automating some of the welds that are currently 
hand operations on the Space Shuttle Main Engine (SSME). 
Currently, about one third of the 10,000 inches of welding on 
the SSME are performed manually. Manual welding as opposed to 
automated welding, is performed due to several factors. These 
factors include the following: 

1 .  Difficult access. 
2. Poor fitup. 
3. Material - vement during weld. 
4. Complex 5. .Ipes. 
5. Large number of small welds. 
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Robot control of welding on the SSME is proposed to automate 
at least some of the welds that are currently performed 
manually. To provide a significant increase i.n the number of 
welds that may be automated, a robotic welding system must be 
able to follow complex weld shapes in tight, almost 
inaccessible locations. This places a serious constraint on 
the following components of the robotic system: 

1. Torch shape. 
2. Torch sizz. 
3 .  r'eed mechanism for filler wire. 
4 .  Hardware for the seam tracker. 
5 .  Illumination system for imaging equipment. 
6 .  Size of the AVC effector. 
7 .  Controllability of the robot wrist assembly. 

Each of the above cunstraints will be examined in more detail 
to illustrate the effect on overall system design. 

Torch shape: Difficult access to components of the SSME 
suggests that TIG torch shape will be a factor in the design 
of a system automated with a general-purpose industrial robot. 
Manual torches are available with the head set at various 
angles to the torch body. In addition, flex-head torches may 
be used where the angle of the head can be set at any 
convenient position. Some of the welds on the SSME had to be 
performed using a mirror for visual control of the torch. The 
flexibility that is possible when using a manual torch will 
probably be limited in a robot-controlled environment. It is 
likely that a straight-line torch will not be usable in all 
weld locations on the SSME. 

Torch size: Mantial torches are often smaller than torches 
attached to automated welding equipment. Limited access to 
many of the welds on the SSME will place a severe constraint 
on the size of the torch that can be used. 

Feed mechanism for filler wire: Automated weldin ;.stems 
require the use of a filler-wire feed mechanism. Usu..ily the 
reel of filler wire is positioned remotely from the welding 
torch, a mechanism for advancing the wire is located closer to 
the torch head, and, finally, a wire guide is located very 
close to the torch head. The wire advancing mechanism can 
probably be Iqcated at a sufficiently remote position; 
however, the wire guide located close to the torch head may 
interfere with both mechanical and visual access to the weld. 
Visual access will be discussed further in the next paragraph. 
It is likely that standard wire guides will interfere; 
however, special wire guides can probably be constructed to 
route feedwire in such a way as to minimize mechanical and 
visual interference. 

Hardware for seam tracker: Automated welding using a 
general- purpose industrial robot presupposes that some form 
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of seam-tracking control system will be used. Some welds can 
be accomplished using only the robot "teach" mode to program 
the weld path. However, most SSME welds will require some 
sort of seam tracking since fitup and warpage will prevent the 
utilization of a completely pre-programmed weld seam axis. In 
addition, SSME construction involves a large number of small 
discrete welds that would be very difficult to preprogram 
accurately. Any form of seam tracker will occupy physical 
space in the vicinity of the welding torch. 

Optical access is required in order to use any form of optical 
seam tracker that utilizes a video camera to input data. The 
simplest optical arrangement is to use a coherent fiber-optic 
bundle to transmit an image from a location in close proximity 
to the welding torch head to the video camera. Conventional 
optics and fiberoptic bundles have been installed coaxially 
with torches to control seam tracking in systems developed at 
Ohio State University and the General Electric Company. This 
works well when installed within an in-line torch; however, 
the optical system will have to be reconsidered to permit a 
coaxial optical pathway if the torch head is installed at an 
angle to the torch body. An optical system installed external 
to the torch will have to be compact in order to not limit 
access to tight locations on the SSME. 

Illumination system for imaging equipment: Optical seam 
trackers have been developed that function using both 
externally supplied illumination and inherent illumination 
provided by the welding arc itself. External illumination is 
usually "structured". That is, a high intensity collimated 
source such as a laser is configured to project a stripe on 
the weld joint. The use of structured light simplifies the 
image analysis problem when locating the seam axis. 
Structured light may also be used to determine the shape of 
the work and to measure distance. In these cases the light 
source is generally set up to project a stripe on the work at 
an angle. Under any circumstance, the cse of a non-coaxial 
light source will increase the utilization of space 
immediately adjacent to the torch head and, in some cases, may 
require a clear view of the work from some specific angle. 
The use of fiber optics may provide a solution to many design 
configurations; however, the overall lack of space in the 
immediate vicinity of the torch head should be kept in mind. 

Size of AVC effector: Automatic voltage control is generally 
achieved i n  arc welding by moving the torch head in and out 
relative to the work surface using a special feed mechanism. 
The drive mechanism is generally coaxial with an inline torch 
head. Such a configuration is probably not acceptable for 
many of the complicated welds on the SSME. Often there will 
be insufficient space for a conventional AVC drive system. 
Utilization of P welding torch with an angled head will 
preclude the L 2 of any standard AVC drive mechanism designed 
to be used with a straight torch. It is likely that any AVC 

xxv - 7 



drive mechanism designed to operate at an angle will be 
impractical and that AVC corrections must be applied by 
modifying the preprogrammed path of the robot. 

Controllability of robot wrist assembly: Industrial robots 
capable of motion with six or more degrees of freedom are 
capable of "reaching" into tight areas if the welding torch 
and associated equipment are sufficiently compact. However, 
factors other than merely accessing the weld location are 
important. For example, it is necessary to hold the torch 
hesd at some controlled angle relative to the work surface and 
joint axis. This is complicated while tracking a complex 
joint. A simple "cross slide" to compensate for tracking 
error is probably not possible. Also a separate drive normal 
to the work surface for Automatic Voltage Control (AVC) is 
probably not acceptable due to the space limitation on the 
SSME. AVC and seam tracking adjustments will probably have to 
be made by modifying the preprogrammed path of the robot. The 
ease by which this can be done will vary with robots and 
software supplied by various vendors. In some cases it may be 
very difficult to obtain access tc proprietary software to 
permit input of AVC and seam tracking corrections. 
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2 . 0 OBJECTIVES 

2.1 PROBLEM STATEMENT: 

The primary purpose of this study is to investigate the use of 
sensory information to direct and control arc welding robots. 
Any sensory modality will be considered that potentially will 
aid in producing highdquality automated welds. 

While not limited to computer vision, this study will 
concentrate on the use of visual information, in combination 
with other information such as arc voltage and current, to 
guide and regulate a robot arc welder used to weld large and 
small complex shapes and structures. The emphasis will be on 
techniques that will contribute t6 improving the consistency 
of welds that are currently made manually on the Space Shuttle 
Main Engine. 

Primary consideration will be given to techniques that will 
function with Gas Shielded Tungsten Arc Welding systems 
manipulated by a general-purpose industrial robot. 

The overall problem of controlling weld quality may be 
subdivided as follows: 

1. How to orient and align the arc welding torch with 
the weld axis. 

2. How to control the torch movement when following 
complex shapes. 

3 .  How to control the height of the torch above the work. 

4 .  How to contro. weld penetration. 

5. How to direct a weld passing over a previously placed 
tack weld. 

6 .  How to provide reliable control when the visual image 
of the weld seam is degraded by smoke. 

7. How to provide reliable control when the seam is to be 
a butt weld with tight initial fitup. 

8 .  How to couple additional sensory feedback with a robot 
control system. 

9.  How to insure that a system will operate in an 
electrically noisy environment. 

Special considerations presented by application to the Space 
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Shuttle Main Engine include the following: thin materials, 
complicated and short radius shapes, difficult access, 
variable fitup, and movement of the metal during the welding 
operation. Most ,welds sre Gas Tungsten Arc Welds (GTAW) on 
Inconel* 718 alloy. 

2 . 2  JUSTIFICATION OF ROBOT ARC WELDING CONTROL: 

Robots are often justified as a labor-saving device that is 
cost effective. Improved product consistency and improved 
quality are less often cited as a justific3tion for robot 
a ided manufacturing . 
About 60 percent of 1 0 , 0 0 0  inches of welding are performed 
manually on the Space Shuttle Main Engine. A higher 
percentage of manual welds require rework than welds that 
are currently automated. Thus it is concluded that additional 
automatation using industrial robots will improve weld 
consistency and minimize reworking. 

In an ideal situation, weld cmsistency may be improved to the 
extent that quality assurance using expensive and 
time-consuming radiographic methods can be reduced. 

2.3 WELD QUALITY CONTROL: 

The term weld q u a l .  could have a number of different 
meanings; however, most meanings are ultimately related to the 
strength of the weld. Since weld strength can only be 
determined by destructive testing, weld quality is usually 
related to non-destructive radiographic examination. This is 
the meaning that will be implied here. 

Weld quality is a function of many factors ranging from 
material choice to welding technique. Welding technique is a 
factor that could be modified by the use of robots to minimize 
welding discontinuities that, in turn, may be sufficient to 
produce a weld defect that would cause weldment rejection or 
repair. Defective welds on the SSME must be reworked since 
the engine assembly is sufficiently expensive to not permit 
part rejection. 

Weld defects have teen classified by Cary (1979) as follows: 

Series 100 Cracks 
Series 200 Cavities 
Series 300 Solid Inclusions 
Series 400 Incomplete fusion or penetration 
Series 500 Imperfect shape or unacceptable contour 
Series 600 Miscellaneous defects not included above 

*Inconel is a registered trademark of iiuntingtcn Alloys, Inc. 
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Series 100, 400, and 500 defects may be related to welding 
technique that could be improved by more consistent torch 
control using a robot and other forms of automatic feedback 
control. 

Once appropriate welding schedules have been developed for arc 
welding, weld quality is related to the following factors: 

1 .  Arc length. 
2. Welding current. 
3 .  Torch travel speed. 
4 .  Torch angle. 
5 .  Shielding-gas coverage. 

Of these factors, shielding gas coverage is generally fixed 
for a given torch and cup size. However, the other factors 
may be variable and are importairt from the standpoint of robot 
controlled welding. 

Theoretically, arc length is a constant for a given weld 
schedule and is maintained by an automatic voltage control 
system (AVC) .  From a practical standpoint, however, arc 
voltage may be adjusted somewhat to maintain proper torch 
distance above the work under conditions when penetration is 
incorrect. Once set with a given set of conditions, the AVC 
maintains a fixed voltage and consequently a fixed arc length 
within tolerance. 

Torch angle related to the work and torch travel speed are 
likely to be fixed for a given weld schedule when using a 
robot-directed torch. Torch travel meed would not be simple 
to modify during a weld on most industrial robots; therefore, 
heat input to the work must be controlled by varying the 
delding current. 

From t.his discussion it should be evident that a robot is 
basically a machine for producing a controlled movement. When 
used to direct an arc welding torch a robot must be able to 
precisely control arc length, travel speed and travel angle. 
These factors are easy, to control when simple paths are under 
robot control since the usual industrial robot is programmed 
to move in straight lines, paths of constant radius, or in 
paths with constant tool orientation. These usual robot 
control modalities may not be adequate for many welds +hat are 
currently performed by hand on the SSME. 

It is likely that the production of high strength weldments on 
the SSME will require special modification of robot-control 
software. Probably all of the above factors that determine 
weld quality or strength can be controlled using various forms 
of sensory feedback to a robot control system. For example, 
some sort of depth perception is necessary to maintain proper 
arc length. Automatic voltage control is usually used for 
this purpose, however, the torch-work standoff distance could 
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be measured directly using visual, ultrasonic, capacitative or 
tactile sensors. In order to control torch angle, the line 
perpendicular to the weld axis must be determined and similar 
sensors may be suitable. To control the weld path the joint 
position must be sensed. In addition, the weld axis direction 
must be determined to project the path of movement ahead of 
the torch when welding irregular shapes. Tactile and simple 
visual seam trackers have been used when special joint 
preparation is acceptable: however, seam tracking on 
unmodified butt joints will require exceptional visual 
processing. Visual perception may provide an optimum means of 
detecting tack welds and projecting the best path past the 
tack weld. 

Heat input to the work must be properly controlled to maintain 
a correct weld penetration. Certain weld pool mechanical 
characteristics have been exam'ined to determine proper 
penetration. However, the penetration is most likely to be a 
function of puddle diameter in the absence of any significant 
heat sinks along the weld path. Puddle diameter is controlled 
visually by khe human welder and a robot welding system can 
use the same visual feedback information if torch stand-off 
distance is maintained constant using an independent AVC 
feedback controller. Inf ra-red viewers and scanners are 
theoretical alternatives to visible-light sensors. 
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3.0 CONTROLLABLE PARAMETERS 

3.1 WELD AXIS LOCATION: 

The ultimate purpose of any welding system is the production 
of high-quality welds. Since weld quality, per se, is not a 
measurable quantity at the time of the weld, all automatic 
welding systems must base control on correlated measurables. 
A single primary measurabls parameter is always the position 
of the welding torch relative to the centerline or axis of the 
weld joint. Irrespective of all other possible control 
parameters, it is necessary to know the position of the joint 
centerline within some tolerance. 

Determining a weld centerline seems like a simple problem; 
however, the introduction of automated machinery in'troduces 
additional complexity. First, some sort of machine perception 
is required to locate the weld axis. Then it is necessary to 
position a torch relative to the perceived weld axis. Both 
processes are subject to errors that we shall call positional 
error, Ep, and control error, Ec. The maximum error in 
locating a tool relative to the true weld centerline is 
therefore expressed as follows: 

Emax = Ep + Ec 3.1 

In other words, the final error i n  weld position is determined 
by the accuracy with which the actual weld centerline is known 
p'*,s or minus the error introduced by an automated positional 
control system. The maximum error in welding tool location is 
sum of the two individual errors. 

Allowable positional error: The above discussion defines 
positional errot in terms of the hardware used for automated 
welding. However, weld quality nust be related to the weld 
displacement relative to the true weld axis. We will define 
this as allowable error, Ea, Which, in turn, must always be 
less than or equal to Emax. 

For any given weld, Ea, or allowable error, is a function of 
the weld geometry. If one assumes a butt weld such as shown 
in Figure 3 . 1 ,  the allowable error may be specified in terms 
of root width. If one defines the butt weld gap as S, the 
maximum allowable displacement in the true position of the 
weld is one-half the root width minus S. Such a displacement 
will just match the edge of the weld seam with one edge of the 
original butt gap. This is expressed in the equation: 

Ea = (RW/2) - S 3.2 

The maximum error introduced by the automated welding system 
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must be equal to or less than the allowable error: therefore 
we may combine the above equations as follows: 

Emax = Ep + Ec = (RW/2) - S 3.3 

This equation defines the upper limit for errors introduced by 
an automated welding system in terms of the weld geometry. 
Normally, one might introduce an additional safety factor to 
allow for statistical variations in control parameters. 

From the previous discussion it is evident that positional 
error is a function of any sensor that is used to locate a 
weld axis and control error is a function of a robot or weld 
tooling control system used to position a welding torch. 

If one proposes any automated welding system, the centerline 
of the weld may be defined in one of. two ways: either in a 
coordinate systam relative to the torch position or in some 
absolute or global coordinate system (e.g.8 relative to the 
robot base). One could theoretically produce a weld knowing 
only the weld axis relative to any current torch position. 
One merely moves the torch to a new position corresponding to 
the true weld axis. Of course, this is a mode of operation of 
some seam trackers. 

Absolute weld position may be expressed by the equation of a 
line in some global coordinate system such as rectangular 
coordinates referred to the base of a robot, for example. 
Relative weld position is theoretically the only information 
required by a seaa-tracker welding control system: however, 
from a practical standpoint, at least a starting point in 
global coordinates is required to initially position a welding 
torch. 

On the other hand.. an accurate knowledge of the equation of a 
weld seam in some global coordinate system would be very 
effective in guiding a robot if the work is precisely fixed. 
However, warping or shifting of the work would effectively 
defeat any welding control system based on absolute weld 
position sensing only. Some combination of absolute and 
relative sensing of a weld axis would appear to be important 
for optimal control of an automated welding system. 

On the basis of the discussion in this section, we may 
conclude that robotic control of arc welding requires a 
control system that is able to position a welding torch on a 
weld axis in both relative and absolute terms. The maximum 
positional error is the sum of the errors introduced by both 
the system for perceiving the weld axis and the control system 
that positions the welding torch. The maximum permissible 
error has been defined in terms of the weld geometry. 
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3.2 WHAT THE WELDING OPERATOR DCSS: 

.'i welding operator is readily able to provide both initial 
torch positioning and relative positional control in maaual 
welding. Relative positionai information is seldom provided 
alone. The human controller is able to track a weld more 
easily if the direction or curvature of a weld seam is known. 
We might assume a similar improvement in performance in an 
automated system where complex shapes and edges are to be 
welded. 

If one watches a weldina operator prior to the start of the 
weld, it becoms apparent ..lat a number of processes are going 
on. First, the work piece is positioned at some convenient 
location. If the work cannot be moved, the operator ntust 
position himself relative to the work. We may Jbserve a 
person adjust his position once or'twice and wonder just, what 
was wrong with the first position. 

Analysis of the initial set-up process of a welding operator 
suggests several problems. Initially, he seems to position 
his hands and body in such a way that his movements are 
"natural" in some as yet undefined way. Hand movement, once 
the weld is started, must be in a direction that is 
comfortable for the human operator. He must not start a 
movepent that will end up requiring an impossible range of 
motion for some bodily joint. He must position his arms and 
hands to avoid obstacles that could interfere with arm 
movement. 

Exactly the same considerations must be addressed w.~i:n 
initially positioning a welding robot as described above for 
the human operator. The weld torch must be oriented relative 
to the "direction" of the weld axis. If one is welding around 
the circumferance of d right-circular cylinder, knowledge of 
the axis of the cylinder will probably improve the robots 
ability to track the weld seam. Information of this sort must 
be provided a priori by a human being or some sort of global 
perception or scene analysis must take place. At a minimum, 
the torch must be placed normal to the work (or at a specific 
angle relative to normal). The direction of the weld axis 
must ke perceived and obstacles in the work area must be 
l o c a t e d .  

Global scene analysis can be visual, tactile, or a combination 
of visual and tactile information. For example, the line 
normal to the starting poirlt of the weld might be determined 
with a tactile sensor. Starting coordinates and weld axis 
direction could be provided by a scene analysis computer 
vislon system. Irregularly shaped seams would greatl; 
increase the complexity of the scene analysis phase of r3bor: 
welding. 

Earlier it was suggested that a tactile sens might provide 
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ar! irdication of the line normal to the plane of the weld. 
The human welder obtains this information visually to a major 
extent and one might excect computer vision sensors could 
provide this iniormation as *all. 

As a first step, therefore, 0r.e might expect a robot arc 
welding system to visually survey a welding "scene" and 
extract information needed for initial orientation and 
guidance of the robot and welding torch. Once a weld is 
initiated, a seam tracker .would take over control. The 
initial overall scene analysis phase might also be used to 
locate tack welds and obstacles much in the same way as done 
by a human welder. This information could over-ride or modiEy 
the seaa-tracker control when necessary. 

The last few paragraphs have beerr written to provide some 
werall guidance in selecting the tkpes of sensory information 
that is required to successfully apply a robot-controlled arc 
welding system to the manufacture of the SSME. Current 
systems do not provide all of these c-apab'lities and it is 
likely that dsficiencie- wiil Decome evident based on the 
type of problems outlined here. 

3 . 3  TORCH CONTROL: 

For convenience, we have classifiec' all control parameters 
other than weld axis location as "torch control." Included 
are the following: 

1. Torch attitude or torch angle. 

2. Arc length. 

3. Arc vcltage. 

4. Arc current including polarity and pulse control. 

5. Travel speed. 

6. Shielding and/or arc gas control. 

Once an arc welding torch has been located aver the axis of a 
weld, .=everdl prcccss prameters affect the final weld 
strength. "Weld parameters" as used here has the saiite meaning 
as "weld variables" used in some ha.idbooks (Cary, 1 9 7 9 ) .  The 
power or heat input. to the work is a fufiction of voltage and 
current. Voltage is, in turn, a function of electrode work 
s p ~ ~ i n g  and possibly shield gas flow. In addition, arc 
voltage, welding current, And travel speec all affect bead 
width, bead height, penetration and, conrequently, weld 
strength. With several - tors  ifi: oracti.?g to affect weld 
quality, most parameters are hr,il constant during automatec! 
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welding as specified by a welding program or schedule. 
Curreqt is regulated to produce a desired heat input. Travel 
speed, torch an~le, and shield-gas flow are generally fixed 
for a given weld. 

A welding operator mdy control power input by first setting an 
approximate currant and then by adjusting arc length 
(voltage), torch movement speed, and/or torch angle to 
maintain puddle size visually. Pcddle size is a measure of 
power input to the work: however, variable losses such as due 
to heat sinks along the weld path, may be compensated for by 
controlling ,mddle size and/or travel speed. 

?he choice of weld parameters to regulate therefore becomes 
the primary problem in designing a robot controlled 
arc-welding system. The whole problem of selecting the proper 
control variables will be examined in detail in Section 4 of 
this report. 
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4.0 USE OF INDUSTRIAL ROBOTS FOR WELDING 

4.1 ROBOT TYPES: 

The use of robots for arc welding is not new. In fact a 
number of systems are available on the market. Most are 
Gas-Metal Arc Welding (GMAW, scmetimes called MIG) although 
examples of Gas-Tungsten Arc Welding (GTAW, sometimes called 
TIG) are reported in the lixerature. (Gutow and Richardson, 
1983) Many characteristi-s of GMAW ar.i similar ta GTAW except 
that Tungsten Arc systems frequently use high-frequency 
arc-starting methods that ,nterfere with robot control unless 
exceptional shielding precautions are taken. Plasma Arc and 
Variable Polarity Plasma Arc (VPPA) welding systems also place 
constraints on the robot control systems. 

Industrial robots are hydraulically controlled or electrically 
controlled. Hydraulically controlled robots use a fluid for 
power transmission to actuators and are inherently somewhat 
more immune to interference from high-frequency arc starting 
noise than are electrically powered robots that utilize 
high-power electrical servo motors to drive robot elements. 
All robots, except for a few low-power stepper-motor driven 
teaching robots, utilize closed-loop servo systems to control 
motion in each degree of freedom. 

Robots may be further classified relative to the type of 
motion that is inherent to the basic kinematics. Four types 
(shown in Figure 4 . 1 )  are commonly described: 

1. Rectangular or Cartesian coordinate robots. 
2. Cylindrical coordinate robots. 
3. Spherical or Polar coordinate robots. 
4. Articulated or Revolute coordinate robots. 

Each axis of movement or joint is called a "degree of 
freedom." Only three degrees of freedom are required to 
locate a point in space: however, industrial robots typically 
have four or more degrees of freedom in order to control 
orientation of an end effector that is often called a hand or, 
more generally, a tool. Tool orientation is often very 
important in robot utilization, therefore, six degrees of 
freedom are common and research utilizing additional degrees 
of freedom has been reported (Hayafusa, 1981) using addit'onal 
degrees of freedom for obstacle avoidance. Redundant degrees 
of freedom may be necessary for robot we'ding on the SSME due 
to the difficult accessability of some hholds. 
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Figure  4 . 1  

Basic Manipulator Geometries 

Rectangular 
(Cartesian Coordinates) 

8. 

Cylindrical Coordinates 

b. 

Spherical 
(Polar Coordina tes) 

C. 

From Gevarter, 1982. 

Articulated or Jointed Spherical 
(Revolute Coordinates) 

d. 
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Robots of each configuration have been used for welding. In 
particular, welding booms that have been used in the aerospace 
industry for many years have the basic cylindrical coordinate 
manipulator geometry. If each axis is automatically 
controlled using position-sensing feedback the system would 
meet the technical definition of a robot. In addition, 
welding systems may also include a separate work positioner 
that could be coordinated with the welding boom to provide the 
additional degrees of freedom that are required for weld 
orientation. 

The choice of robot geometry may be influenced somewhat by the 
geometry of an object to be welded. Since weldments 
frequently are either rectangular or right-circular cylinders, 
it is not surprising that many special purpose and general 
purpose welding tools have geometries that correspond to the 
basic rectangular and cylindrical manipulator geometries. 
Welding tools that are specifically called robots may be 
constructed using commercially- available industrial robots 
with the appropriate manipulator geometry. Usually each axis 
of the robot would be placed to correspond to an axis of the 
work. A work positioner would be used to adjust the work for 
proper axis orientation. However, such systems would be 
somewhat special purpose in that a Qiven system might not be 
able to accommodate all weldment geometries. 

Robots with spherical or articulated manipulator geometries 
could be utilized for welding by controlling motion with 
appropriate computer software. Control software typically 
will move an articulated robot along straight or circular 
paths with controlled tool orientation irrespective of the 
natural axes of the system. Since the control soft-.are is 
more complicated and may be proprietary, coupling external 
control hardware to an articulated robot mc.r be more difficult 
than using a rectangular or cylindrical coordinate robot. 
Varying dynamic loads makes the coordination of motion using 
an articulated robot a distinctly more complicated problem. 

4.2 ROBOT CONTROLLABILITY: 

The modern industrial robot is an outgrciwth of two $receding 
technologies that evolved in the lste 1940's: (1) numerically 
controlled machine tools and (2) teleoperators. The 
teleoperator was developed in the nuclear industry to enable 
an operator to remotely control a pair of t m g s  (or a gripper) 
used to manipulate radioactive objects. The 
numerically-controlled milling machine wzs developed to 
control. the machining of aircraft parts. In both cases the 
control problmr, was to position an end effector or tool. The 
industrial robot does much the same thing except that various 
forms of automatic feedbach must be incorporated to inable the 
robot to perform acceptably in a dynamic ds well as positional 
sense. 
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Conceptually, the problem of controlling a robot is simple; 
however, as in many engineering problems, the practical 
application of theory is difficult and an analytical solution 
of actual robot control equations may be analytically 
impossible. Numerical solutions of robot control equations 
are unique for each robot design and are complicated. 

The mathematics of robot control is presented in detail in 
"Robot Manipulators" by Richard P. Paul. (Paul, 1981) The 
following discussion is based on this work. The 
general-purpose in stria1 robot involves motion with at least 
six degrees of freedom. Three degrees of freedom or axes are 
used to position the tool in space while an additional three 
degrees cf freedom are required to orient ihe tool. 

Any robot consists of a number of linkages that are oriented 
relative tQ each other. The relationship between linkages 
differs depending on the manipulator geometry as discussed 
earlier. Matrix arithmetic is used to perform all robot 
control operations and the relationship between two adjacent 
linkages is represented by what is called the A matrix. Six A 
matrices are required to represent a robot with six linkages 
or six degrees of freedom. The equation representing the 
overall position of a tool relative to the base of a six-link 
manipulator is given by the following matrix equation: 

T6 = Al 4 . 1  

T h e  usual contrr-1 problem, however, is to solve for the joint 
coordinates given T6 as an input. According to Paul (p66): 
"We normally know where we want to move the manipulator in 
terms of T6 and we need to obtain the joint coordinates in 
order to make the move. Obtaining a solution for the joint 
coordinates requires intuition and is the most difficult 
problem we will encounter. " 

To obtain a kinematic solution for each joint, equation 4.1 is 
expanded to 6 matrix transform equations representing the six 
degrees of freedom of the robot. For each transform equation 
twtlve non-trivial equations are obtained that yield Lhe 
required solutions. The solutions are different for each 
manipulator geometry. 

The kinematic equations of a robot do not provide a sufficient 
representation for control. Robot manipulators are 
complicated dynamic systems that require describing equations 
that "relate forces and torques to pcqitions, velocities, and 
accelerations: they are usually solved in order to r>btain the 
equations of motion of the manipulator." (Paul, 1981, p157) 
In particular, gravitational and inertial forces must be 
cons ide red. 

Once the equations of motion for each joint have been solved 
(with appropriate sinplifications and approximations) 
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operation is achieved by servo controlling each joint. 
Appropriate gain and damping along with compensation for 
coulomb friction and gravity are required. "A multi-link 
manipulator may be considered a series of inde endent servo 
systems which are only weakly coupled. ... the outer joints 
have greater servo bandwidth than the inner joints. ... The 
feedback gains, and hence the servo bandwidth, are determined 
by friction and gravity loading effects. ... In order to 
compensate for gravity loading and to calculate the effective 
intertia of the joints, the mass and moments of any load the 
manipulator is carrying must be known." (Paul, 1981, ~ 2 1 4 )  

Most modern robots are computer-controlled sampled-data 
servos, sometimes with a separate microprocessor dedicated to 
each link. From the long discussion just presented, it should 
be evident that control of a robot is achieved by inputting 
desired positions and velocities to'a multi-control-loop servo 
system. Many robot control systems have a "teach mode" 
whereby the direction and velocity of each movement is 
specified. Movement between points is servo controlled to 
follow a particular path with specified tool orientation. The 
dynamic profile of the whole path must be calculated in order 
to coordinate the movement of the several linkages to maintain 
proper tool orientation. If the specified path is altered by 
virtue o some dynamically changing process (such as work 
movement during a weld pass) then a new path must be 
calculated and all input for each joint servo must be updated. 

In the general case, revision of a tool path involves changes 
in all linkages; however, i f  one axis of the manipulator is 
oriented in the plane of path distortion (e.g. the weld 
plane) and at right angles to the too; path, one might obtain 
path correction by merely modifying motion in only one 
coordinate. Seam tracking with a welding robot could thus be 
achieved by modifying error signals in or.2 axis without 
recalculating all equations of motion. On the other hand, 
seam tracking or weave motion applied to a general-purpose 
six-degrees-of-fre. dom articulated robot would cause the whole 
robot arm to weave back and forth. T n  the case of vendor 
supplied control software, the appropriate options would ha.ie 
to be available to allow input of separate seam tracking error 
signals. 

Computer simulation techniques may be of some benefit in 
applying robotic welding methods to SSME manufacture. In 
prticular, simulation may be of aid in developing and proving 
methods of integrating sensory feedback with kinematic and 
dynamic equations of motion. This potential should receive 
further investigation. 

4.3 TAC'"QRS ASSOCIA'i'ED WITH VENDORS : 

1 -xc,)ected, vendors that market robot systems tend J '  L 
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t o  consider their software proprietary. Therefore, it is 
usually not possible, without special afrangements, for a user 
to modify software to perform special tasks sJch as 
interacting with sensors. Any modifications that are 
requested of the robot vendor would, quite naturally, be 
considered a special option that the vendor may program and 
feel free to sell to other users. Of course, any other 
arrangement may be agreed to by contract -- for a price. 
The usual industrial robot was developed to move a tool or 
gripper from point to point at a predetermined velocity. Once 
9 path has been calculated the move usually takes place 
without interruption unless special features have been built 
into the software. For example, with one vendor a WEAVE 
function for welding or gluing is a special option that is 
provided with certain limited parameter-changing capability. 
Should it be desirable to modify the weave motion based on 
sensor input, the vendor would have to be corrsulted, and an 
additional special software option purchased. 

The appropriate options needed for sensor control of welding 
are most likely to be available from vendors marketing 
sznsor-based systems. There are several systems on the market 
that provide special user programming capability. Special 
robot control languages have been developed that ease the 
problem of user programming and aid in the ability to 
incorporate sensory feedback. 

It is likely that several marketing approaches are available 
from different vendors. In addition, some vendors may prefer 
to market complete turn-key systems rather than pieces that 
can be pct together by the user. With a growth industry like 
robots, it is likely that vendor marketing strategy will 
provide arl additional variable to be considered in evaluating 
various proposals. A user with significant in house computer 
programming capability may wish to procure a system with as 
much flexibility as possible. 

4 . 4  EFFECT OF WELD COMPLEXITY: 

The complexity of a weld contour is an obvious factor 
controlling the ease :.th which a robot welding system can 
follow the proper seam . straight joint in a single plane 
would be the easiest cu,itour to follow: a straight joint on a 
surface of constant radius would also be relatively easy to 
weld. However, when the contour of a weld becomes complicated 
either by introducing sharp changes in seam direction or by 
introducing an irregular change in the weld surface, the 
ability of a robot to 2roperly track the seam is compromised. 
A number of systems have been developed permit seam tracking 
using various sep.r.-ors and these all function best on 
uncomplicated seams. 
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Two factors contribute to poor seam-tracking performance. 
First, tack welds are often present along a weld seam. In 
order to properly bypass a tack weld, the tracking system must 
project the seam direction beyond the tack weld. The human 
welder is able to visually choose the best W t h  to meet the 
weld seam beyond the tack weld. Systems with limited optical 
or mechanical seam trackers would have difficulty following an 
irregular weld seam. A sophisticated visual seam trazking 
system capable of choosing the proper path past a tack weld is 
conceptually possible although further development may be 
necessary to enhance available systems. 

Another factor contributing to poor seam tracking performance 
is the offset between the reference point for seam tracking 
and the actual weld puddle. Most seam trackers use either a 
mechanical probe or optical system to locate the desired weld 
track up to several centimeters' ahead of the weld puddle. 
This produces a time delal between the sensing of control 
information and the actual torch control movement. A simple 
system might assume no sudden shift in seam direction while a 
system able to follow sharply curving seams would have to 
"remember" the seam track and guide the welding torch after an 
appropriate time delay. 

The two complicating factors just considered suggest that a 
sophisticated vision-based seam tracker would have tc view a 
seam well ahead of the actual weld puddle, store data on the 
shape of the weld seam, and then choose an optimum path around 
curves and across tack welds. 

Still another factor contributing to seam tracking complexity 
when sharply curving surfaces are welded is the necessity of 
determining the line normal to the plane tangent to the wo-k 
surface and seam axis. The normal line must be sensed in 
order for the torch to be held at a proper angle with the 
weld. Again, it is easier to develop sensors to determine a 
line normal to a large flat surface than to surfaces with 
short and varying radii. Tactile sensors and structured light 
have been used to provide surface orientation with varying 
degrees of success. 

The presence of data in a Computer-aided Design (CAD) system 
could greatly simplify the design of a sensory system to aid 
in robot welding on the SSME. Much of the global information 
regarding the location of various weld seams could be obtained 
directly from the design data base and control of the actual 
welding could be limited to seam tracking to a large extent. 
This coupling of design and the actual manufacturing process 
should be investigated further. 

4.5 CONSTRAINTS DUE TO PRODUCTION PROCEDURES: 

Introduction of robotic welding procedures to replace manual 
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welding will inevitably impact SSME manufacture by requiring 
nsw manufacturing process specifications. The use of a robot 
could cause changes in fixtures, weld sequence, and possibly 
joint preparation. Fixtures may require changes in order to 
permit robot access to a weld since robots typically do not 
permit the degrees of freedom of motion that a human operator 
is capable of. For similar reasons it is conceivable that the 
use of a robot could also affect the weld production sequence. 

Special joint preparation, however, is an engineering change 
that could cause even greater impact. Some weld seam trackers 
require special joint preparation. Tactile seam trackers 
require a groove deep enough to guide the tracker probe. 
Joint preparation of this sort would probably be too expensive 
to justify in some instances if the joint preparation costs 
exceed the cost savings due to automation. Of course, tactile 
sensors may be rejected for other r&asons such as weld joint 
contamination. 

Use of visual seam sensors would probably have less impact on 
production procedures but some possibilities are presented 
here. Many of the SSME welds are butt joints that vary in 
fitup. A very tight butt joint would be difficult to track. 
The ultimate limit would be the ability to detect a very fine 
line indicating the butt joint location on parts. Several 
solutions are possible. ( 1 )  The joint could be prepared with 
a beveled edge that would improve the visibility ot the joint 
and thus improve tracking ability. (2) The joint could be 
fixtured and tack welded to maintain a minimum joint gap 
suitable for automated visual tracking. (3) Surface 
preparation of the work adjacent to the weld seam could be 
prepared by a process such as sandblasting since the quality 
of the surface finish adjacent to the weld location would 
affect the ability of the vision system to track the seam 
location. (4) A shim of filler material could be inserted in 
the seam to enhance the visual image. ( 5 )  The visual seam 
tracking system could be made more sophistiLated t4 detect 
very tight joints. Arly system for seam tracking must be able 
to differentiate between tight and wide seam fitup and choose 
the proper torch path. As the resolution of the visual system 
is increased, the sophistication of the visual image 
processing software must be improved with a concomitant 
increase in both cost and processing time. 

Introduction of robot welding to replace manual welding must 
impact Process and/or Production Specifications. The cost of 
any jcint or wuci-surface preparation would have to be 
balanced against the value of any improved weld quality or 
consistency due to use of a robot. A similar cost 
justification must be made if the sophistication of seam 
tracking equipment is increased to minimize the required seam 
prepa ra t ion. 
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5.0 APPROACHES TO SENSOR CONTROL 

5.1 SENSORY SYSTEMS FOR ARC-WELDING CONTROL: 

Research has been underway for some time tu develop control 
mechanisms suitable for producing high-quality welds. 
Quality, in this case primarily means high-strength. Since 
strength is not a quantity that is directly measurable during 
the time that the weld is being made, real-time control has 
been directed primarily at sensing and controlling parameters 
that are correlated with weld quality. Figure 5.1 is a 
diagram showing the interrelationship of several types of 
sensors used for controlling weld quality. 

Two factors are of primary importance in the real-time control 
of an arc-weld. First, it is necessary to know whether the 
\:.zld is accurately located on the seam. Any sensory system 
primarily designed to locate the proper weld axis is called 
“seam tracking.” The second factor that must be controlled is 
the penetration of the weld once it is located on the proper 
seam axis. This will be called “penetration control.” 
Penetration control and seam tracking do not necessarily 
result from information derived from a single sensor although 
visual sensors have the potential, at least, of acquiring both 
types of information. 

As has been discussed in Section 2, penetration is a function 
of several weld parameters including heat input and weld 
speed. Penetration may be sensed directly by observing the 
reverse side of a bead during the weld or by observing one of 
several parameters from the front of the weld. Puddle size is 
thought by many to be the variable most directly related to 
weld penetration for any given work thickness. Research is 
linderway at several AabOratOrieS to develop non-visual methods 
- ?  controlling weld penetration and/or seam axis location. 
I h e  following list shows several techniques under development 
along with the laboratories involved: 

Mechanical Methods 
Tactile - Several locations 
Acoustic - Carnegie-Mellon 
Ultrasonic - Mass. Institute of Technology 
Puddle dynamics - MIT, Ohio State 
Eddy Current 
Vc\l tage Wavefcrm 
Magnetic - Carnegie-Mellon 
Capacitance - :arnegie-Mellon 

Electrical/Electronic 

Tactile seam trackers are commercially available but are not 
particularly suitable in many situations where special seam 
preparation is not feasible or where the mechanical contactor 
may contaminate the weld seam. The major thrust of several 
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research projects as well as commercial offerings is to 
concentrate on visual seam-tracking methods. Commercial 
offerings now on the market will be reviewed in Section 6. 
The purpose here is to take a more general view of sensors. 

5.2 LIMITS TO SENSOd CAPABILITY: 

All measurements have a minimum resolution. In mechanical 
systems this may be constrained by such variables as friction. 
Various instruments may be limited by the ability to read a 
scale or by noise introduced by measuri methods or 
amplifiers. Repeatable errors introduced .y improper 
calibration or imperfections in the measuring system are known 
as "systemic errors" while errors that may vary from time to 
time are known as "random errors". riapdom errors may be 
eliminated by averaging successive measuremenis while systemic 
errors must be minimized by better system desiorl or better 
calibration. In the case of on-line contrcl systems, 
averaging may not be possible and both types of error limit 
the minimum resolution possible with a given meesurement. 

In the case of visual sensing, a video camera is the most 
c a m o n  sensor. Solid state cameras are often used and the 
resolution is determined by tns number of detectors or picture 
elements (pixels) and the optical magnification of the visual 
image. It is usual to calculate the minim.im resolutior! by 
measuring the center-to-center distance between pixels on the 
photoelectric detector and then divide that distance by the 
image magnification. Any image degradation introduced by the 
optical system obviously must be considered. In addition, 
image magnification and total visual field are inversely 
related, therefore, a limiting factor, in the case of a seam 
tracker, may be the overall field of view that must be spanned 
5y the odtical system. This is, in turn, a furstion of the 
size :,f the image of the seam width. Maanification cannot be 
increased to the point w'-ere the image of the seam covers all 
of the pixels of the sensor. It should be obvious that 
minimum resolution in a visual system is a function of 
several variable associated with the actual seam being 
tracked. -From a practical standpoint, resolution of a few 
thousandths of an inch is readily fdasible using simple 
optical sjstems. 

5 . 3  SYSTEM HARDENING: 

Any system designed to function in a "dirty" production 
environment must be protected against degradation by the 
environment. Electrical noise due to arc-welding equipment 
must be filtered out of the sensory systems. Especially 
troublesome is the razio-frequency arc-starting voltage used 
in TIG welding. In addition, optical degradation by the 
intense light of the arc, as well as smoke and splatter must 
be controlled. System hardening is a product of experiment 
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,nd experience and is only mentioned here to draw attention to 
the fact that sensor-system resolution may be affected by 
these very practical factors 

5.4 FUTURE POSSIBILITIES : 

Existing seam tracking systems will !v discussed in a Iater 
section of this report. No current seam tracking system 
utilizes a truly general-purpose visual system that may be 
used for all of the visual requirements of a robot. Several 
non-optical seam tracking systems are being develcpcd in the 
laboratory but their utility remains to be proved. Robot 
vision appears to offer the best. potential for general purpose 
control of a robot but the techniques are still in the 
research laboratory. 
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6.0 ROBOT VISION 

6.1 SOURCE MATERIAL: 

The terms "Robot Vision" and "Computer Vision" are often used 
interchangably. Most of the techniques are interchangable; 
however, since there are applications for computer vision that 
do not apply ' J robots, we will use the term robot vision to 
 imp^, a.- applics' ion specifically relating to robots while 
computer vision will imply general concepts that are not 
partictilarly related to any given application. 

Computer vision, in genera?, has been the subject of intense 
artificial intelligence research for many years. Recently the 
appl'cation to robotics has come to the forefront and many 
activities are related to this area even if the application is 
not specifically stated. 

Within the last several years a number of state-of-the-art 
s'rveys have been published, some with NASA funding. Several 
Lxtbooks have been recsntly pub1 ished. The following 
references are particularly relevant: 

Gevarter, William 6., AN OVERVIEW OF COMPUTER VISION, 
NBSIR 82-2582, National Bureau of Standards, 1982. 

Gennery, Donald, COMPUTER VISION, JPL Publ. 81-92, 
Jet Propulsion Laboratory, 1981. 

Geo-Centers, Inc., A REVIEW OF THREE-DIMENSIONAL VISION 
FOR ROBOTICS, ARPA Order No. 3089, 1982. 

Dodd, George G. and Lothar Rossol, COMPUTER VISION AND 
SENSOR-BASED ROBOTS, Plenum Press, 1979. 

Ballard, Dana H. and Chriscopher M. Brown, COMPUTER 
VISION, Prentice-Hall, 1982. 

This report will not attempt to re-evaluate the entire 
computer vision field, but will concentrate on a summary of 
robot vision and particularly an assessment of the techniques 
that could be applied to robot arc welding. 

6.2 GENERAL TERMINOLOGY AND BACKGROUND: 

An extensive terminology has been developed in the fields of 
Artificial Intelligence and in the sub field kncwn as computer 
vision. The following definitions are taken from Gevarter 
(1982): 
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'Image processinq is a siqnal processing task that 
transforms an input image into a more desirable output 
image through processes such as noise reduction, 
enhancement and registration. 

contrast 

"Pattern recoqnition is a classification task that 
classifies images into predetermined categories. 

"Computer vision is an image Understanding task that 
automatically builds a description not only of the task 
itself, but- of the three dimensional scene that it 
depicts. " 
Computer vision is primarily concerned with "scene 
analysis" which Gevarter defines as follows: 

"Scene analysis is concerned with the transfodation of 
simple features into abstract descriptions relating to 
objects that cannot be simply recognized based on pattern 
matching. . .. To a large extent, the terms scene 
analysis, image understanding, and computer vision have 
become synonymous. " 

Marr and Nishihara (1978) offer the following definition: 

"Artificial Intelligence is (or ought to be) the study of 
information processing problems that characteristically 
have their roots in some aspect of biological information 
processing. ' 

The various tasks that make up image understanding are often 
broken down into subtasks called feature extraction, symbolic 
representation, and semantic intcrpretation. 

Images are defined as "grey scale" or "binary" depending on 
uhether an image is digitized into multi-levels of luminance 
or only two levels respectively. 

6.3 VISUAL FUNCTIONS FOR ROBOTICS: 

Any visual system, whether biological or robotic, has certain 
functional Ldpabilities. These visual functions in the order 
of increasing complexity arz range detection, feature 
extraction, object orientation, object recognition, and scene 
analysis. Low-level functions are little more than signal 
processing while the highest level function, scene analysis, 
is a complex artificial intellige-.se process that is still the 
object of intense research activity. 

- Range detection: The human visual system is able to 
determine the range of visual objects at a subconscious level. 
The mechanisms are not completely understood: however, we do 
know that mos: persons automatically superimpose the images 
detected by both eyes and also automatically recognize the 
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range of objects within a few feet distance. This process is 
known as steriopsis. Since we do not know how the human brain 
processes range information, various methods have been 
developed to provide this capability in robot or computer 
vision. These are called stereo ranging, triangulation, 
active ranging, and optical focusing. 

Stereo ranging implies that two images viewed from different 
points in space are shifted until respective points in the two 
images coincide. The amount that one image must be shifted to 
"match' the other image is a function of range. 

Triangulation implies that angles are calculated between two 
image locations and an object visible in both images. Simple 
trigonometry allows one to calculate the range. Triangulation 
and stereo ranging are somewhat similar concepts except that 
in the triangulation method a simplified "structured" light 
using a spot or line of illumination is used to create a 
uniqce "object" visible from two locations. Stereo ranging 
implies that whole images are shifted or superimposed to 
derive range information. 

Active ranging implies that a beam of light or sound is 
projected upon an object and range is calculated from the 
"time of light.' 

Optical focusing implies that an object is placed in sharp 
focus by an optical system and the object range is calculated 
from the lens to image distance when the focal length of the 
optical system is known. 

Object orientation: Information about the orientation of an 
object in space is often required to pick up the object. 
Human beings do this almost automatically but very specific 
orientation data is needed for a robot gripper to grasp an 
object. If object orientation is the primary objective of a 
robot visual system, a binary or silhouette image is often 
used to simplify the image-processing computer calculations. 
Special "back lighting" may be used to illuminate the object. 
Techniques for object orientation are fairly commonplace in 
current robot technology. 

Feature extraction: Feature extraction is an intermediate 
processing step on the way to object recognition or scene 
analysis. An edge or sudden shift in image intensity is the 
most common form of feature that can be detected in a visual 
scene. Edges, of coursel generally delimit some object or 
region within an object. Edges are very simple to detect in 
binary images and this is often exploited in robot vision. 
Edge detection in grey-scale images is computationally much 
more complex but is an essential step in some forms of object 
recognition or scene analysis. 

Other features that may be extracted from an image include 
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regions of common luminosity, often called "blobs", and 
regions of common color. Research efforts are also directed 
to developing effective ways of detecting features such as 
surface orientation or surface texture. 

OLlect recognition: Of courset feature extraction is seldom 
the purpose of artificial vision. Object recognition, such as 
in sorting different items in a production line, may be the 
total reason for a robot vision system. The general technique 
for object recognition is often called "template matching." 
Once a robot stores the template or image of an object, 
recognition is achieved when a secona object "matches" the 
stored template to some acceptable mathematical precision. A 
more sophisticated form of object recognition may be used in 
quality control by storing a "good" template and rejecting any 
object that does not match within a certain measure of 
precis ion. 

Scene analysis: The most sophisticated form of robot vision 
is generalized scene analysis. Based on some form of a priori 
information, a generalized vision system would be able to 
identify or recognize all the objects in any non-structure 
scene. The least complicated industrial application would be 
the identification and selection of various objects jumbled 
together in a bin. Such a scene would include overlapping 
object images in all sorts of orientation. Only a limited 
amount of progress has been made in generalized scene analysis 
by those engaged in artificial vision research. 

6.4 IMAGE PROCESSING METHODS: 

Binary vs. grey scale methods: A number cf approaches are 
possible in the development of robot vision systems. Initial 
production of a binary image rather than an image consisting 
of continuous tones or grey scales greatly reduces the amount 
of information that must be processed. Of course, such an 
approach is only possible of the actual information that is 
desired is present in the binary image. The orientation of 
the profile of an object is an example mentioned earlier of an 
application suitable for binary image processing. 

Grey scale images, on the other hand, are required when the 
information content of the scene, texture for example, would 
not be retained in a binary image. 

Template matching: This image processing method implies that 
an object is viewed by the vision system to produce a stored 
version of a known object. This image becomes the "template" 
for later "recognition" of similar objects. Template matching 
is relatively simple using binary images; however, grey-s:ale 
scenes require much more complex object recognition methods 
that are still the subject of research. 

Edge and reqion statistics: The proper collection of edge 
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and/or region statistics could be used to recognize an object. 
For example, in two-dimensional space four edges of equal 
length and each separated from the next by a right angle, 
would define a square. This, in turn, might be sufficient 
information for recognition of some type of object. 

Regional statistics include the area, centroid, perimeter 
length, maximum and minimum dimensions of a blob of common 
regional characteristics. The region being statistically 
described might be of constant luminosity or color in a 
general image. 

Transform methods: The general purpose of any vision system 
is to recognize objects or some feature of objects. The 
coefficients of the spatial fourier transform of a scene have 
been used for this purpose. 

Parallel processing: The human visual system is known to 
process much visual information in a parallel fashion. Most 
computer algorithms are serial, consequently computer vision 
is relatively slow compared to natural vision. To speed up 
computer vision various forms of parallel computer processing 
are possible. In addition, parallel analog preprocessing is 
possible to reduce the computational load on a computer being 
used for a visual task. Considerable parallel preprocessing 
is done by the retina of the human eye before visual 
information is transmitted to the primary visual cortex for 
further processing. It is likely that similar artificial 
vision methods would be benificial and research into parallel 
methods is underway. 

6.5 STATE-OF-THE-ART: 

Intense research activity in computer and robotic vision is 
currently in process. Gevarter states: "It has been estimated 
that NASA spending on image processing and evaluation 

spends roughly ($500,000 a year) to support research at JPL in 
vision systems to guide robot manipulation." NSF and NIH are 
other federal agencies that are annually spending one to two 
million dollars each in the area of computer vision. 

A view of the current state of development of industrial 
computer vision has been stated by Kruger and Thompson (1981):  

"Dispite substantial research effortg, the study of 
computer vision is still in its infancy... Significant 
reductions in complexity are possible if automated 
perception is limited to an industrial environment. Even 
here, however, we still lack a clear understanding of the 
fundamental problems that must be addressed if computer 
vision is to have a major impact on manufacturing." 

approaches one hundred million dollars a year. e . .  NASA 
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They further state that "The current state -of -the-art 
precludes the construction of one general-purpose computer 
vision system with applicability to all industrial vision 
tasks....' 

Current computer vision systems for industrial use are 
generally limited to very simple tasks such as pattern 
matching using binary images and lighting structured to 
highlight a particular feature such as an object profile or a 
weld seam. 

Gevarter quotes Gennery et. al. as stating: "...two tasks 
that are beyond the capability of any existing computer system 
are the recognition of parts in a jumble in a bin and 
operation of a robot vehicle in a complicated outdoor 
environment." 

Tenenbaum and Barrow (1981) conclude: 

"While no such (general-purpose computer vision) system 
yet exists, most of the pieces have been experimentally 
demonstrated. Thus it would not be unreasonable to 
attempt to construct one within the current state-of-the- 
art. Of course, many details still remain unresolved, 
especially at the higher levels of processing." 

Gevarter (1982) concludes his assessment of the state-of-the- 
art with the following statement: 

"Though quite a number of high-level research vision 
systems have been explored, no general vision system is 
available today or is imminent. Major current efforts in 
this area are ACRONYM at Stanford U. and VISIONS at the 
0. of Mass." 
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7.0 A SURVEY OF COMPUTER VISION SYSTEMS 

7.1 SOURCE MATERIAL: 

The recent literature in Robotics and Computer Vision is 
voluminous. Surveys have appeared in many publications 
concerned with manufacturing, industrial automation, and 
computers. Several state-of-the-art surveys have been 
prepared by various government and private agencies. Several 
of these are listed in the references. The most recent 
comprehensive overview of computer vision was published during 
the fall of 1982 by Gevarter (1982) at the Bureau of 
Standards. Much of the material presented here was collected 
by Gevarter. 

7.2 VENDOR SURVEY: 

Gevarter (1982, p74) stated "It has been estimated that more 
than 200 companies are now playinq a role in the vision 
field." He listed about 35 developers of commercial vision 
systems. This report contains all those mentioned in 
Gevarter's report plus a number of other vendors that have 
been mentioned in other reports, magazine articles, 
directories and proceedings of conferences. An effort has 
been made in Appendix A to assemble all addresses and 
telephone numbers of the various vendors, however, some are 
not listed in the Thomas Register. The remark has been made 
that many of the companies in this rapidly growing field have 
been organized in the past few months. In addition, a number 
of large diversified manufacturers may be involved in the 
development of commercial vision systems for in-house use 
only. These are listed in Table 7.1 from Gevarter (1982, 
~48). 

Vendors that are involved in computer vision-system 
development present a wide diversity of commercial offerings. 
These vary.from simple visual sensors to complete hardware and 
software systems. A few companies are involved both in 
computer vision and robotics. Since the addition of sensors 
to robots is very much in vogue, it is expected that this 
trend will grow. An even smaller number of vendors are 
involved in both computer vision and robot welding. Notable 
are Automatix, Inc., Copperweld Robotics, the General Electric 
Co., and Unimation. 

Table 7.2 is an effort to succinctly summarize the material 
about various vendors. In general, the companies with 
computer vision offerings fall into three categories: ( 1 )  
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those offering sensors only, ( 2 )  those offering various 
components that may be combined to create a computer vision 
system, and ( 3 )  those offering complete systems including 
interface hardware, image processors, and computer systems for 
extracting and manipulating visual information. Commercial 
systems may be further classified as binary, grey-scale or 
combination systems. Vendors that offer complete systems 
differ in that some offer turn-key systems with little 
potential for user software development while others offer 
software development systems and software modules that the 
user is expected to combine into a final system. Several 
offer high-level programming languages specifically developed 
for computer vision and/or robotics applications. 

Table 7.1 will ultimately be a complete summary of vision 
systems currently on the market. The table included in this 
report is from a survey in the.magazine Hiqh Technoloay 
(1982) .  An updated version is not included in this report 
since a number of vendors have not responded to inquiries and 
other names were recently discovered and added to the list. 
Completion of this survey is suggested in the RECOMMENDATIONS 
section of this report. 
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TABLE 7.1 

LARGE DIVERSIFIED MANUFACTURERS 
WITH IN-HOUSE SYSTEMS* 

General Electric Company 
Chrysler Corporation 
General Motors 
International Business Yachines 
Texas Instruments 
International Harvester 
West i nghouse 
Hughes 
Lockheed - Palo Alto Research Lab. 
Faitchild Camera and Instrument Corp. 
Martin Marietta 
McDonald-Douglas Automation Company 
Cheesebrough Ponds 

*Gevarter, 1982. 
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TABLE 7 . 2  ORIGINAL PAGE IS 
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Reproduced from High Technology magazine 
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8.0 A SURVEY OF ROBOT ARC-WELDING SYSTEMS 

8.1 SOURCE MATERIAL: 

A relatively small number of commercial firms and research 
organizations are engaged in the development of 
robot-controlled Cas-tungsten Arc Welding (GTAW) systems. 
NASA has.been in contact with several of these organizations. 
An extensive list of vendors with some activity in any aspect 
of robot-controlled seam welding is included in Appendix B. 
Table 8.1, however, is a more limited list of vendors with 
GTAW expsrience who have offered systems to NASA, that are 
listed in various directories, or have published articles on 
sensor feedback controlled gas-tungsten robot arc welding. 

8.2 VENDOR SURVEY: 

Robot arc-welding systems may be categorized in several ways. 
First, a system may be classified as a vision or non-vision 
based sys tem. As discussed elsewhere in this report, 
seam-tracking may be accomplished using mechanical or other 
non-visual sensors, however, most of the recent development 
has concentrated on visual seam-tracking. Next, a seam 
tracking system may be classified as a one-pass or two-pass 
system depending on whether or not the robot locates the seam 
axis prior to the actual welding pass. Finally, systems may 
be classified as Gas-metal Arc Welding or Gas-tungsten Arc 
Welding systems. The signficance here is that GTA'nl is more 
difficult since radio-frequency arc-starting signals interfere 
with the robot and vision systems. 

Since this report is directed primarily to the application of 
robot vision to gas tungsten arc welding, the following 
discussion is limited to those organizations listed in Table 
8.1 with demonstrated activity in this area. 

Automatix, Inc.: This vendor is one of a very small number 
of organizations with experience in both robot vision and 
robot-controlled seam welding. At the present time delivered 
systems are Gas-met21 Arc Welding systems although the company 
claims to have the capability of operating in the 
high-frequency arc starting environment of Gas-tungsten Arc 
Welding. 

Automatix markets both stand-alone programmable vision 
systems, called Autovision, and Programmable Arc Welding 
systems, called Robovision. The company is also able to 
provide one and two-axis Welding positioners and is thus able 
to offer complete manufacturing systems. Linkages with 
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CAD/CAM systems are currently under development so that this 
vendor is able to offer a completely integrated design and 
manufacturing system. 

The Automatix Autovision system is a sophisticated vision 
system that incorporates the Motorola 68000 32-bit 
microprocessor chip. The system is user -programmable in a 
special high-level robotics system languagr. called RAIL. The 
system is highly flexible and the vendor offers expertise in 
robotics, robot vision, and welding. 

Advanced Robotics Corporation: This vendor markets the Cyro 
series of robots. They have experience with seam-tracking 
welding applications based on the arc voltage sensing 
techniques developed by Dr. Cook at Vanderbilt University. 

Cincinnati Milacron: This vendor tias been marketing robots 
for many years. They offer arc welding sytems using the 
Miltrac Seam Tracking System. Currently, no GTAW systems have 
been delivered that use high-frequency arc starting and it 
appears that the electrically-driven robots are unable to 
function satisfactorily in the electrically noisy environment 
associated with GTAW welding. 

General Electric Company: This company has an extensive line 
of robots and is also a primary supplier of solid-state video 
cameras that are used for computer vision systems offered by a 
number of vendors. General Electric has collaborated with Dr. 
Richardson at Ohio State University and currently markets a 
visually controlled seam tracker that uses an optical system 
that views the weld puddle through the torch. 

The General Electric seam tracker is the only visual seam 
tracker now being offered commercially; however, the torch and 
vision system is only available as a complete welding system 
including the General Electric robot. 

Ohio State University: The Department of Welding Engineering 
and the Center for Welding Research has been active at Ohio 
State University for some time. Both Gas Tungsten Arc Welding 
and Gas Metal Arc Welding methods have been under 
investigation. This university research center has been 
studying weld puddle motion, "puddle dynamics", with a view 
toward obtaining information for control of weld quality. 

Dr. Rich rdson, Director of the Center for Welding Research, 
developed a prototype "coaxial through-the-torch visually 
sontrolled arc-welding system. He collaborated with the 
General Electric Company that now markets a modified version 
OS this system. 
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TABLE 8.1 

DEVELOPERS OF ROBOT ARC-WELDING SYSTEMS 

Automatix, Inc. 

Advanced Robotics 

General Electric Company 

Cincinnati Milacron 

Ohio State University 
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9.0 CONCLUSIONS AND RECOMMENDATIONS 

9.1 CONCLUSIONS: 

The field of robot vision and visually-controlled arc welding 
is in a state of intense development. A number of vendors are 
active or are just entering the field. The next feu years 
will see new systems being developed especially as the demand 
from such organizations as NASA foster further research and 
procurement . 
At the present time, only a few organizations are willing to 
contract to deliver a robot welding system with visual 
seam-tracking capability, especially if a certain performance 
is called for in the contract. Other organizations are 
willing to enter into development contracts. 

It is likely that the vendor reluctance to contract for a 
specific visually-controlled Gas Tungsten Arc Welding system 
is a realistic assessment of the state-of-the-art. Wision 
systems now on the market seem to have the capability of 
following a welding seam axis but both visual “noiseg and 
electrical interference make the total system a developmental 
program. 

The following conclusions, subdivided in several categories, 
are probably justified at this time: 

9.2 GENERAL CONCLUSIONS: 

1. Requirements for additional automation of Space Shuttle 
Main Engiile welding is probably beyond the capability of 
commercially available seam-tracking systems. 

2. Introduction of robot welding on SSHE welds that are 
currently done manually will inevitably impact existing 
manufacturing process specifications. 

3. Many computer and robot vision systems are available on 
the commercial market. (The total nunber is between 50 and 
over 200.) 

4. The most sophisticated computer vision systems appear to 
be able to provide the information needed for seam tracking. 

5. “Dispite substantial research efforts, the study of 
computer \ision is still in its infancy.... Significant 
reductions in complexity are possible if automated perception 
is limited to an industrial environment. Even here, however, 
we still lack a clear understanding of the fundamental 
problems that must be addressed if computer vision is to have 
a major impact on manufacturing. ... The current state of the 
art precludes the construction of one general-purpose vision 
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system with applicability to all industrial vision tasks." 
(Kruger and Thompsm, 1981) 

60 A number of suppliers are capable of providing the 
cosponents needed for developing a visually controlled 
seam-tracking robot able to meet the needs of specialized SSHE 
welding. 

7. Probably it. is possible, with substantial research and 
development, to build a seam tracking system suitable for use 
with robot torch control on welds that are currently performed 
by hand 3n the SS!lE. 

9.3 CONCWSI<)N ABOUT ARC-WeLDfNG TORCR: 

8. Difficglt access and complicated shapes will place severe 
cccstraints on the site of welding torches and associated 
hardware (such as AVC effectors and wire feeders) that must be 
placed near the torch cup. 

9.4 CONCLUSXONS ABOUT WORK PIECE: 

9. Special joint preparation to permit use of existing 
seam-tracking control systems is undesirable. 

10. Speci a1 joint vis i bi 1 i ty enhancement preparation 
procedures will be necessary if research detewines that tight 
butt welds cannot be tracked by available visual systems. 

11. Required field size is determined by the poorest joint 
fit while required resolution is determined by the minimum 
seam gap. 

9.5 CONCLUSIONS ABOUT MANIPULATOR (ROBOT): 

12. Robot wrist motion will require special control and 
possibly redundant degrees of freedom will be required for 
robot SSME welding due to the difficult access to the welds. 

13. All robot control electronics will have to be TIG 
hardened 1i.e. protected against high-frequency arc-starting 
electrical noise). 

14. To aid in specifying welding control system precision, a 
mathematical representation of maximum allowable positional 
ertcr has been derived. 

9 .6  CONCLUSIONS ABOUT SENSORS: 

15. All sensory electronics will have to be TIG hardened 
( i  .e. protected against high-frequency arc-starting 
voltages). 

16. A robot seam-tracking system must be able capable of 
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locating a welding seam both in global and relative 
coordinates (i.e. relative to the robot base and relative to 
the tool location). 

17. The sensory system must be able to determine the line 
n o m 1  to the weld plane for proper torch attitude control. 

18. Several non-optical seam tracking systems are being 
developed in various laboratories, however, their utility €or 
improving weld consistancy on the SSME remains to be proved. 

19. Weld seam tracking will have to be on-line, real-time 
rather than a two-pass system that is inherently unable to 
compensate for seam axis shifts due to warping of the work. 

20. Although other sensory systems are being investigated, 
visual feedback based on weld puddle location and diameter may 
offer the best potential for providing the needed sensory 
information for robot welding control in the SSHE. 

21 . Inf ra-red viewers and scanners are theoretical 
alternatives or supplements to visible-light sensors. 

22. Additional research is needed to determine whether visual 
seam trackers can reliably follow very tight butt welds, 

23. With irlcreased sophistication, robot visual system may be 
able to track tight butt welds. 

24. Any system for seam tracking must be able to 
differentiate between tight and wide seam fitup and choose the 
proper torch path for each. 

25. Visual seam-tracking systems have a resolution limited to 
the spacing between adjacent picture elements (pixels). 

26. The ultimate dimensional limit in visual resolution is 
determined by the number of picture elements in the primary 
sensor and the overall field size required by the control 
system. 

27. Required sensor field size is determined by the poorest 
joint fit while required resolution is determined by the 
minimum seam gap. 

29, Depth perception is an additional complexity required for 
torch attitude control; this may be provided by structured 
light systems. 

30. Robot vision for seam tracking probably requires the 
capability for sophisticated "generalized scene analysis" 
rather than the simple binary, template-matching capability of 
the less expensive robot vision inspection systems. 
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9.7 CONCLUSIONS ABOUT VISION AND CONTROL PROCESSOR(S): 

31. A significant simplification of the robot vision system 
for SSME welding may be possible if global seam information is 
transferred to a robot welding system from a computer-aided 
design (CAD) system. 

32. A seam-tracking robot must be able to choose an optimum 
welding path past tack welds based on knowledge about the 
actual seam axis in complex geometries. 

33. The robot welding system will have to integrate AVC 
feedback with weld path control. 

34. Robot kinematic and dynamic calculations are complex and 
require appreciable computational power that is generally 
beyond the capabilities of 8-bit microprocessors. 

35. Computations associated with visual sensory information 
are also complex and require additional significant 
computational power (e .g . 32-bit microprocessors or 
minicomputers). 

36. Seam-tracking feedback information must be integrated 
into calculations of robot tool (torch) paths. 

37. Computer simulation may aid in the integration of sensory 
feedback systems with a robot control system. 

38. Vendors vary in the amount of software flexibilitrt 
offered to the end user. 

39. Some robot control systems may have insufficient inherent 
flexibility for the addition of on-line sensory feedback. 

40. Some vendors offer special high-level programming 
languages rather than comparatively simple teach-mode 
programming methods; these MY be more suitable for the 
incorporation of sensory feedback. 

41. Three-dimensional calculation of the weld seam axis will 
be required for acceptable tracking of small radius and 
complex curves . 

9.2 RECOMMENDATIONS: 

Development of a visdally-controlled seam-tracking GTAW system 
can be pursued in several ways. First, one can enter into a 
contract with a single vendor who will take on the systems 
integration function. Two or three organizations would do this. 
Second, one might procure separate computer-visior. and robot 
systems and join these two in-house. To do this requires an 
understanding of both the robot and visual system limitations. 
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Finally, one night might continue with some in-house or 
sponsored university research to further define the requirements 
and constraints. 

It is suggested that SSHE robot welding be pursued on several 
pathways: 

1. Proceed with further investigation into the details of 
t.ir welds for which robot automation is desired. This 
includes (a) the radius of curving joint axes; (b) the nature 
r*f any obstacles that the robot arm must avoid; ( c )  maximum 
and minimum fitup expected in actual manufacturing; (d) the 
extent of any work movement due to heat for which on-line 
compensation is req ired; (e) the extent of any tack welds 
for which weld path projection is required. 

2. Initiate research to determine'the most suitable means of 
detcrmining the axis normal to the weld plane for torch 
attitude control on sharply curving surfaces. 

3. Initiate research to determine the minimum detectable 
weld gap using available visual image processing systems and 
optical magnification determined by the maximum fitup 
determined in ( 1 )  above. 

4. Maintain an ongoing study of all the new computer vision 
systems being marketed. Develop a rating scale to indicate 
the relative value of various systems on the market. 

5. Determine whether any seam visibility enhancement methods 
a1.e possible to improve seam tracking when butt weld fitup is 
tight. 

6. Investigate the potential for simplifying the global 
vision problem by coupling a robot welding system to a CAD 
data base. 

7. Dzvelop an overall systems design to determine an optimum 
Sean-tracking system that is possible utilizing the present 
state-of-the-e-rt in robotics and computer vision. 

8. Utili7.c computer simulation, when possible, to 
demanstra'? the feasibility of coupling vision systems to 
robot control systems. 

9. -:ocure prototype hardware to test and develop methods 
usi:.j actual components from the SSME. 
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APPENDIX A 

VENDORS MARKETING COMPUTER VIS ION SYSTEMS 

Applied Intelligent Systems, Inc. 
110 Parkland Plaza 
Ann Arbor, MI 48103 
(313) 995-2035 

Automatix, Inc. 
21 7 Middlesex Turnpike 
Burlington, MA 01803 
(617) 273-4340 

Cognex Corporation 
1505 Commonwealth Ave. 
BozCton, MA 02135 
(617) 254-1231 

Colorado Video, Inc. 
BOX 928-A 
Boulder, Colorado 80306 
(303) 444-3972 

Control Automation, Inc. 
P.O. Box  2304 
Princeton, NJ 08540 
(609) 799-6026 

Coppemeld Robotics 
1401 East 1 4  Mile Rd. 
Troy, MI 48084 
(313) 585-5972 

Cyberanimation, Inc. 
4621 Granger 
Akron, OH 44313 
(226) 666-8293 

Diffract0 Ltd. 
19640 Harper Avenue 
Grosse Pte. Woods, Mich. 48236 
(313) 965-0140 

Digital Graphic Systems, Inc. 
935 Industrial Ave. 
Palo Alto, CA 94303 
( 4 1 5 )  856-2500 
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E.G. 6 G. Reticon 
345 Potrero Ave. 
Sunnyvale, CA 94086 
(408) 739-4266 

Eigen Video 
P.O. Box 848 
Nevada City, CA 95959 
(916) 272-3461 

Electro-Optical Information Systems 
710 Wilshire .Blvd. , Suite 501 
Santa Monica, CA 90401 
(213) 451-8566 

Everett/Charles, In?. 
6101 Cherry Ave. 
Fontana, CA 92335 
(714) 899-2411 

Fairchild CCD Imaging Division 
3440 Hillview Ave. 
Palo Alto, CA 94304 
(415) 493-8001 

General Electric Company 
IVSO- Marketing 
P.O. Box 17500 
Orlando, FL 32860-7500 
(305) 886-2200 

Ham Industries, Inc. 
835 East Highland Road 
Macedonia, OH 44056 
(218) 467-4256 

Imaging Technology, Inc. 
400 West Curmaings Park,  Suite 4350 
Woburn, MA 01801 
(61 7 938-8444 

Intelledex, Inc. 
33840 Eastgate Circle 
Corvallis, OR 97333 
(503) 758-4700 

International Robomation/Intelligence 
2281 Las Palmas Dr. 
Carlsbad, CA 92008 
(619) 438-4424 
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Loge/Spatial Data Systems 
500 So. Fairview Ave. 
Goleta, Ca. 93116 
( 8 0 5 )  967-2383 

Machine Intelligence Corp. 
330 Potrero Ave. 
Sunnyvale, CA 94086 
( 4 0 8 )  737-7960 

Object Recognition Systems, Inc. 
1101-8 State Road 
Princeton, NJ 08540 
( 6 0 9 )  924-1.667 

Octek, Inc. 
7-T Corporate Place,. S.  Bedford St. 
Burlington, MA 01803 
( 6 1 7 )  273-0851 

Opcon 

Everett, WA 98203 
( 8 0 0 )  426-9184 
( 2 0 6 )  353-0900 

720 80th St. S O W .  

Penn Video, Inc. 
929 Sweitzer Ave., Dept. 1 4  
Akron, OH 44311 
( 2 1 6 )  762-4840 

Perception Electronics 
1445-T Koll Circle 
San Jose, CA 95112 
( 4 0 8 )  297-7464 

Per iphicon 
P.O. Box 324 
Beaverton, OR 97075 
( 5 0 3 )  222-4966 

Prothon 

Parsippany , NJ 

Robotic Vision Systems 
536 Broadhollow Road 
Melville, NY 11747 
( 5 1 6 )  694-8910 
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Spectron Engineering, Inc. 
800 West 9th Avenue 
Denver, Colorado 80204 
(303) 623-8987 

SRI International 
333-T Ravenswood Ave. 
Menlo Park, CA 94025 
( 41 5 ) 326-6200 

Synthetic Vision Systems, Inc. 
2311 Green Road 
Ann Arbor, MI 48105 
(31 3) 995-9580 

Unimation, Inc. 
Shelter Rock Lane 
Danbury, Conn. 06810 
(203) 744-1 800 

Vanzetti Systems, Inc. 
111 Island S t .  
Stoughton, MA 02072 
( 61 7 )  828-4650 

Vicon Industries, Inc. 
125-T E.  Bethpage Rd. 
Plainview, NY 11803 
(516) 293-2200 

Videometrix 
9421 Winnetka Ave./Bldg. F 
Chatsworth, CA 91311 
(213) 701-6972 

View Engineering 
9736 Eton Ave. 
Chatsworth, CA 91311 
(213) 998-4230 

Vision Peripherals 
P. 0. Box 6888 
Buena Park, CA 90622 
( 71 4 ) 952-1 176 
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APPENDIX B 

VENDORS OFFERING ROBOT SEAM-WELDING SYSTEMS 

Advarced Robotics Corp 
777 Manor Park Dr 
Columbus, GH 43228 
(614) 870-7778 

American Can Co 
American Lane 
Greenwich, Conn. 06830 
(203) 552-2000 

Armax Robotics Inc.' 
38700 Grand River Ave. 
Farmington Hills, MI 48018 
(313) 478-9330 

ASEA InC. 
1176 East Big Beaver Road 
Troy, Mich. 48084 
(313) 528-3630 

Automatix, Inc. 
217 Middlesex Turnpike 
Burlington, MA 01803 
(617) 273-4340 

Bendix Robotics Div. 
21238 Bridge Street 
Southfield, MI 48034 
(313) 352-7700 

Cincinnati Milicron Inc. 
215 South West Street 
Lebanon, OH 45036 
(513) 932-4400 

Cybotech Corp (Ransburg Corp) 
P . O .  Box 88514 
Indianapolis, IN 46208 
(317) 298-5890 

Cyclomatic Industries Inc. 
7520 Convoy Court 
San Diego, CA 92111 
(714) 292-7440 
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DeVi 1 bi ss Co . 
300 Phillips Ave/P.O. Box  913 
Toledo, OH 43692 
(419) 470-2169 

Fared Robot Sys tsni Inc . 
JS60-T Revere 
Denver, Colorado 80239 
(303) 371-5865 

GCA Corp. 
Industrial System Group 
One Energy Center 
Neperville, IL 60566 
(312) 369-2110 

General Electric Automation Systems 
1285 Boston Ave. 
Bridgeport, CT 06602 
(203) 382-2876 

Hitachi American Ltd 
59 Route 17-S 
Allendale, NJ 07401 
(201) 825-8000 

Hodges Robotics Intl. 
3710 N. Grand River Ave. 
Lansing, MI 48906 
(517) 323-7427 

Marline Intelligence Corp. 
330 Potrero Ave. 
Sunnyvale, CA 94086 
(408) 737-7960 

Pickomatic Systems Inc. 
37950 Commere Drive 
Sterling Heights, MI 48077 
(313) 939-9320 

REIS Machines 
1426 Doris Road 
Elgin, IL 60120 
(31 2) 741 -9500 

Robotic Vision System 
536 Broadhallow Road 
Melville, NY 11747 
(516) 694-8910 
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Thermwood Machines Mfg.Co.1nc. 
P.O.  Box 436 
Dale, IN 47523 
( 8 1 2 )  937-4476 

Unimation Inc.(Condec Corp) 
Shelter Rock Lane 
Danburg, CT 06810 
(103 )  744-1800 

United Technologies Corp. 

( 2 0 3 )  728-7000 

Westinghouse Electric CE 
Industry Automation Drive 
400 High-Tower Office Bldg 
400 Media Drive 
Pittsburg, PA 15205 
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Assistant Professor of bthematics 

The University of Alabama in Huntsvil le 
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ABSTRACT 

Suppose that a system i s  undergoing a sequence of trials  an^ design 

changes in  an e f f o r t  t o  f ind  and eliminate design flaws in the system. 

Specifically,  suppose that each trial is c l a s s i f i ed  as an  assignable- 

cause f a i l u r e  ( i f  the f a i lu re  is due t o  one o r  amre design flaws), an 

inherent f a i lu re  ( i f  the f a i lu re  is not due to  a design flaw), o r  a success 

After each assignable-cause fa i lure ,  the design flaws tha t  caused the 

fa i lure  are removed. 

c a l  design flaws, a probabi l i s t ic  model is developed t o  describe t h i s  

debugging process. 

of the important random variables and for  the important measures of relia- 
b i l i t y .  

of the model from accumulated test data. 

In the case of s t a t i s t i c a l l y  independent and identi-  

Expl ic i t  expressions are obtained fo r  the d is t r ibu t ions  

S t a t i s t i c a l  methods are developed fo r  estimating the parameters 
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INTRODUCTION 

When a new system is being developed, i t  u s u a l l y  has a number of 

Q p i c a l  design flaws in a newly-developed well-defined design flaws. 

areospace system, f o r  example, are overstressed par t s ,  improper materials, 

design configurations tha t  give rise t o  damaging vibrat ional  modes, 

"hot spots," improper operating procedures, etc. 

undergoes a sequence of tests i n  an e f f o r t  t o  f ind  and eliminate these 

design flaws. Specif ical ly ,  suppose tha t  each design flaw i n  the system 

may (or may not) cause the system t o  f a i l ,  i n  some sense, when a t r i a l  

is conducted, and tha t  a f t e r  each tr ial  an e f f o r t  is made t o  redesign 

the system to  eliminate a l l  design flaws tha t  were discovered on tha t  

trial. In addition, the system can f a i l  when a tr ial  is conducted f o r  

"inherent" reasons (such as "normal" f a i lu re  of components, acts of God, 

e tc . )  which are not due t o  any spec i f i c  design flaw. 

assumed tha t  a test f a i lu re  can have more than one cause; this assmption 

is appropriate f o r  systems in which the f a i l u r e  caused by a design flaw 

does not destroy the system or otherwise s top  the test. 

Such a system u s u a l l y  

Note tha t  i t  is 

It is usually impossible t o  model the t e s t ing  and design change of 

a complex system deterministically.  Therefore i t  is important to develop 

good probabi l is t ic  models. 

i t  is important t o  f ind s t a t i s t i c a l  methods of estimating the parameters 

of the model from accumulate.l test data. Then :.he model can be used to  

estimate the r e l i a b i l i t y  o r  qua l i ty  of the system a t  some point durlng 

the tes t ing or a t  some point in the future. For systems of the type 

described above, important measures of r e l i a b i l i t y  and q u a l i t y  are the 

probabili ty of success, the expected number of desigr. flaws remaining in 

the system, the probabili ty that  a l l  design flaws have been eliminated, 

and the expected number of t r i a l s  necessary to  eliminate a l l  design flaws. 

After a probabi l i s t ic  model has been developed, 

The debugging problen studied i n  th i s  project  f a l l s  i n  the domain of 

XXVI-4 



mathematical reliability theory. 
this theory is the book by Barlow and Praschan [l]. 
a survey of reliability growth models. 
*'failure source" or "design flaw" debugging mode1s;see [21, [31, [61, 

An excellent general reference for 
Reference [4] is 

Several authors have considered 

[71, 181, 191, a d  I101* 
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OBJECTIVES 

The objectives of this project were t o  develop a probabi l i s t ic  

model for  a system undergoing a sequence of trials ana design changes and 

then to develop statist ical  methods of  estimating the parameters from 

accumulated test data. 

These objectives were met fo r  a system sa t i s fy ing  two simplifying 

a s s q t i o n s ,  namely that the design flaws are s t s t i s t i c a l l y  independent 

and ident ica l  and that the redesign attempts are always successful. 

Precise assuuptions and def in i t ions  are given i n  the next section. 

the following sect ion,  the d is t r ibu t ions  of the important random variables 

and explicit expressions fo r  the r e l i a b i l i t y  and qual€ty functions a re  

obtained. Next the fundamental parameters of the model are estimated 

using the method of maximum l ikelihood and subs t i tu t ion  principle.  

Maximun l ikelihood and uniformly minimum variance unbiased estimators 

are obtained. t o  a Bayesian a n a l y s i s  of 

the parameters. 

In 

The last sect ion is devoted 
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ASSUMPTIONS AND DEFINITIONS 

Suppose that a system undergoes a sequence of tr ials and design 

changes. We make t h e  following assmptione: 

(a) The system has one irremovable f a i l u r e  source. The system 

has some number (perhaps unknown, perhaps random) of removable f a i l u r e  

sources. More than one f a i l u r e  source amy cause f a i l u r e  when a t r i a l  

is conducted. 

(b) When a tr ial  is conducted, the irremovable f a i l u r e  source 

causes f a i l u r e  with p robab i l i t y  qo (0 Q qo 

causes f a i l u r e  with p robab i l i t y  q ( 0  < q < 1). 

independently . 

1). Each removable f a i l u r e  

A l l  f a i l u r e  sources act 

(c) I f  one o r  ao re  removable f a i l u r e  sources l eads  t o  f a i l u r e  on 

a trial, the trial is c l a s s i f i e d  as an assignable-cause ( o r  type 1 )  

f a i l u r e  ( regardless  of whether o r  no t  the irremovable f a i l u r e  source l e d  

t o  f a i l u r e ) .  I f  no removable f a i l u r e  source l eads  to  f a i l u r e ,  but  the 

irremovable f a i l u r e  source does, the t r ia l  is c l a s s i f i e d  as an inherent 

(o r  type 0) f a i l u r e .  I f  no f a i l u r e  source l eads  t o  f a i l u r e ,  the tr ial  

is c l a s s i f i e d  as a success. 

(d) A f t e r  each type 1 f a i l u r e ,  a l l  r e w v a b l e  f a i l u r e  sources t h a t  

l e d  t o  the f a i l u r e  are permanently removed from the system. 

Basic d e f i n i t i o n s  and notat ion f o r  the model w i l l  now be given. 

F i r s t  we assume t h a t  there  is an underlying p robab i l i t y  space ( Q , F , P )  

r e l a t i v e  t o  which a l l  events  and random va r i ab le s  are defined. 

Let M denote the  i n i t i a l  number of removable f a i l u r e  sources i n  the 
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s y s t e m .  M takes values i n  ( 0 ,  1, * * * ) .  We w i l l  u s u a l l y  assume t h a t  

e i t h e r  M takes on a f ixed value, M = m, o r  t h a t  M has a Poisson d i s t r i -  

bution with parameter A .  Thus, the fundamental parameters of the model 

a r e  q, qo, and m (or A ) .  

For n = 1, 2, - - a ,  l e t  Xn denote the number of removable f a i l u r e  

soarces t h a t  l e d  t o  f a i l u r e  on tr ial  n (and hence were removed from the 

system before t r ia l  n + 1) .  Xn takes values i n  {O, 1, - * * I .  

For n = 1, 2, *-• , let  Yn denote the outcome of t r i a l  n as follows: 

Yn = 0 i f  t r ial  n was an inherent f a i l u r e ,  Yn = 1 i f  t r i a l  n was  an 

assignable-cause f a i l u r e ,  and Yn = 2 i f  t r ia l  n was a success. 

Note t h a t  X1, Ylm - * * , X n ,  Ynare the observable data a f t e r  n trials. 

Next, a number of important s t a t i s t i c s  w i l l  be defined i n  terms of the 

observable data. 

For n = 1, 2, *-• , l e t  Sn = X1 + - - *  + Xn. Note t h a t  Sn is the t o t a l  

number of removable f a i l u r e  sources t h a t  l e d  t o  f a i l u r e  (and hence were 

removed) during the f i r s t  n trials. Sn takes  values i n  (0, 1, ---).  

For n = 1, 2,  e * * ,  l e t  Tn = c';=li-Xi. Tn takes  values in (0, 1, * * - ) .  

For n = 1, 2,  - * -  , l e t  Un = #{k: 1 < k Q n, Yk = 0 ) .  Thus, Un is 

the n w b e r  of the f i r s t  n t r i a l s  t h a t  were c l a s s i f i e d  a s  inherent f a i l u r e s .  

Un takes values i n  { S ,  1, * * * ,  n). 

For n = 1, 2, * * - ,  let Vn = #{k: 1 < k Q n, Yk = 2). Thus, Vn is 

Vn the number of the first n t r i a l s  that were c l a s s i f i e d  as successes. 

takes values i n  ( 0 ,  1, * e * ,  n).  

Note t h a t  n - (U + Vn> is the number of the first n t r ia ls  t h a t  n 
were c l a s s i f i e d  a s  assignable-cause fa i lures .  In  p a r t i c u l a r  note t h a t  

Un + Vn = b{k: 1 < k Q n, % = 0) and n - (Un + Vn) = #(k: 1 < k < n ,  

\ >  0). 
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L e t  N = mintn: Sn = MI. Note that N is the number of trials neces- 

sary to remove a l l  removable f a i lu re  sources from the system. 

A number of important measures of the r e l i a b i l i t y  of the system can 

now be defined in terms of these random variables. 

For n = 1, 2, * * * ,  P[Yn * 21  is the probabi l i ty  of success on t r ia l  

The probabili ty of success as a function of t r ia l  number n is cal led n. 

the r e l i a b i l i t y  function. 

For n = 1, 2, - * * ,  E[M] - E[Sn] is the expected number of removable 

fa i lure  sources remaining i n  the system a f t e r  n trials. 

For n = 1, 2, - a * ,  PIS, = M I  is the probabili ty tha t  the system is 

completely repaired ( i .e . ,  a l l  removable f a i lu re  sources have been elimi- 

nated) a f t e r  n trials. 

E[N] is the expected number of t r ia ls  necessary t o  eliminate a l l  
removable fa i lure  sources. 

Of course, these r e l i a b i l i t y  measures depend on the basic parameters 

q, 'lo, and m (or A ) .  

w i l l  allow statist ical  estimation of the important r e l i a b i l i t y  measures. 

Hence, s t a t i s t i c a l  estimation of the basic  parameters 

Finally we mention some notat ional  conventions which w i l l  be employed. 

For m, x E io, 1, * * - I ,  ( 
m!/x! (m-x) ! . 
interpreted as 0 i f  x > m. 

in terpreted as 0. 

) denotes the usual binomial coeff ic ient  

The expression m! /(m-x) ! (and hence a l so  [ )) is to  be 
X 

Suns over vacci us  index sets are  a l so  to be 

=VI-9 



ORIGINAL PAGE ld 
OF POOR QUALm 

DISTRIBUTIONS 

In t h i s  sect ion,  the d i s t r i b u t i o n s  of the important random var iab les  

and explicit formulas for the r e l i a b i l i t y  measures w i l l  be obtained. 

We start with the main result of the sec t ion ,  the d i s t r i b u t i o n  of the 

observable data a f t e r  n trials. 

Suppose t h a t  M = m (where m i s  a f ixed p o s i t i v e  in teger ) .  The dis- 

t r i b u t i o n  of (XI, Y1, - 0 -  9 xn, Yn) is given by 

PIXl = xl, Y1 = yl, . * - ,  xn = x Y* = ynl = n’ 

E: IO, 1, *-=I and Y1’ Y P ’  . * . 9  Yn c {O, 1, 21 where hn ’ “n f o r  x * * e  1’ 
is defined as f.3llows: 

0 i f  f o r  SOE i, x = 0 and yi = 1 o r  i f  i 
f o r  some i, xi > 0 and yi t IO, 21, (2) 

1 otherwise. 
hn(xl, Y1’ . * * ,  xn* Yn) = 

For n - 1, t h i s  result follows from the assumptions t h a t  govern the 

system. For general  n, the result can be proved by mathematical induction. 

From (1) and the standard fac tor iza t ion  theorem (see [41),  i t  follows 

t h a t  (Sn, Tn, Un, Vn) is a s u f f i c i e n t  s t a t i s t i c  f o r  (m, q, qo); (Sn, Tn) 
is a s u f f i c i e n t  s t a t i s t i c  f o r  (m, q); (U,, Vn) is a s u f f i c i e n t  s t a t i s t i c  

f o r  io; and i f  q is known, S is a s u f f i c i e n t  s t a t i s t i c  f o r  m. n 

Now suppose t h a t  M has a Poisson d i s t r i b u t i o n  with parameter X > 0. 
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Then the d i s t r i b u t i o n  of (X,, Y1, e * = ,  Xn, Yn) is given by 

f o r  x 
given in  (2). 

e * - ,  x E IO, 1, . * - ?  and yl, *.*, yn B ( 0 ,  1, Z ? ,  where h is 
1' n 

This result can be proved using (1) and a standard conditioning 

argumen t . 
The family of d i s t r i b u t i o n s  i n  (3 ) ,  indexed by the parameters A ,  q, 

and qo is a 4 parameter exponential  family with n a t u r a l  s u f f i c i e n t  sta- 
t is t ic  (Sn, Tn, Un, Vn) (see [41 f o r  the d e f i n i t i o n  of an exponential  

family of dis t r ibu t ions) .  Also, from the  f a c t o r i z a t i o n  theorem, 

(Sn, Tn, Un, Vn) is a s u f f i c i e n t  s ta t is t ic  f o r  ( A ,  q,  no); (Sn, Tn) is 
a s u f f i c i e n t  s ta t i s t ic  f o r  ( A ,  q); (Un, Vn) is a s u f f i c i e n t  s ta t i s t ic  
f o r  qo; and i f  q 28 known, Sn is a s u f f i c i e n t  s t a t i s t i c  f o r  A .  

Suppose that M = m. Then f o r  n = 1, 2, * * * ,  Sn has the binomial 

d i s t r i b u t i o n  on IO, 1, . * e ,  m) with parameters m and 1 - (1 - qlU, i.e., 

Thie result can be proved by induction on n, however we w i l l  give 

a simple p r o b a b i l i s t i c  a rgment .  

source w i l l  lead to f a i l u r e  on one of the f i r s t  n trials is 1 - (1 - q)n. 
Since the f a i l u r e  sources act independently, Sn has the binomial d i s t r l -  

bution on IO, 1, * - - ,  m) with parameters m and 1 - (1 - q)n. 

The probabi l i ty  that a removable f a i l u r e  

From (4) and a standard conditioning argument it follows t h a t  i f  M 

ha8 a Poisson d i s t r i b u t i o n  with parameter A > 0 then Sn has a Poisson 
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d i s t r i b u t i o n  w i t h  parameter X[1 - ( 1  - qIn],  i.e., 

n - ( 1  - q) ]P/s!,  s = 0 ,  1, * * e .  
P[S, = sl = e -A rl-(l'q)"lIA t1 

Suppose t h a t  M = m E (1, 2, * * * I .  Then f o r  n = 1, 2,  0 . .  , Xn has 

the binomial d i s t r i b u t i o n  with parameters m and ( 1  - q)""q, i.e., 

n-1 x n-1 m-x P[Xn XI (: ) [ ( 1  - q) q ]  (1 - ( 1  - q) q1 , x = 0 ,  i, * * * ,  m. ( 6 )  

As before, t h i s  result can be proved by induction on n, however we 
w i l l  give a simple p r o b a b i l i s t i c  argument. The probabi l i ty  that a re- 
movable f a i l u r e  source does n o t  lead  t o  f a i l u r e  during the f i r s t  n - 1 

trials, but  does lead  t o  f a i l u r e  on t r i a l  n is ( 1  - qIn"q. Since the 

m removable f a i l u r e  sources are independent, Xn has the binomial d i s t r i -  

bution with parameters m and (1 - q) n- 1 
q. 

From ( 6 )  and a standard condikioning argument i t  follows t h a t  i f  M 
has a Poisson d i s t r i b u t i o n  with parameter X > 0 then Xn has a Poisson 

d i s t r i b u t i o n  with parameter A(l - q)"-'q, i.e., 

-A (1-q)n-l n-1 x ( 7) 
P[Xn = x]  = e ' [ A ( 1  - q) q l  /x!, x * 0 ,  1, . 

From (6) and a standard conditioning argument It can be shown that 
If M = m E 11, 2,  * * * I  then f o r  n 1, 2,  * e * ,  the d i s t r i b u t i o n  of 

(x~, 9 , Xn) is given as follows: 

m! (s 1 n(m-s n )+( tn-sn) 
q n ( 1  - q) xl! * * e  x ! ( m - s  ) !  

--- 
n n 

for x * e * ,  x E (0, 1, * * * ? .  This r e s u l t  is a l s o  given i n  [ lo] .  1' n 

From (8) i t  follows e a s i l y  t h a t  i f  M - m E (1 ,  2 ,  * * = I  then f o r  

n = 1, 2 ,  * e * ,  the  d i s t r i b u t i o n  of (Sn, Tn) i s  given as follows: 
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for  s, t E CO, 1, * - * I  where b is defindd by 

Note tha t  P[N = n]  = P[Sn = MI - PISn,l = MI. Hence i f  M = m E 

(1, 2, . * * I ,  the.& by (4), the d is t r ibu t ion  cf N is given by 

I f  M has the Poisson d is t r ibu t ion  with parameter A > 0 ,  then by ( 5 ) ,  the 

d is t r ibu t ion  of N is given by 

e , n = O  
(12) 

, n 5 1, 2, * e *  
-A (1-qp-l - e  

P(N - n] = 

We will close th i s  section by giving explicit :  formulas fo r  the 

impormat r e l i a b i l i t y  measures. 

The probabili ty of success on t r i a l  n is 
Suppose f i r s t  t ha t  M = m E (1, 2, * * * I .  

The expected number of removable f a i lu re  sources remaining in the system 

a f t e r  n trials is 

m - E[Sn] = m ( 1  - q)", n - 1, 2, * * * .  (14) 

The probabi l i ty  that  a l l  removable f a i lu re  sources have been eliminated 

a f t e r  n trials Is 
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The expected number of t r ia l s  necessary to  e l iminate  a l l  removable f a i l u r e  

sources is 

F ina l ly  suppose t h a t  M has the Poisson d i s t r i b u t i o n  with parameter 

A > 0. Tile probab i l i t y  of  success on tr ial  n is 

-A (1-q)n-l 
P[Yn = 21 = e (1 - qo), n = 1, 2 ,  * * * .  

The expected number of removable f a i l u r e  sources remaining i n  the system 

a f t e r  n trials is 

E[Ml - EISnl = X ( l  - q)n, n = 1, 2 ,  . * * .  (18) 

The p robab i l i t y  t h a t  a l l  removable f a i l u r e  sources have been eliminated 

a f t e r  n tr ials is 

, n = 1, 2,  0 . 0 .  

-A (1-q) P[Sn = MI = e 

The exrzcted number of trials necessary to elfminata a l l  removable fei!.ure 

sources is 

Formulas (13) through ( 2 0 )  can be derived easi ly  from the previous 

Also, e x p l i c i t  proofs of some of  the  formulas r e s u l t s  of t h i s  sect ion.  

can be found i n  [81. 
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ESTIMATION OF PARAMETERS 

In t h i s  sect ion we p r i l l  use rhe method of ~ ~ X ~ I I I D  likelihood a d  t?Ie 

method cf m t s  to  obtain estimators of the basic parameters q, qo and 

a (or A) fro= the ohserved data a f t e r  n trials. 
we w i l l  obtain maxirmra likelihood estimators (MEE'a) and miformty minimm 

variance unbiased estimators ('JMwE's) . 

Under certain conditions 

Suppose f i r s t  that M = m E f l ,  2, * * * ?  is knoVm. The log l ikelihood 

function L = L(q, QO; 5, yl, - - a ,  xn, y,, m) corresponding to  the family 

of dist r ibut ions in (1) is given by 

E IO, 1, 2) are such tha t  * 'n where 3, * * e ,  xn E f0, 1, - - - I  and pl, - - e  

hn(xls ~ 1 s  * . * t  xn*,yn ) = 1 and sn < m. 
to  q gives the MLE q 

Maximizing L in (21) with respect 

of q: 

e 'n 
n(m - Sn) + Tn 

1 

0 :  Maximizing L i n  (21) with respect t o  qo gives the MLE qo of q 

.. - un 
qo - un + vn 

Suppose now tha t  M has the Poisson d is t r ibu t ion  with unknown mean 
A > 0. 

likelihood function L = L O ,  qo; xl' yl, ..-, x , yn, q) corresponding t o  

the family of dist r ibut ions in (3) is given by 

Suppose a l so  that  qo is unknown but that q is known. The log 

n 
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where x 1' * * e  , xn E 10, 1, - - - I  and yl, - * - ,  yn E: ( 0 ,  1, 21 are such t h a t  

hn(xl, yl, * - e ,  xn, yn) = 1. 
gives the MLE X of A: 

Maximizing L i n  ( 2 4 )  with r e spec t  t o  X 
A 

sn 
1 - (1 - q)* 

X = -  

By (5), E(Sn) = A[l - (1 - q)n] and the re fo re  the estimator i n  ( 2 5 )  is 
unbiased. 

known, i t  follows from Theorem 4 .2 .3  of [4] t h a t  X given i n  (25) is a l s o  

the UMVUE of X. Note that 

Since Sn is a complete s u f f i c i e n t  s ta t i s t ic  f o r  X i f  q is .. 

.. x Var(A) = 
1 - (1 - qIn 

Maximizing L in ( 2 4 )  with r e spec t  t o  q 

t h a t  was obtained previously,  namely qo = Un/(Un + Vn) . 
gives p rec i se ly  the same est imator  

-0  

Suppose now that M = m c 11, 2, * - * I  is unknown and that q is a l s o  

unknown. 
d i s t r i b u t i o n s  i n  (1) can be used t o  obtain a p a i r  of equations f o r  the 

PILE'S of m and q. 

e x p l i c i t l y .  Similar ly ,  i f  M has the Poisson d i s t r i b u t i o n  with unknown 
mean X > 0 and i f  q is unknown, the log  l i ke l ihood  funct ion corresponding 

to  the family of d i s t r i b u t i o n s  i n  (3)  can be used t o  ob ta in  a p a i r  of 

equations f o r  tho MIX'S of A and q, but  again the equations probably 

cannot be solved e x p l i c i t l y .  

can be used t o  obtain approximations t o  the MLE's. 

The log l i ke l ihood  funct ion corresponding t o  the family of 

However i t  is not  clear how t o  solve these equations 

In e i t h e r  case however, numerical techniques 

Suppose now t h a t  M = m E: 11, 2 ,  * * * ? .  From (4) i t  follows t h a t  

E[S,] = m i l  - ( 1  - qIn].  
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If q is known, the subs t i tu t ion  pr inciple  apy ted to  (26) y i e l d s  the 

following estimator 5 of m: 

sn 
1 - (1 - qIn 

G I =  

Clear ly  t h i s  is an mbiased estimator of m. n 
suf f ic ien t  statist ic fo r  m when q is known, i t  follows from Theorem 4 . 2 . 3  

of [4] t ha t  6 is the U M W E  of m. Note that (see (4)) 

Since S is a complete, 

n m ( l  - q) Var(5) = 
1 - (1 - qjn 

Therefore V a r ( G )  -* 0 as n + 

Notice a l so  that the estimator in (27) is the same as the FILE and UMWE 

estimator of A given i n  (23). 

and iii is a consistent estimator of m. 

Returning to  (26), i f  m is known, the subs t i tu t ion  pr inciple  y ie lds  

the following estimator 6 of q: 

Note that 4 is not  the same 
,. 

the MLE q given i: (22). An application 

of Jensen's inequality shows that 6 is posi t ively biased, tha t  is, 6 
tends to  overestimate q. 

Suppose now tha t  M has the Poisson d is t r ibu t ion  with parameter > > 0 .  

From (5) i t  follows tha t  

I f  q is known, the subs t i tu t ion  pr inciple  applied to  (29) y i e l d s  the 

estimate S n / [ l  - (1 - q)"] of A .  

i n  (25) which we know is the MLE and the UMVUE of A .  

But  t h i s  I s  simply the estimate given 

I f  A is known, the 
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subs t i tu t ion  pr inc ip le  appl ied t o  (29) y i e l d s  1 - [ ( A  - Sn)/X]l'n a s  an 

estimator of q. T h i s  es t imator  is analagous to given i n  (28) with X 

replacing m. As before,  the est imator  is p o s i t i v e l y  biased and tends t o  

overestimate q. 

Recall from the previous sec t ion  t h a t  the condi t ional  d i s t r i b u t i o n  

of Xn given M is the  binomial dis t r ibut ior i  with parameters M and 

(1 - qIn-lq. It follows that 

The s u b s t i t u t i o n  p r i n c i p l e  appl ied to  (30) y i e l d s  the following estimate 

q* of q :  

q * = 1 - - *  'n 

'n-1 
(31)  

of 

by 

Q* 

i n  

The advantage of t h i s  estimator is t h a t  i t  does not  d e p e d  on M. 

i f  both m (or A )  and q a r e  unknown, q* can be used to estimate q and then 

the estimator in (27) can be used t o  es t imate  m (or  the estimator i n  ( 2 5 )  

can be used t o  estimate A ) .  

t h a t  i t  may be mreasonable (if Xn > Xn-l) and that i t  does not  use a l l  

Hence 

The disadvantages of the est imator  q* are 

the sample information. 

replacing q* with the est imator  

These disadvantages may be o f f s e t  somewhat 

" 

We w i l l  close t h i s  sec t ion  by obtaining the ilMwE of q a f t e r  n t r i a l s  

the case i n  which M = m E 11, 2, * * * I  is known. F i r s t  recall t h a t  X1 

has the binomial d i s t r i b u t i o n  with parameters m and q. 

is an unbiased est imator  of q. 

s ta t is t ic  f o r  q, i t  follows from Theorem 4.2.2 of (41 t h a t  

Therefore Xl/m 

Since (Sn, Tn) is a complete, s u f f i c i e n t  
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is the UMWE of q .  Using (9) and Bayes' theorem, we can show that 

kn-l(s - X, t - 8 )  

PIXl = x 1 Sn = 8 ,  T n = t]  = x!kn(s, t )  

Therefore the UMWE of q is the estimator q' defined as follows: 

(recall that k is defined in (10)). 

The estimators of the basic parameters q ,  qo, and m (or X) obtained 

in this section can be used in  formulas (13) through (20) to generate 
estimators of the reliability measures. 
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BAYESIAN ANALYSIS 

I n  t h i s  s ec t ion ,  i t  is assumed t h a t  each of the b a s i c  parameters 

is a random va r i ab le .  The o b j e c t  of Bayesian ana lys i s  is t o  use the 

observed data to revise the p robab i l i t y  d i s t r i b u t i o n s  of the parameters. 

Recall that the b e t a  d i s t r i b u t i o n  with parameters a > 0 and b > 0 is 

the d i s t r i b u t i o n  with p robab i l i t y  densi ty  function 

where B(a, b) = r ( a ) r ( b ) / r ( a  + b) (r of course denotes the s tandard gama  

function). Recall a l s o  t h a t  the gamma d i s t r i b u t i o n  with parameters a > 0 

and 8 > 0 is the d i s t r i b u t i o n  with p robab i l i t y  densi ty  funct ion 

The results of this sec t ion  are obtained by applying Bayes' theorem 

and o the r  s tandard techniques t o  the d i s t r i b u t i o n s  derived previously. 

E x p l i c i t  proofs are omitted. 

Suppose t h a t  M = m E il, 2, * - - I  is known. Then the be t a  family 

of d i s t r i b u t i o n s  forms a conjugate family of d i s t r i b u t i o n s  f o r  the 

removable f a i l u r e  source p robab i l i t y  q. Spec i f i ca l ly ,  i f  q has  the be t a  

d i s t r i b u t i o n  w i t h  parameters a > 0 and b > 0, then given X1 = 5,  Y1 = yl, ... 
7 'n n' n n 

be t a  d i s t r i b u t i o n  with parameters a + sn and b + n(m - sn)  f (tn - sn). 

(We assme, of course, t h a t  xl, * * *  , xn E: IO, 1, * * * I  and yl, y, E 

= x Yn = yn (or simply given Sn = s and Tn = t 1, q has the 

IO, 1, 2) are such t h a t  hn(xl, yl, ... , xn, y,) = 1 and sn Q m.) 
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The beta family of d i s t r ibu t ions  forms a conjugate family of d i s t r i -  

Specif ical ly ,  butions for  the irremovable f a i l u r e  source probabi l i ty  qo. 

i f  qo has the beta d is t r ibu t ion  with parameters a > 0 and b > 0 ,  then 

0 . .  , Xn = xn, Yn - yn (or simply given Un = u given X1 = xl, Y1 = 

and Vn = v,), 40 has the beta  d is t r ibu t ion  with parameters a + un. b + vn. 
Y 1 -  n 

(We assume t ha t  xl, e - * ,  x E ( 0 ,  1, = * * I  and yl, - * * ,  yn E ( 0 ,  1, 2) 

a re  such that hn(xl, yls * * - ,  xn, yn 1 = 1.) 
n 

Suppose tha t  q is horn and that M has a Poisson d is t r ibu t ion  with 
The gamma family of d i s t r ibu t ions  forms a conjugate urtknown man A .  

family of d i s t r ibu t ions  f o r  A .  Specif ical ly ,  i f  A has the gamma d i s t r i -  
bution with parameters a > 0 and B > 0 ,  then given X1 = xl, Y1 = yl, ... 
xn = xn* yn = yn (or  simply given Sn = s,), A has the gama d is t r ibu t ion  

with parameters a + sn and 8 + 1 - (1 - q) . (We assume again tha t  

... , xn E ( 0 ,  1, = * . 1  and yl, =.*, yn 6 ( 0 ,  1, 21 are such that  

n 
5, 

hn(xl, ~ 1 s  * * * ,  xn* yn) = 1.1 
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CONCLUSIONS AND RECOMMENDATIONS 

A thorough probabi l i s t jc  and s t a t i s t i c a l  analysis  has been carr ied 

out for  a system mdergoing tes t ing  and design change, subject to  two 

simplifying assumptions--the f a i lu re  sources are s t a t i s t i c a l l y  independent 

and ident ical ,  and the redesign attempts are always successful. Expl ic i t  

representations fo r  the important d i s t r ibu t ions  and measures of r e l i a b i l i t y  

have been obtained. S t a t i s t i c a l  methods have been developed for eetimating 

the basic  parameters of the model from accumulated test data. 

Probabi l is t ic  models need t o  be developed fo r  systems i n  which the 

simplifying assumptions are not  s a t i s f i ed ,  tha t  is, fo r  systems whose 

f a i lu re  sources are not necessarily s t a t i s t i c a l l y  independent and ident i -  

cal, and for which the redesign attempts may not  be successful and may 

even be harmful. 

doubtful tha t  the analysis  could be as complete as for  the simpler model. 

In fac t ,  i t  may be tha t  only approximate or asymptotic results could be 

obtained. 

area of probabi l i s t ic  modeling of r e l i a b i l i t y  growth. 

Although such models would be more r e a l i s t i c ,  i t  is 

In any event, continuing work needs to  be done i n  the important 
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ABSTRACT 

A numerical investigation of the multiple vortex phenomenon (MVP) 
for tornado-like flows is conducted to determine the conditions 
for when a vortex becomes unstable and divides into smaller subsidiary 
vortices, as well as to determine the structure of these vortices. 
This study utilizes a three-dimensional numerical model developed 
by Rotunno (1983) which has been demonstrated to successfully simulate 
M??P with properties observed both in natural as well as laboratory 
tornado-like vortices. In this study MVP is generated for several 
swirl ratio conditions in order to determine the number of vortices 
generated for those flow configurations. 
compared - et a1 
of vortices produced is consistent with observational results made in 
the Purdue tornado vortex chamber. Furthermore, horizontal and vertical 
cross-sections are taken through the vortices to determine the structure 
of Mvp. 
these smaller asynnnetric vortices increase by 20% over values observed 
in a single axisymmetric vortex at the same swirl ratio. 

These results are thec 
. -  experimental measurements (Church, et &. , 1979; Pauley, 

1982, Diamond, 1982) to validate the numerical model. The number 

Preliminary results indicate that tangential velocities within 

XXVII-2 



LIST OF FIGURES 

TITLE - PAGE - FIGURE 

1 

2 

3 

8 

9 

10 

11 

1 2  

13 

Comparison between measurements i n  XXVII-9 
tornado vo r t ex  s imulators  at Oklahoma 
and Purdue Un ive r s i t i e s  f o r  centr 1 
presslire d e f i c i t  versus s w i r l  r a t i o .  

Vertical (r-z) c ros s  sec t ions  of non- X X V I  1-1 1 
dirnensionalized va r i ab le s  f o r  axisym- 
metric model a f t e r  steady s ta te  is 
reached tlt S-0.5: 
(a) r a d i a l  ve loc i ty ,  (b) v e r t i c a l  
v e l c c i t y ,  (c) t angen t i a l  ve loc i ty ,  
(d) pressure. 

Horizontal  ( r - e )  cross  sec t ions  a t  su r face  XXVII-12 
( 2 ~ 0 )  f o r  S=O.!i a t  T-10: (a)  t a n g e n t i a l  
ve loc i ty ,  (b) pressQre. 

Same as Figure 3, except at  T520. XXVII-12 

Same as Figure 3, except a t  T=30. XXVII-14 

Same as Figure 3, except at  T-40. XXVTT-14 

Ver t i ca l  (r-z) cross  sec t ions  f o r  XXVII-15 
Se0.5 a t  T=40: (a) azimuthally averaged 
t angen t i a l  ve loc i ty ,  (b) t angen t i a l  
v e l o c i t y  through cen te r  of vortex core. 

Same as Figure 7b, except (a) €or S O . 5  a t  XXVII-15 
T=20, (b) f o r  Sm1.0 a t  P 2 0 .  

Same as Figure 3, except f o r  S5l.O a t  T=20. XXVII-17 

Same as Figure 3, except f o r  Sm1.0 a t  T=30. XXVII-17 

Same as Figure 3, except f o r  Sal.0 at  XXVII-18 
-40 

Same as Figure 7, except f o r  301.0 at  XXVII-18 
-40. 

Same as Figure 3, except fo r  Sm1.5 at 
m20. 

XXVI I - 20 

XXVII-3 



LIST OF FIGURES 

FIGURE -- 
14 

15 

16 

- TlTLE PAGE 

Same as Figure 3, except for S=1.5 XXL'I I- 20 
at T=40. 

Same as Figure 7 ,  except for S=1.5 XXVI I -2 1 
at P40. 

Same as Figure 3, except for Ss3.0 at rn'I 1-2 1 
T=lZ. 

XXVII-4 



Introduction 

Tornadoes have been reported on some occurrences to contain 
smaller secondary vortices. 
called the multiple vortex phenomenon, or MVP (Church, et al., 19791, 
revolve around and rotate in the same direction as the parent vortex. 
Their importance are of more than just academic interest since damage 
surveys indicate that some of the most violent and destructive tornado 
damage in terms of loss of lives and property has been associated with 
such multiple vortices (Fujita, 1970; Fujita, 1974; Agee, et al., 1976). 

Since observational studies of tornadoes have produced somewhat 
limited insights into such matters as the causal factors and structure 
of MVP, experimental and theoretical approaches have been utilized 
to investigate this phenomenon. Ward (1972) constructed a chamber 
to simulate tomado-like vortex flows. This model has demonstrated 
that a single vortex can subdivide into two or more vortices (MVP) 
under certain flow configurations. 
that the critical non-dimensional parameter for the Ward-type simulator 
is the swirl ratio (defined later). Leslie (1977) has reported values 
of critical swirl ratios at which the transition occurs between single 
to multiple vortices, as well as the transition to progressively 
larger numbers of multiple vortices, for both a smooth as well as a 
rough lower boundary surface. Experiments also have been conducted 
at Purdue University (Church, et al., 1979), in which the critical 
values of swirl ratios at which transition occurs was somewhat larger 
than those reported by experiments at Oklahoma University (Diamond, 
1952). More recently there have been attempts to quantify the 
structure of laboratory generated tomado-like vortices, especially 
the velocity and surface pressure profiles (Baker and Church, 1979; 
Pauley, et al., 1982). Such measurements provide information about 
the horizontal and vertical structure of simulated vortices which 
can be applied to their atmospheric counterparts for which measure- 
ments are sparse. 

These subsidiaries vortices, sometimes 

Davies-Jones (1973) has sham 

Numerical experimertation also has proven very fruitful. 
Early efforts involving axisymmetric models of the Ward-type 
simulator (Harlow and Stein, 1974; ROtUMO, 1977. 1979; Wlson, 
1981; Smith, 1982) demonstrated that single colurmrar vortices could 
be simulated very well, comparing quite favorably with observations 
made in the experimental vortex chambers. An obvious limitation of 
such models, however, is that many aspects of tornado-like vortices, 
such as MVP, are highly asymmetric and cannot be simulated with an 
axisymmetric model. Rotunno and Lilly (1981) describe a three- 
dimensional, time-dependent mode; capable of reproducing asymmetric 
vortex motions as observed in a Ward-type chamber. 
they have demnnstrsrcd that the MVP is a result of the development 
of strong radial shear in tangential and vertical velocities in an axisymetric 

In particular 
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vortex,that is unstable to azimuthal perturbations. Furthermore, 
they found that asymmetric vortices have tangential velocities 
approximately 20-30% higher than those found in the parent axisy- 
metic vortex and that these vortices have an intertwining helical 
structure tilting clockwise in the vertical. 

This current investigation involves experiments using the 
Rotunno model in order to determine the importance of swirl ratio 
as an indicator of when transition will occur for producing multiple 
vortices. Since there is some disagreement between the laboratory 
measurements made at Purdue and Oklahoma Universities, utilization 
of numerical results could be quite revealing. 
we wish to examine the structure of these multiple vortices under 
different swirl conditions, focusing particularly on the pressure 
and velocities found in the subsidiary vortices. Such observations 
also will be compared with measurements made in tomado-like vortices 
generated in a laboratory chamber. 

Furthermore, 

Description of the Model 

The numerical model used in this investigation is described 
thoroughly by Rotunno (1983). 
only the primary features of the model and refer the reader to 
the aforementioned paper for additional details. 
model is designed to simulate flow in a Ward-type vortex chamber as 
described by Ward (1972) or Church,et al. (1977). 
tornado vortex chambers are illustrated in these papers.) 

In this section I will briefly mention 

The mathematical 

(Diagrams of these 

The equations governing the flow are the momentum equations for 
each velocity component (radial, tangential and vertical) expressed 
respectively by 

+ - F(u) --v=-* du 1 
dt r ar Re 

and the continuity equation 

(See Nomenclature section for definition of the symbols.) 
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The equations are given i n  cyl indicnl  coordinate8 (r ,@,z) and are 
non-dimensionslized (length by R; veloci ty  by %; pressure by PI$; 

time by R/%). 
value of u, v, w, and p and then marching forward i n  time with eq. 
(1) - (3) t o  obtain new values of u , v ,  w. 
p is derived by taking the  divergence of eq. (1)-(3) t o  yield 

These equations are solved by specifying an in i t ia l  

A diagnostic equation fo r  

( 5 )  a 
- a t  V 2 p = V  G + -  (V V), -, 

which is solved using u,v and w t o  compute p a t  each time s t ep .  

The boundary conditions are given by 
(a) Lower boundary (PO): 

w = o  (closed) 

(free-slip) 

(b) Upper boundary ( 2 4 )  : 

u = v  = 0 (no - s l i p )  

$ 0  (open) 

(c) Outer boundary (r=R): 

(open) 

(closed) 

(constant input ro ta t ion  r a t e )  

(zero shear s t r e s s )  

(zero shear stress) 
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(d) Inner boundary (pa)* 

u = o  (zero flow across inner cylinder) 

(zero shear stress) 

The initial condition for the model is a steady-state, 
axisyum. tric "sink-type" flow. Rotation is added axisymmetrically 
througt. the lower portion &=h) of the lateral boundary, using 

v = v  exp (-2t) R 
t o  simlate spin-up of the rotating screen in the vortex chamber, 
This axisyrnmetrically rotating condition is then allowed to achieve 
a steady state, which then becomes the initialized state for the 
three-dimensional model. 

Objectives 

The primary purpose of this study is to determine the effect 
of swirl ratios on the development of the multiple vortex phenomenon. 
In particular, it is the intent of this investigation t o  determine 
the number of vortices produced at various values of swirl ratio and 
compare these results with experiments conducted within Ward-type 
simulators at both Oklahoma and Purdue Universities. Also it is 
desired to examine the structure of the multiple vortices, especially 
the horizontal and vertical profiles of the velocity components and 
pressure and compare them with azimuthally averaged fields. 
Such information can provide valuable insights into the dynamics of 
natural tornado-vortices, especially those which produce MVP that are 
often associated with the most destructive tornadic activity. 

Methodology 

The Rotunno three-dimensional vortex model will be run using 
the CRAY-1 computer at the National Center for Atmospheric Research. 
The model will be initialized with a variety of flow configurations 
as specified by the non-dimensionalized parameter called swirl ratio 
(S). 
momentum at some specified location i n  the chamber. More precisely, 
i t  is defined by 

S, very simply is a ratio of azimuthal momentum to inflow 

XXVII-e 
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Figure 1 .  
vortex simulators (Oklahoma and Purdue Universities) 
for central pressure d e f i c i t  versus swirl ratio.  
transition number markers, 1 indicates transit ion 
between one and two vortices.  
Diamond, 1982. 

Comparison between measurements i n  tornado 

For 

(Diagram taken from 
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RvR = -  s = -  RrR 
24 2huR 

where the variables, measured at the lateral boundary (r=R), are 
specified as constant. The swirl ratios utilized in this study are 
S=0.5, 1.0, 1.5, and 3.0. These values of swirl ratio are near the 
critical values at which transition occurs for producing multiple 
vortices in the Oklahoma and Purdue University vortex chambers. As 
mentioned previously the critical values cited for the Oklahoma 
simulator are somewhat higher than those of the Purdue chamber. 
These numerical experiments can shed light on the discrepancy and help 
determine the critical swirl ratios for transitions to progressively 
larger numbers of multiple vortices. 

The structure of the multiple vortices wiil also be investigated. 
Both horizontal and vertical cross sections of the velocity components 
and pressure will be examined. In particular, we will focus on slices 
through the core of the vortices, as indicated by the values of maximum 
tangential velocity. 
for several swirl ratios in order to determine structural variations 
as the intensity of the vortex is changed. These profiles will also be 
compared to the azimuthally averaged fields to determine the structural 
differences between the asymmetric vortex and the overall rotating 
environment from which they are generated. 
provide valuable insights into the dynamics of tornado-like vortices. 

The velocity and pressure prcfiles will be analyzed 

Such comparisons should 

Results 

The model was run for four values of swirl ratio (S=0.5, 1.0, 1.5, 
These values were chosen based upon a comparison of experimental 3.0). 

results (Fig. 1) from the Oklahoma University and Purdue University 
simulators (Diamond, 1983). The value of S10.5 lies near the point 
of transition occurrence (from one to two vortices) for the two tornado 
simulators (note the Oklahoma chamber has two vortices for this swirl 
ratio, while the Purdue chamber still has one). 
the transition point for two to three vortices, and Ss1.5 is near the 
next transition point. A case with S=3.0 was also run to determine if 
higher numbers of vortices (N=4,5 or 6) might be produced. 

Similarly, S=1.0 is near 

Case 1 (S=0.5): 

At low swirl ratio one expects a single columnar vortex which 
is very nearly axisymmetric. Visual observations in Ward-type 
simulators indicate that as S apmoaches 0.5 the flow becomes increasingly 
complex and eventually the single vortex divides into two smaller vortices 
each rotating about the central vertical axis. This case simulates 
flow very near this critical transitjon point between one and two vortices. 
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Figure 2,  
sional variables for axisymmetric model after steady 
s t a t 0  is reached for S=O.5r (a) radial velocity (contour 
interval = 60, values scaled b 1-90); (b )  vertical veloc- 
i t y  (contour interval = O . l ) r  T c )  tangential ve loc i ty  
(contour interval = 0,06)r  ( d )  pressure (contour interval 
= O , O 7 ) *  Dashed l ines  indicate negative values. 

Vertical (r-z) cross-sections of non-dimen- 
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Figure 3.  
(e=O) for Sr0.5 at T=lO8 
interval = 0.2) r  ( b )  pressure (contour interval = 0 .1 ) .  

Horizontal (r-9) cross-sections at surface 
(a)  tawential velocity (contour 

Figure 4. Same as Fig .  3 ,  except at -20, 
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As mentioned earlier the  i n i t i a l  state of the model is generated 
by using an axisymmetric vers ion of t h e  code. 
vortex is allowed t o  reach a s teady s ta te  condi t ion,  which i n  t u r n  
provides i n i t i a l  values of u, v, w,  and p used by the th ree  dimensional 
model. 

A s i n g l e  axisymmetric 

Figure 2 dmws vertical (r-z) cross sec t ions  of t h e  pressure and ve loc i ty  
components from the  axisymmetric model a f t e r  s teady state has been reached 
f o r  S50.5. 
The maximum t angen t i a l  v e l o c i t y  (v  ) is located along the lower boundary 

at  approximately r=0.4R. 
is r e fe r r ed  t o  as t h e  core radius ,  r .) Ins ide  the vortex (r<r ) 

the flow is d i r e c t e d  r a d i a l l y  outward (u>O) and downward (w<O), while 
outs ide t h e  flow is inward (u<O) and upward (w>O), hence t h e  two-celled 
s t ruc tu re .  Within t h e  vo r t ex  core t h e r e  is a marked pressure d e f i c i t  
with t h e  pressure minimum located on t h e  lower boundary along the  
c e n t r a l  axis of the vortex. Examination of t h e  v-f ie ld  reveals t h a t  
t h i s  vortex s a t i s f i e s  t h e  Rayleigh s t a b i l i t y  cr i ter ia  

This is a s i n g l e  columnar vo r t ex  with the  two-cell s t r u c t u r e .  

max 
(This p o s i t i o n  of maximum t a n g e n t i a l  ve loc i ty  

max max 

dT2 > o  
d r  

and hence w i l l  remain s t a b l e  t o  axisymmetric disturbances.  

This axisymmetric vortex is allowed t o  continue undisturbed 
f o r  a period of time. 
a s i n g l e ,  randomly-generated pe r tu rba t ion  is introduced i n t o  the  v-f ie ld .  
Figure 3 shows t h a t  s h o r t l y  a f t e r  t h e  flow has been dis turbed (T=10) 
the v- and p-f ie lds  are s t i l l  e s s e n t i a l l y  axisymmetric near t h e  lower 
boundary. Even a t  T=20 (Fig. 4) t h e r e  is l i t t l e  i f  any no t i ceab le  
asymmetries i n  the vortex.  
period is a gradual concentration of t he  vo r t ex  toward t h e  c e n t r a l  
a x i s  with an accompanying inc rease  i n  t a n g e n t i a l  v e l o c i t y  and decrease 
of pressure within t h e  vo r t ex  core.  

A t  T=6.0 (non-dimensional t t m e  u n i t s )  however, 

The only observable change through t h i s  

However, by T=30 (Fig. 5 )  t he re  is a d i s t i n c t l y  asymmetric 
appearance t o  the  v o r t e x .  as t h e  max imum t a n g e n t i a l  ve loc i ty  contour 
( ~ 1 . 0 )  is cresent-shaped compared with previously concentr ic  c i r c l e s  
bounding the region of maximum ro ta t ion .  
1.05 is approximately 13% higher  than t h a t  at  i ts  r e f l e c t i o n  point 
i n  t h i s  p l o t .  FurthermuLe, t h i s  represents  an inc rease  of a f a c t o r  
of 2.65 over the  input value ( v  =0.4) a t  t h e  lateral  boundary as the 

angular momentum of t h e  intruding r o t a t i n g  air  pa rce l s  is conserved. 
The pressure f i e l d  has  a similar asymmetry with a maximum presssure 
d e f i c i t  (p-0.3.88) located j u s t  off  the central axis. 

The maximum v value of 

R 
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Figure 5 .  Same as Fig .  3, except at  T=30. 

Figure 6 ,  Same as Fig, 3, except a t  T=4O, 
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R-2 PLOl OP V M I I  T l R -  40.00 

1 
r r 

i 1 
P i  ure 7. Vertical (r-e)  cross-sections for S 4 . 5  at T408 
(a7 azimuthall averaged tangential velocity (contour inter- 
val = 0.2); (b J tangential velocity through vortex core 
(contour interval = 0.21, 

2 

1 
r 

r 

Fi w e  8. 
(bf for S-1.0 at T=20. 

Same as Fig.  7b, exzept (a) for S=0.5 at  T=20: 
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A t  T=40 the vo r t ex  retains its asymmetric p a t t e r n  (Fig. 6) 
with the maximum tangen t i a l  ve loc i ty  having increased t o  1.26 and the 
pressure minimum having decreased t o  -0.920. 
is asyuunetric, the  r a d i a l  shear  of t h e  t a n g e n t i a l  ve loc i ty  is apparently 
not s t rong  enough t o  produce MVP. 

Although the vortex 

The v e r t i c a l  s t r u c t u r e  of t h e  vo r t ex  is a l s o  q u i t e  In t e re s t ing .  
Figure 7a gives a v e r t i c a l  cross-sect ional  view of the azimuthally 
averaged t angen t i a l  ve loc i ty  (G). 
r-z d i s t r i b u t i o n  of v from an axisymmetric vortex model. 
depict ion of the t angen t i a l  ve loc i ty  f i e l d  gives  the impression of 
a smooth, laminar vortex whose co re  expands with height ,  not unl ike 
the idea l i zed  s t e reo typ ica l .  cone-shaped columnar tornado vortex.  
Figure 7b, on the  o the r  hand, g ives  t h e  v e r t i c a l  cross  s e c t i o n  along 
the azimuth i n t e r s e c t i n g  t h e  point of max imum t a n g e n t i a l  ve loc i ty  
within the  vortex.  
as one progresses upward, t he re  is  a d e f i n i t e  t ilt  t o  its v e r t i c a l  
a x i s  as i l l u s t r a c e d  by t h e  negat ive v-value along t h e  upper c e n t r a l  
axis. This is consis tent  with the  observations of a c t u a l  tornadoes 
which o f t en  have a t i l t e d  appearance i n  t h e i r  upper regions (near the 
ban of t h e  parent thunderstorm). Rotunno (1983) has represented t h i s  
conceptually and noted t h a t  vortex lines tilt clockwise with height .  
Another f e a t u r e  of note is v 
the max imum azimuthally averaged value (;-I. 

is considerably more complexity t o  t h i s  asymmetric vortex.  

Such a p l o t  s t rong ly  resembles the  
Such a 

While the  vortex continues t o  expand outward 

is approximately 20% higher than max 
Consequently, t h e r e  

There was l i t t l e  s i g n i f i c a n t  change i n  t h e  vo r t ex  beyond t h i s  
point ,  t h e  vortex did not generate MVP during t h e  period of i n t eg ra t ion .  

Case 2: (S=l.O) 

Observational s t u d i e s  (Les l i e ,  197;'; Church e t  al . ,  1979) ind ica t e  
t h a t  a higher s w i r l  r a t i o  t h e  s i n g l e  vortex w i l l  become unstable  due 
t o  the s t rong  r a d i a l  shear  i n  t h e  t angen t i a l  and v e r t i c a l  velocity f i e l d s  and 
generate M W .  
f i e l d s  a t  T-20 f o r  S10.5 (Fig. 8a) and S=1.0 (Fig. 8b) reveals  a s t ronger  
r a d i a l  gradient i n  v a t  the  higher s w i r l  r a t i o .  
of m a x i m u m  r a d i a l  gradient is where the mul t ip l e  v o r t i c e s  shoulddevelop. 
Horizontal  (r-0) p l o t s  of t angen t i a l  ve loc i ty  (Fig. 9a) and pressure (Fig. 9b) 
ve r i fy  t h a t  two v o r t i c e s  are well-established by T=20. 
vortex is depicted by a high-low couplet i n  the  t a n g e n t i a l  ve loc i ty  
f i e l d  and is centered on the low i n  the  pressure f i e l d .  
revolves around the  c e n t r a l  a x i s  with the mean flow ve loc i ty ,  but a l s o  
r o t p t e s  about i ts  own axis, therebv c n t r i b u t i n g  t o  t h e  maximum value 
of ,t ( t o  the outs ide)  and the minimum value (eo the in s ide )  f o r  each 
couplet i n  the v-f ie ld .  

A comparison of the azimuthally averaged t angen t i a l  ve loc i ty  

This region (r=0.3R t o  0.6R) 

Each subsidiary 

Each vortex 
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Figure 9.  Same as Fig. 3, except for Sa1.O at T=20. 

Figure 10. Same as Fig. 3, exoapt for S 4 . 0  at T=30. 
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Figure 11 . Same as Fig.  3, except for S=l .O at -0. 
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Figure 12, Same as Fig .  7, except for S=l.O at  -0. 
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The vort ices  continue t o  in tens i fy  through -30, w i t h  ~ ~ ~ 1 . 7 3  
(Fig. loa) having increased by about 20% during t h i s  period. 
It is in te res t ing  t o  note tha t  the two vor t ices  are not equal i n  
intensi ty ,  not only f o r  v- but fo r  the  central pressure d e f i c i t  as 

w e l l .  Both surface pressure minima (Fig. lob) continue t o  f a l l  as t h e  
vort ices  intensify.  

The two vor t ices  persist through the remaioder of the  integrat ion 
period (T=40). The tangent ia l  ve loc i t i e s  (Fig. l l a )  are essent ia l ly  
unchanged i n  magnitude during t h i s  f i n a l  time segment, as the  vort ices  
continue t o  ro t a t e  about the cent ra l  axis. 
(Fig. l l b )  within these vort ices  continue t o  f a l l  with both minima 
less than -0.9 within the core. 
the maximum tangential  ve loc i t ies  i n  the  subsidiary vort ices  are 
nearly 40% higher than those found i n  the single vortex at S=O.5, 
the  surface pressure d e f i c i t s  are armroximatelpequa: f o r  these two 
s w i r l  cases Surface pressure measurements made i n  the Purdue tornado 
simulator by Pauley, et&. (1982) show tha t  the  maximum pressure 
d e f i c i t  occured at SzO.45 very near t h e  t r ans i t i on  point from a s ingle  
vortex t o  a pa i r  cf subsidiary vortices.  
these surface pressure measurements associated with penetration of 
the vortex breakdown t o  the surface.  
t h i s  phenomenon i n  t h i s  experiment.. 

(Fig. 12a) strongly resem- 
b l e s  its lower swirl counterpart (Fig. 7a), except fo r  the ob- 
viously la rger  values of v throughout t he  domain and the stronger 
rad ia l  gradients,  especial ly  within the vortex core. The pos- 
i t i o n  of v 
direct ion %$h i n  the lower swirl case. 

in te res t ing  features.  
the cent ra l  axis than f o r  the  lover s w i r l  case. Furthermore, the 
posi t ive contours above are bulging back toward the cent ra l  axis 
(as opposed t o  a gradual spreading outward as seen i n  the 7 f i e l d ) .  
'Chis indicates  tha t  the subsidiary vor t ices  have 2 he l i ca l  s t ruc ture  
in t h e  ve r t i ca l ,  which tilt cl.ockwise with height. 
explained t h i s  t i l t  as an r e su l t  
ve r t i ca l  vo r t i c i ty  t o  zero) in te rac t ing  with the  vortex l ines  in the 
domain. 

The pressure 

It is in te res t ing  t o  note tha t  while 

There is a notable drop i n  

There w a s  no attempt t o  ver i fy  

The v e r t i c a l  cross-section of 

is a l so  displaced fur ther  outward i n  the rad ia l  

The ve r t i ca l  cross-sectxon throughv (Ylg. IZb) h a s  some max The negative v values are located lower along 

Rotunno (1983) has 
of the upper boundary (which reduces 

Consequently, the subsidiary vort ices  have a more complicated 
s t ruc ture  w i t h  higher maximum tangent ia l  ve loc i t ies  located a t  a greater 
rad ia l  distance from the cent ra l  axis  than the s ing le  vortex. 
t h e  occurrence of two vort ices  is consistent with the  observations 
i n  the Purdue simulator fo r  Scl.0. 

Furthermore 

Case 3: W1.5) 

As s w i r l  r a t i o  ncreased fur ther  one would expect continued 

Fig. 13 shows three d i s t inc t  vort ices  i n  the 
intensif icat ion of the vort ices ,  and perhaps t rans i t ion  t o  even la rger  
number of vort ices .  
tangential  veloci ty  and pressure f i e l d s  a t  -20. While Vmax is nearly 
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Fi w e  16. 
(a7 contour interval = 0.2; (b )  contour interval = 0.4, 

Same as Fig .  3, except for S-3.0 at T42: 
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equal fo r  a l l  th ree  vort ices ,  there  is marked v a r i a b i l i t y  i n  the 
pressure de f i c i t s .  The vortex with the smallest pressure d e f i c i t  
suggests tha t  it is weakening, and may not sus ta in  i t s e l f  fo r  the 
duration of the integrat ion period. 

By T-40 the  flow has been restored t o  a two vortex configuration. 
The maximum tangent ia l  veloci ty  (Fig. 14a) has increased t o  approximately 
2.4 i n  both vort ices ,  located at a s l i g h t l y  l a rge r  radius ( ~ 0 . 6 2 R )  than 
i n  the  lower s w i r l  case (e.&., r=0.56R fo r  S~1.0) .  
as Davies-Jones (1973) has shown f o r  a s ingle  axisymmetric vortex, the 
core radius increases with swirl ra t io .  Since the  subsidiary vort ices  
form i n  the region of maximum r ad ia l  gradient of tangent ia l  velcoi ty  
which is found j u s t  inside the core radius of the parent s ing le  vortex, 
one would expect the  locat ions of the subsidiary vor t ices  t o  expand 
outward with increasing swirl r a t i o  as w e l l .  

This is t o  be expected 

The cent ra l  pressure d e f i c i t s  (Frg. 14b) at T=40 are approximately 
-2.0 i n  each vortex, which is approximately t w i c e  the value found 
for  S=l.O. 
(1982) found surface pressure d e f i c i t  increasing with swirl r a t i o  fo r  
SB1.6. 

The magnitude is somewhat surpr is ing but Pauley, et al. 

The r-z cross-section of v through the  vortex (Fig. 15a) and 
(Fig. 15b) are similar t o  t h e i r  counterparts f o r  St l .0  except fo r  

is approximately 20% l a rge r  than the highest 
larger  magnitudes. 
t i l t e d  vortex and v 

value i n  the averaged f i e ld .  

Again the tangent ia l  veloci ty  f i e l d  suggests a 

m a x  

The maximum number of vor t ices  generated was three f o r  S=1.5, as 
observed i n  the Purdue vortex chamber, although w e  see tha t  during the 
integrat ion one vortex diss ipates .  Rotunno and Li l ly  (1983) found 
similar r e su l t s ,  whereas the laboratory vort ices  appear t o  be more 
s table .  A probable explanation fo r  the demise of the weaker vortex is 
that  the viscosi ty  used by the numerical model is la rger  than i n  the 
chamber (R = 150 is at least one order of magnitude less than tha t  
c i ted  for  b e  laboratory measurements). 
may be eroding the vort ices .  

Consequently, f r i c t i o n a l  forces 

Case 4: (S=3.0) 

The primary purpose of t h i s  run w a s  t o  determine the number of 
vort ices  generated a t  t h i s  s w i r l  r a t i o .  
c lear ly  discernible  i n  both the tangent ia l  veloci ty  (Fig. 16a) and 
pressure (Fig. 16b) f i e lds .  

l a t e r a l  boundary (r50.81R). The pressure minimum c lear ly  indicates  
that  three of the vort ices  a re  much more intense than the fourth,  and 
i n  a short  time t h i s  vortex w i l l  d iss ipate .  There is l i t t l e  of addi t ional  
i n t e re s t  i n  t h i s  case that  has not already been addressed i n  the other 
cases t lower s w i r l  r a t i o s .  

A t  Tp12 there  are four vort ices  

The centers of vmax were located neat the 
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Table 1 Srrmmary of Experiments 

S - 

0.5 1 0.38 1.26 3.16 -0.92 

1.0 2 0.56 1.77 2.22 -0.94 

1.5 3 0.62 2.61 2.18 -2.05 

3.0 4 0.81 4.64 1.94 -3.40 

(N.B. A l l  experiments were run at  R =150 wi th  a free s l i p  lower 
boundary condi t ion .  
t h e  depth  of the inf low l a y e r  h=0.4 2, where R=l  and Z=2. 
w a s  run for  40,000 t i m e  s t e p s  with &t=.OOl). 

The inner c y l f n d e t  had a r ad ius  r=0.02R, whi le  
Each case 
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Suamnary and Conclusions 

A three-dimensional numerical model for tornado-like vortices 
is run for four cases in which swirl ratio varies over the range of 
0.5 to 3.0. The unique aspect of the model is that it is capable of 
producing asymmetric vortices and, at sufficiently large swirl ratio, 
can generate multiple vortices. The values of swirl ratio were chosen 
for these experiments based upon the transition points for single to 
multiple vortex occurences as well as for progressively higher numbers 
of vortices. 

For comparative purposes Table 1 summarizes pertinent numerical 
The principal findings of this investigation results for each experiment. 

include : 

(1) The maximum number of vortices increases as the swirl ratio 
increases. For the swirl ratios examined the number of vortices 
produced is consistent with laboratory results. 
there appeared to be closer correlation with the transition 
points of the Purdue tornado vortex chamber than the one at 
Oklahoma University. A note of caution is needed, however, 
since the value of radial Reynolds number (R ) used in the numerical 
experiments was smaller than in the laboratory studies due to 
numerical stability considerations. Also the final number of 
vortices was less than the maximum number observed in the 
numerical experiments, probably due to erosion of weaker vortices 
by frictional forces. 

Furthermore, 

e 

(2) The maximum tangential velocity (v ) observed within the 
computational domain increased with increasing swirl ratio. 
of this can be attributed to the larger input of tangential velocity 
at the lat. 11 boundary. It is also due to the ability of the 
vortex to achieve a smaller radius of rotation. 
ratio the vortex becomes unstable due to the radial shear of tangential 
velocities, progressively generating increasing numbers of subsidiar;. 
vortices, each with a smaller radius of rotation than the present 
vortex. 
is approximately 20% higher than the azimuthally averaged tangential 
velocity within the domain. 

maX 
Part 

At higher swirl 

The maximum tangential velocity of the subsidiary vortices 

(3) The location (r ) of the maximum tangential velocity moves 
progressively outward at higher swirl ratio. This is consistent with 
findings of Davies-Jones who found that the core radius of single 
axisymmetric vortices increased with swirl ratio. Since the sub- 
sidiary vortices from in the region of maximum radial shear of v,  
which occurs just within the core radius, one would expect to find 

UBX 
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the subsidiary vortices at progressively larger radii as 
S increases. 

(4) Pmin decreases as S inc.2ases. Since vortices tend to 

approach cyclostrophic balance, as v increases, one expects 

Pmin to decrease. 

S1.6, P decreases in the subsidiary vortices. However, ohservations 

also show the lowest central surface pressure was found at the swirl 
ratio associated with the penetration of vortex brea..down to the 
surface of the chamber. 
numerical experiments. 

(5) Comparisons of vertical (r-z) cross-sections of v through 
the center of the vortex and azimuthally averaged v indL 'cate 
marked asymmetry of the structure of tLe vortices. The plots 
show a smooth cone-shaped vortex structure which gradually widens 
with height. The plot show regions of negative values especially 
along the central axis indicating a tilting of the axis of the 
subsidiary vortices. Rotunno has shown this vertical structure 
to be a helical patterns, turning in a clockwise direction with 
height. These results show tlir hclical angle to become sharper 
at higher swirl ratio. 

max 
Experimental measurements have shown that for 

min 

This phenomenon vas not verified by these 

Continued investigation of multiple vortices is still 
necessary to more fully understand their structure. Addi- 
tional comparative studies between numerical and laboratory 
researchers will greatly enhance our knowledge about tornado 
dynamics. One area of future work that could prove benefic- 
ialwould be to study trajectories in the fluid by inserting 
parcels as tracers into the flow field. 
would be to improve treatment of the boundary layer. However, 
to do this would require more computationally efficient num- 
erical techniques to reduce runtime. For example, implicit 
schemes which are absolutely stable could be used to permit 
use of a longer time step. This would allow more calculations 
devoted t o  the physics of the problem rather than to just 
the time marching process at small time steps. 

Another suggestion 
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NOMENCLATURE 

Symbols De f ini t ion 

Nmax P 

'min 
Q 
R 
r 
r max 
Re 
S 
T 
t 

U 

"R 
V 
-, 

V 

V 
- 
V 
max - 
V 
V 

W 
R 

Z 

n 
P 

r 

Non-dimensional radius of a fictitious inner cylinder 
Diffusion term for u-velocity component 
Vector expression for advection and diffusion of velocity 
Diffusion term for w-velocity component 
Height of top of inflow layer 
Diffusion term for v-velocity component 
Maximum number of vortices produced at S 

2 Pzessure (non-dimensionalized by pu ) R 
Pressure minimum in center of vortex 
Volume flow rate through chamber 
Radius at lateral boundary (R=1) 
Radial coordinate (non-dimensionalized by R) 
Radius at which v occurs 
Radial Reynolds number 
Swirl ratio 
Time (non-dimensionalized by R/\) 

Time coordinate (non-dimensionalized by R/u ) 
Radial velocity (non-dimensionalized by %) 
Inflow velocity at r=R 
Total velocity vector 
Tangential velocity (non-dimensionalized by u ) 
Azimuthally averaged value of v 
Maximum value of v within vortex 
Maximum value of t 
Tangential velocity at r=R 
Vertical velocity (non-dimensionalized by u ) 
Height at top boundary (2=2) 
Circulation 
Azimuthal coordiante 
Fluid density 

m a x  

R 

R 

R 
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ABSTRACT 

Succinonitrile-water and diethylene glycol-ethyl 
salicylate are two transparent systems which have been studied 
as monotectic binary metallic alloy solidification models. 
Being transparent, these systems allow for the direct obser- 
vations of phase transformations and solidification reactions. 
There is a need to expand the number of these transparent 
binary models to distinguish both the unique and general 
phenomena for generalization to metallic systems. 
objective of this work was to develop a screening technique 
to find systems of interest and then experimentally measure 
those systems. The succinonitrile-water system was used to 
check the procedures. 

The 

To simulate the phase diagram of the system, two computer 
programs which determine solid-liquid and liquid-liquid 
equilibria were obtained. 

several other programs were used to predict the phase diagram. 
An experimental apparatus was developed and the succinonitrile- 
water phase diagram measured. The diagram was compared to 
both the simulation and literature data. Substantial dif- 
ferences vere found in the comparisons which serve to demon- 
strate the need for this procedure. 
a new phase diagram for this system. 

These pro rams use the UNIFAC 
method to detennine activity coeffic f ents and together with 

The dork also produced 
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In t. roduct ion 

Succinonitrile-water and diethylene glycol-ethyl 
salicylate are two "well knqwn" transparent systems which 
have been studied as monotectic binary metallic alloy solidi- 
fication models. These transparent models are important be- 
cause they permit the direct observation of phase transfor- 
mations and solidificat'on reacticns which are impossible 
it1 metallic systems. Many interesting phenomena have been 
observed using these and a few other systems buc there is a 
need to expand the available number of these Zransparent 
binary models. The additianal systems will be used to deter- 
mine both t l ?  unique and generalizable phenomena to develop 
a better understanding of metallic systems. A greatrr under- 
standing of mttallic systems will permit the consistently 
reproducible manufacturing of tougher and stronger alloys. 

A model material must be transparent, have a low heat 
of fusion. form a plastic crystal and ,ontain the desired 
solidifichtion rea2t-m fmnxectic, eutectic, etc.). A 
partial list of material adhering to these criteria wa.s given 
by Jacksor.1. The ICY 

these materials, wb xbined with any of the many thousa3ds 
of possible chemjcala to forfi binary alloys, have never been 
exper men t a1 1 y measured. 

- problem is that phase diagrams of 

Objective 

The object,.e ef this work was to develop a set of 
procedures to expand the number of available transparent 
binary systems for use as monoteTtic metallic alloy solidi- 
f i cr t ion models. The developed procedures first required the 
prediction of the phase di-agram using es'ablished estimation 
methods (UNIFAC-UNIQUAC). If the phase diagram contained a 
rnonotectic reaction, then a careful experimental measurement 
of the phase diagram was 2eemed necessary. Both objectives 
were accomplished. However, the prediction procedures should 
be refined to make them easier to use and to yield a better 
pred ion of known phase diagrams. The experimental portion 
resulCr:d in the development of a new apparatus for phase 

11 i I i b r i a de i, e rm i n at ion s . 
Phase Diagram Pred'ction -- 
- Theoretical Background 

One of the objectives ot  this work was to predict 
unknow phase diagrams of cnernica; systems for which limited 
physical property data were ztvailable or which had not pre- 
vi9uslv been experii..mtally measured The major questions to 
be answered by the  predicted phase diaqrarn were, d i d  the system 
form; 

XXVI. -2 



1. a monotectic composition? 
2. a eutectic composition? 
3. an immiscible solution (miscibility gap)? 

The predicted phase diagram did not have to exactly fit the 
system's phase diagrsm but was to be used as a screening 
device to prevent the random experimental measurement of 
systems which might have the above phenomena. 

As previously mentioned in the objective section. an 
established e ' imation method (UNIFAC-UNIQUAC) was used to 
predict the activity oefficients and co ositions associated 

diagram. A brief review of the thermodynamic and the UNIFAC- 
UNIQUAC method will now be given to aid those not totally 
familiar with the approach. Additional information on the 
thermodynamic developmen may be obtained frclm many chemical 
thermodynamic references I s 5 ,  while a detailed treatment of 
the UNIFAC-UNIQUAC method may be obtained from references 6 
and 7 .  

wit3 the solid-liquid' and liquid-liquid !!P portions of the phase 

Liquid-Liquid Equilibria 

The basic thermodynamic equation governing liquid- 
liquid phase equilibria using an integral approach to generate 
the phase equilibrium relationship is given by the following 
express ion ; 

f: = fi I1 

where the superk,ripts I and I1 refer to the different partially 
miscible liquid phases and fi is the fugacity of the component. 
If a standard state is chosen such that it is the same for 
?ach liqvid phase, equation (1.1) can be rewritten r s :  

In qrder tc gerlerate the miscibility gap, all that is required 
is a knowleuge of the isothermal variation of the activity co- 
efficients of each component as a function of composition. 
With his information, it is possible to generate the spinodal 

maxima and minima will exist on the spinodal which lie just 
inside the true bfnodal curve (see Figure 1). To determine the 
molar concentrations in the two partially miscible liquid 
phase, equation (1.2) is used along with a trial and error 
procedure to find the points on the spinodal curve that satis- 
fy the equaljty. A line connecting these two points is the 
tie line for that temperature. This procedure is repeated 
at diffei ?nt temperatures to generate additional points on 
the binodal cume. 

cdrve 4 . I f  the solution forms a miscibility gap, than a local 
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Sol id -L iqu id  E q u i l i b r i a  
ORIGINAL PA= a 
OF POOR QUALm 

The basic integral  thermodynamic e q u a t i o n  governing t h e  
s o l i d - l i q u i d  phase e q u i l i b r i a  is g i v e n  by t h e  f o l l o w i n g  e q u a t i o n :  

S L f i  = f i  (2.1) 

where f s  is the  f u g a c i t y  o f  t h e  p u r e  s o l i d  and  f L  is t h e  
f u g a c i t e  of t h e  solute  i n  t he  l i q u i d  s ~ l u t i o n . ~  
i n  t h e  l i q u i d  phase  may b e  r e w r i t t e n  as 

The f u g a c i t y  

f! = XiYifi L L L,O 

where Xk is t h e  mole fraction of component i 
a c t i v i t y  c o e f f i c i e n t  of component i ,  and fkto is t h e  s t a n d a r d  
r e f e r e n c e  s ta te  for t h e  l i q u i d  phase .  S u b s t i t u t i o n  o f  e q u a t i o n  
( 2 . 2 )  i n t o  (2 .1 )  y i e l d s  

Y t  is t h e  

S 
f ,  I - 

L L,O xi - 
Y i f i  

(2.3) 

The molar Gibbs f r e e  ene rgy  change which c h a r a c t e r i z e s  
t h e  s o l i d - l i q u i d  p h a s e  t r a n s f o r m a t i o n  is g i v e n  by 

The r i g h t  s i d e  o f  t h i s  e q u a t i o n  may be expanded u s i n g  s t a c d a r d  
thermodynamic r e l a t i o n s h i p s  t o  become 5 ;  

where Tt is t h e  t r i p l e  p o i n t  temperature of t h e  p u r e  compqent 
and t h e  H f t  is t h e  h e a t  o f  f u s i o n  measured a t  t h e  t r ip le  p o i n t .  
For most materials, t h e r e  is o n l y  a small d i f f e r e n c e  b e t w e e n  
t h e  t r i p l e  poin t  and normal  m e l + , i n g  point temperature so T, 
w i l l  be s u b s t i t u t e d  f o r  Tt .  The re  is also l i t t l e  d i f f e r e n c e  
between t h e  h e a t  o f  f u s i o n  at  t h e  t i - ip le  p o i n t  and t h e  h e a t  
o f  f u s i o n  a t  t h e  normal m e l t i n g  poin t  so AH is a u b s t i t u t e d  
f o r  AH . F i n a l l y ,  t h e  h e a t  c a p a c i t y  termsfmbeing of o p p o s i t e  
signs, fkave a c a n c e l l i n g  e f f e c t  w i t h  t h e  d i f f e r e n c e  a d d i n g  
o n l y  a small cont r ibu t ion  t o  t h e  o v e r a l l  e q u a t i o n  and is 
t h e r e f o r e  n e g l e c t e d .  S u b s t i t u t i n g  t h e s e  assumptions i n t o  
e q u a t i o n  ( 2 . 5 )  y i e l d s  t h e  f i n a l  e q u a t i o n  f o r  t h e  e q u i l i b r i u m  . 
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UNIFAC Group-Contribut ion Met hod 

The basic approach of this method is to utilize existing 
phase equilibrium data to predict the equilibria of unknown 
systems. The method requires the reduction of experimentally 
obtained activity coefficient data to obtain interaction 
parameters between structural or functional groups of inter- 
acting molecu e . The reduction follows the solution-of- 
groups method A*' to determine the interactions of a given 
group. 

The UNIQUAC model calculates the activity coefficients 
of a system using a combinational contribution based on the 
size and shape of the molecules and a residual contrib tion 
due to molecular interaction. The UNIQUAC equation is Y 

C R h y k  = tnyk + tnyk 3.1 

The WIFAC method uses the UXIQUAC model but incorporates 
functional groups or molecular fragments and their group size 
and shape for the combinational contribution along with the 
residual contribution due to functional croup interactions. 
This method "builds" molecules with unknown interactions frolr, 
functi nal groups of predictable interactions. Fredenslund 
et al.' describes the method for obtaining the group interaction 
parameters from the experimental. data and this reference should 
be consulted for further explanation. 

The UNIFAC method is composed of the followin? rocedural s steps to determine the activity of the ith cornpoi. .A.t ; 

1. UNIQUAC Equation 

3.2 anyi = h y i  C + h y i  R 

2. Combination portion is calculated usinp the following 
series of equations; 

n 
3.3 'i YnyC i = En( e )  + 5qikn (-::)+ xi - - 'i 

where 

'j 'j 
j= 1 

ti -- 5(ri - qi) - (ri - 1) 

oi = molecular surface; #J = riXi molecular 3 . 6  
area fraction 3.5 ? volume fraction 

-- qi'i 

r .x.. J J  

3.4 

j=1  



w h e r e  
n 

ORIGWM PA= r0 
OF POOR QUALW 

n 
( i ) Q  s u r f a c e  area 3.8 

k component  'k 
- - C v k ( i ) ~  volume 3.7; qi = 

ri k=l  component k= 1 

v k ( i )  = the number of groups of k i n d  k i n  t h e  molecule i .  
n = t h e  t o t a l  n u m b e r  of groups in t h e  m o l e c u l e .  
Rk = g r o u p  v o l u m e  c o n s t a n t .  
Q. 

3. R e s i d u a l  p o r t i o n  is c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g  series; 

= g r o u p  area ci . s t a n t .  
K 

3.9 

w h e r e  
n n n 

- 'mXm n 
t i )  group surface area- = c vm 

fraction 3 . 1 1  'm j-1 'j f r a c t i o n  3.12 
em - - 

n=1 ax, , n n 
(j 1 C P n  Xj 

,j=1 n=1 

k tn!'k(i) uses t h e  same e q u a t i o n  as an  r 

*nm is t h e  g r o u p  i n t e r a c t i o n  parameter ( e x p e r i m e n t a l l y  d e t e r m i n e d )  

Tht- a d , j u s t a b l r  parameter u s j n g  t h e  above method a r e  Qk 
a n d  Anm. The v a l u e s  a s s i g n e d  t o  and 9( are o b t a i n 3 ' f r o m  
atomic a n d  m o l e c u l a r  s t r u c t u r a l  a w h i l e  t h e  v a l u e s  of hm are e x p e r i m e n t a l l y  der ived  i n t e r a c t i o n s .  For e x a m p l e ,  
i f  there are 3 groups i n  a g i v e n  m o l e c u l e  i t h e n  3 sets of 
R a n d  Q are r e q u i r e d  a l o n g  w i t h  9 sets  of i n t e r a c t i o n  
pkratneteh t o  characterize t h i s  m o l e c u l e .  

The UNIFAC g r o u p - c o n t r i b u t i o n  method u s e d  i n  t h i s  work 
c o n t a i n e d  43  main g r o u p s  w i t h  38 s u b g r o u p s .  The s u b g r o u p  
u s e s  t h e  main g r o u p ' s  i n t e r a c t i o n  paraneters b u t  have d i f f e r e n t  
volume a n d  s u r f a c e  area par:imeters b u t  have d i f f e r e n t  volume 
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and s u r f a c e  area parameters. I n  a l l ,  t h e  d a t a  set was com- 
posed o f  81 d i f f e r e n t  sets o f  PK and (& v a l u e s  a l o n g  w i t h  a 
4 3  e l e m e n t  s q u a r e  matrix of interact ion p a r a m e t e r s .  These 
v a l u e s  represent t h e  b e s t  s t a t i s t i c a l l y  o b t a i n e d  v a l u e  f o r  
each  g roup  r e s u l t i n g  from t h e  e d u c t i o n  of 10,000 sets o f  
v a p o r - l i q u i d  e q u i l i b r i u m  d a t a  16 . 

Computer Programs 

The programs which accompl ish  t h e  s o l i d - l i q u i d  (1979) 
and l i q u i d - l i q u i d  (1982) e q u i l i b r i a ,  b r i e f l y  d e a f r i b e d  adove , 
were p r o v i d e d  t o  N A S A ' s  MSFC by J. M. P r a u s n i t z  and had t o  
be a d a p t e d  t o  o p e r a t e  on t h e  IBM 4341 computer  u s i n g  t h e  
FORTRAN l e v e l  H compi l e r .  The l i q u i d - l i q u i d  program had a 
greatly expanded d a t a  set as compared t o  t h e  so! i d - l i q u i d  
e q u i l i b r i u m ,  so t h e  s o l i d - l i q u i d  program was m o d i f i e d  t o  
a c c e p t  t h e  a d d i t i o n a l  i n p u t s .  The l i q u i d - l i q u i d  program was 
w r i t t e n  i n  a more modern v e r s i o n  o f  FORTRAN f o r  u s e  w i t h  t h e  
CDC-6400 computer  and r e q u i r e d  s u b s t a n t i a l  c o n v e r s i o n  t o  run 
o n  t h e  IBM 4341 FORTRAN H compi l e r .  

The program t o  p r e d i c t  t h e  b i n o d a l  curve was w r i t t e n  i n  
b a s i c  on  a Commodore 64 computer .  T h i s  program f i r s t  u s e s  a 
least s q u a r e s  ma t r ix  r o u t i n e  t o  f i t  t h e  best e x p o n e n t i a l  
f u n c t i o n  th rough  t h e  i s o t h e r m a l  a c t i v i t y  c o e f f i c i e n t s  g e n e r a t e d  
as a i .iction of compos i t ion  b y  t h e  l i q u i d - l i q u i d  program for  
each  c ~ m p o n e n t  i n  t h e  i t u r e .  These f u n c t i o n s  are t h e n  used  

b u t  w i l l  be i n c o r p o r a t e d  i n t o  t h e  o v e r a l l  FORTRAN l i q u i d -  
l i q u i d  program a t  a later t i m e .  

a l o n g  w i t h  a t r i a l  gap  8 3  . T h i s  program was w r i t t e n  i n  b a s i c  

Expe r imen t a1 Appara tus  

As p r e v i o u s l y  ment ioned ,  a second  o b j e c t i v e  of t h i s  work 
w a s  t o  e x p e r i m e n t a l l y  v e r i f y  t h e  s i m u l a t i o n .  The s t a n d a r d  
approach  f o r  t h e  d e t e r m i n a t i o n  o f  a s o l i d - l i q u i d  phase  d iagram 
is to  v i s u a l l y  mon i to r  t h e  p h a s e  t r a n s i t i o n  w i t h  a microscope  
n o t i n g  t h e  t e m p e r a t u r e  a t  which t h e  las t  c rys ta l  melts or  
u n t i l  t h e  p h a s e  becomes homogeneous. T h i s  method may b e  p rone  
t o  t h e r m a l  a n 4  onass t r a n s f e r  g r a d i e n t s  across t h e  viewed area 
d u e  t o  l a c k  o f  a d e q u a t e  mixing .  To overcome t h e s e  problems 
t h o  e x p e r i m e n t a l  a p p a r a t u s  d e p i c t e d  i n  F i g u r e  2 w a s  c o n s t r u c t e d .  

T h e  p r i n c i p l e  f e a t u r e s  t h a t  t h i s  a p p a r a t u s  h a s  o v e r  t h e  
v i s u a l  method is t h a t  a laser beam is p a s s e d  th rough  a w e l l  
mixed s o l u t i o n  which i n p i n g e s  on  a pho tod iode .  The pho tod iode  
creates a n  electronic o u t p u t  which is a p p l i e d  t o  a c h a r t  re- 
c o r d e r .  T h i s  method t a k e s  advan tage  of t h e  f a c t  t h a t ,  as a 
m a t e r i a l  undergoes  a phase  t r a n s f o r m a t i o n ,  a change i n  t h e  
i ndex  of r e f r a c t i o n  o f  bo th  t h e  m a j o r i t y  and m i n o r i t y  phases  
occurs i n  t h e  s y s t e m .  The change i n  t h e  i n d e x  of r e f r a c t i o n  
changes t h e  a n g l e  o f  t h e  beam r e l a t i v e  t o  t h e  d e t e c t o r .  S i n c e  
t h e  Photodiode  d e t e c t o r  u sed  c o n t a i n e d  a c o n c e n t r a t i n g  l e n s e ,  
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any change  away from t h e  t r u e  f o c a l  p o i n t  p r o d u c e s  a large 
change  i n  t h e  d e t e c t o r s  o u t p u t  v o l t a g e .  T h i s  method p r o v e d  
to  be v e r y  e f fec t ive  i n  d e t e r m i n i n g  b o t h  t h e  c l o u d  poiiit 
f o l l o w i n g  t h e  c o o l i n g  curve and  t h e  m e l t i n g  p o i n t  f o l l o w i n g  
t h e  h e a t i n g  curve.  

A s e c o n d  f e a t u r e  o f  t h i s  a p p a r a t u s  was t h e  a b i l i t y  t o  
o p e r a t e  unde r  vacuum or any o t h e r  t y p e  o f  a tmosphe re .  The 
p r e s s u r e  t r a n s d u c e r  i n c l u d e d  i n  t h e  s y s t e m  measured t h e  s y s t e m  
p r e s s u r e  t o  w i t h i n  0.01 mm Hg which is u s e f u l  i n  d e t e r m i n i n g  
r e p r o d u c i b l e  cooling curves s i n c e  t h e  ra te  o f  n u c l e a t i o n  is a 
f u n c t i o n  of a p p l i e d  p r e s s u r e .  

The temperz i ture  w a s  d e t e r m i n e d  u s i n g  a c o p p e r - c o n s t a n t a n  
the rmocoup le  c o n n e c t e d  t o  a vol tmeter  t h r o u g h  t h e  electronic 
ice p o i n t .  The microvolt o u t p u t  was c o n v e r t e d  t o  t e m p e r a t u r e  
u s i n g  t h e  m a n u f a c t u r e r s  p u b l i s h e d  c h a r t s  t o  overcome t h e  error 
a s s o c i a t e d  w i t h  t h e  Seebeck  e f f e c t .  The bare j u n c t i o n  was ex- 
posed  d i r e c t l y  t o  t h e  mixture  f o r  greatest s e n s i t i v i t y .  S i n c e  
n u c l e a t i o n  ra te  w a s  n o t  i m p o r t a n t  t o  t h i s  s t u d y  t h e  exposed  
j u n c t i o n  p r e s e n t e d  no  p rob lems .  The e x p e r i m e n t a l  a p p a r a t u s  
s h o u l d  be m o d i f i e d  b y  s h i e l d i n g  t h e  the rmocoup le  i n  a glass 
w e l l  i f  n u c l e a t i o n  is t o  be c o n s i d e r e d .  

A m i n o r  p rob lem w i t h  t h i s  s y s t e m  is t h a t  t h e  v o l t a g e  
produced  by t h e  t h e r m o c o u p l e  must be manua l ly  recorded as t h e  
t r a n s f o r m a t i o n  t a k e s  place. T h i s  p rob lem can  be e a s i l y  overcome 
w i t h  a s i m p l e  b a s e - l i n e  comparator c i r c u i t ,  though t h i s  c i r c u i t  
h a s  n o t  y e t  been  b u i l t .  

The t e m p e r a t u r e  i n  t h e  v e s s e l  was c o n t r o l l e d  by c i r c u l a t i n g  
c o o l i n g  water t h r o u g h  t h e  j a c k e t e d  vessel. T h i s  b a t h  w a s  man- 
u a l l y  c o n t r o l l e d  d u r i n g  t h e  e x p e r i m e n t  a n d  ad jus ted  c a r e f u l l y  
so t h a t  t h e  rate of h e a t i n g  o f  t h e  two-phase m i x t u r e  w a s  v e r y  
g r a d u a l .  T h i s  w a s  c o n f i r m e d  by b o t h  t h e  p h o t o d i o d e  and  t h e r m a l  
o u t p u t s .  

T a b l e  1 p r o v i d e s  t h e  make and  model numbers o f  much of 
t h e  equipment  u s e d  i n  t h i s  a p p a r a t u s .  

T a b l e  1. - 

Equipment L i s t  

1. S p e c t r a - P h y s i c s  Model 144 L a s e r  w i t h  Model 246 E x c i t e r  

2 .  P h o t o d i o d e  ( P i n  125 DP/L, MWO 4803) U n i t e d  Detector 
Techno logy ,  Inc. 

3. Harrison G261A DC Power Supply  

4 .  H e w l e t t  P a c k a r d  Model 34906 D i g i t a l  M u l t i m e t e r  

5. Omega Copper  - C o n s t a n t a n  e l e c t r o n i c  ice p o i n t  
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T a b l e  1 ( C o n t i n u e d )  

c .  Jodon VBN-200 Variable Beam S p l i t t e r  

7. Newport Resea rch  Corp. Model 440 X-Y-2 J a c k .  

8 .  Spin-Mater  Model 4803 Magnetic Mixer 

9. Nupro B- 4SG M i c r o m e t e r i n g  Valve 

10. Endocal Refrigerated C i r c u l a t i n g  Bath  Model Rl'E-4 

11. Hewlett P a c k a r d  Model 17501A Pen C h a r t  Recorder 

E x p e r i m e n t a l  Procedures 

A sample  of t r i p l y  d i s t i l l e d  a n d  z o n e  r e f i n e d  s u c c i n o -  
n i t r i l e  was tare w e i g h t e d  i n t o  t h e  vesse l  which h a d  been h e a t e d  
t o  about 6OoC. 
m e n t  of t h e  t e m p e r a t u r e  p r o b e  and  s t i r  bar.  The s y s t e m  was 
o u t g a s s e d  t o  remove d i s s o l v e d  gases and t h e  p h o t o d i o d e  
p o s i t i o n e d  t o  maximize t h e  o u t p u t  v o l t a g e .  The s a m p l e  was 
n e x t  cooled u n t i l  t h e  p h a s e  t r a n s f o r m a t i o n  o c c u r r e d .  The 
m e l t i n g  p o i n t  of t h e  p u r e  s u c c i n o n i t r i l e  w a s  t h e n  d e t e r m i n e d  
by f o l l o w i n g  t h e  h e a t i n g  c u r v e  u n t i l  t h e  p h o t o d i o d e ' s  o u t p u t  
voltage r e t u r n e d  t o  its i n i t i a l  v a l u e .  The c o m p l e t e  cooling 
a n d  h e a t i n g  p r o c e s s  is d e p i c t e d  i n  F i g u r e  3. The melti- ig p o i n t  
of t h e  p u r e  s u c c i n o n i t r i l e  was u s e d  as a check  of t h e  p u r i t y  
of t h e  sample and w a s  g e n e r a l l y  v e r y  close t o  t h e  p u b l i s h e d  
v a l u e  of 58 .086 l2 .  

The mol t en  s t a t e  was u s e d  t o  allow f o r  p l a c e -  

The s y s t e m  was t h e n  p l a c e d  u n d e r  an a r g c n  b l a n k e t  so 
t h a t  t h e  p h a s e  d i ag ram c o u l d  be measured  a t  o n e  a tmosphe rc  and  
t h e  mel t ing p o i n t  of p u r e  s u c c i n o n i t r i l e  r e d e t e r m i n e d .  Argon 
w a s  used because i t  is an  inert gas larger i n  size t o  t h a t  of 
a i r .  A i r  was found  t o  lower t h e  m e l t i n g  p o i n t  of p u r e  s u c c i n -  
o n i t r i l e  b y  cs much as 0 . 7  t o  0 . 8 O C  and  s h o u l d  be a v o i d e d  
d u r i n g  t h e  h a n d l i n g  of t h i s  material. 

P u r i f i e d  w a t e r ,  d i s t i l l e d  and  d e i o n i z e d  t o  a r e s i s t a n c e  
of 16flS-2 was t h e n  t a r e  w e i g h t e d  i n t o  t h e  s y s t e m  and  t h e  cooling 
and  h e a t i n g  p r o c e d u r e s  r e p e a t e d .  U s i n g  t h i s  p r o c e d u r e  r e p e a t e d l y  
p e r m i t t e d  t h e  d e t e r m i n a t i o n  of t h e  entire p h a s e  d i ag ram.  

The monotectic and  eutect ic  t e m p e r a t u r e s  were d e t e r m i n e d  
b y  ca re fu l ly  c o o l i n g  t h e  s y s t e m  w h i l e  o b s e r v i n g  t h e  p h o t o d i o d e  
o u t p u t .  As o n e  utrrll lrl  expect, t h e s e  r e a c t i o n s  had  a d r a m a t i c  
e f f e c t  on t h e  laser t h r o u g h p u t  which w a s  observable by t h e  
p h o t o d i o d e ' s  o u t p u t  voltage. The monotectic and eu tec t ic  
t e m p e r a t u r e s  r ema ined  constant as t h e  l a r g e  q u a n t i t y  of material 
i n  t h e  vessel underwent  t h e s e  p h a s e  t r a n s f o r m a t i o n s .  

The e x p e r i m e n t  w a s  r e p e a t e d  a s e c o n d  time t o  c o n f i r m  t h e  
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initial results. 
two data sets in a third run by making up solutions in the 
zones which were devoid of experimental data from the first 
two runs. 

Additional points were added to the original 

bsults and Discussion 

This section will present the results of the computer 
simulation, briefly review the 1.iterature phase diagram and 
then present the experimental results of this study obtained 
on the succinonitrile-water system. Finally, a comparison 
of the various phase diagrams will be considered. 

The computer simulation of succinonitrile-water system 
is shown in Figure 4 .  The simulation predicts a monotectic 
at 19.5 w l e  percent water at 21.5'C and a eutectic at 96 
mole percent water at -1.5OC. 
phase diagram were the two components represented as functional 
groups for both the liquid-liquid and solid-liquid programs. 
Additionally, the solid-liquid program required both the ncxrnal 
melting poi.it and heat of fusion for each component. 

The inputs to generate this 

The phase diagram experimentally measured by F. Schreine- 
makersl3is shown in Figure 5 .  
diagrams contained at least one point of error, namely the 
normal meltin point of pure succi?onitrile ioygd by Schreine- 
makersas 54.5 C. The currently accepted value is 58.086 + 
.001. A second point of interest centers around the limitea 
amount of data used to gene t the diagram. Many researchers 
have confirmed this diagram but few have ,iublished the 
results. A point has been added to the diagram in the are& 
of the critical point of t h e  binodal curve from reference 15. 

As previously mentioned, these 

8 

The experimental results obtained in this study are 
presented in Table 2 and plotted in Figure 6 ,  The tolerance 
range for the temperatures pre.,ented in the table was - + .06OC which resulted from the truncation error associated 
with the digital voltmeter used to measure the thermocouple 
output voltages. The melting point of pure succinonitrile 
was measured at 58.04OC indicating that the material used 
was very pure. The monotectic temperature was measure.: at 
four different compositions with an average of 18.82OC while 
the eutectic temperature was measured twice and was found to 
be -1.26OC. These experimental points are shown in Figure 6 
and listed in Table 3.  The monotectic composition was deter- 
mined as 31.602.1 mole percent water using the average point 
determined from a least squares fit of the data on either 
side of the monotectic point and the monotectic "ernperaturc. 
The eutectic compositicn was determined from a least squares 
fit of the data on the l e f t  side of the eutectic point and t h e  
eutectic tempera+ire and was found to be 98.96 mole percent 
water. The right side of the eutectic composition did not 
contain enough data elements to permit an evaluation of the 
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Succinonitrile-Nater Experimental 
Sol  id- Liqui d Equi 1 i br i a Dat a 

Tempo ature 6 Compos it ion Temperature Composition 
Mole Fraction Water (OC) Mole Fraction Water ( C) 

0 
-0695 
-1128 . 13 .-I 
. l€2'. 
,2052 
.2421 
.349l 
.2366 
-3202 
.3519 
-2633 
-4452 

.5075 
-5379 
-6306 
6571 
-7201 

-4498 

58.04 
46.86 
40.26 
38.06 
32.88 
27.00 
23.86 
22.85 
20.20 
19-91 
26.01 
27.51 
38.46 
39.02 
44.07 
46.40 
52.26 
53 01 
55.34 

.7670 

.8068 

.a270 
-8712 
.8955 
.9162 
.9339 
-9368 
.9581 
.9589 
.9720 
.9700 
.9836 
-9862 
-9890 
-9908 
-9924 
.9953 

55.95 
56.14 
56.17 
55.17 
54.57 
52.06 
47.49 
46.96 
35.54 
35.29 
21.10 
14.06 
6.49 
2.15 
-0.59 
-0.72 
-0.44 
-0.31 
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Table 3 

Monotectic and Eutectic Temperatures 

Monotect ic Eutectic 
Composition Temperature Cornposit ion Tempe rat ure 
Mole Fraction Water (OC) Mole Fraction Water (OC) 

.1304 

.2866 

.3633 

.9656 

18.80 
18.83 
18.83 
18.80 

-9656 
-9919 

-1.263 
-1.263 
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higher order function necessary to obtain a fit of these data. 
The critical composition and temperature were determined 
graphically since a function could not be found which would 
adequately fit the upper portion of the binodal curve. This 
point was found to be 82.7 mole percent water at 56.17OC. 
This phase diagram w a s  very reproducible as indicated by the 
lack of scatter of the data points. The experimental method 
virtually eliminated the errors associated with the operator's 
interpretation of the point at which the phase transformation 
takes place. 

Figure 7 presents a comparison of the computer simulation 
with the experimental data. It Is quite apparent from this 
figure that the simulation's binodal curve does a poor pre- 
(iiction of the true shape and size of the experimental curve. 
3 t  does estimate the range of compositions over which the 
system forms CWO liquid phases. This indicates that the system's 
true activity is a stronger function of composition and tempera- 
ture than the UNIFAC method predicts. The solid-liquid portion 
of the phase diagram is a much better predictor of the true 
shape of the experimental curve but one must remember that 
additional experimental values must be used in the prediction. 

Figure 8 presents a comparison of Schreinemakers' work 
with that of this study. The differences between the two 
phase diagr was most likely due to impurities observed by 

tinuously with completely pure (sxcino)nitrile, since a solu- 
tion after longer use turns somewhat brown...". The difference 
associated with the monotectic composition may help to explain 
the many different observed phenomena observed in the hyper- 
monotectic region of Schreinemakers' diagram which would be 
hypomonotectic or monotectic using the results of this study. 

Schreinemaker 7 2  who wrote, "It is also difficult to work con- 
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Conclusions and Recommendations 

The computer programs used in this work will require 
additional modifications to make them more compact, faster and 
easier to use. They currently require extensive operator 
manipulations of the output to obtain the desired results. 
Additionally, the systems cuccinonitrile-acetone and succino- 
nitrile-ethanol have been simulated but these results were not 
available for inclusion in this report. 

This work has achieved its primary objective which was 
to develop a method to screen potential systems for monotectic 
study while developing a rapid and reproducible method for 
experimentally determining those systems which show this po- 
tential. 
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COMPUTER CONTROL OF A SEVEN 
DEGREE OF FREEDOM MANIPULATOR 

ARM 

BY 

John L. Stensby 
Assistant Professor of Electr ical Engineering 

The University o f  Kansas 
Lawerence, Kansas 

ABSTRACT 

An algorithm f o r  the computer control o f  a seven degree o f  freedom 
manipulator arm i s  described. The algorithm i s  segmented in to  two 
d i s t i nc t  parts. One part  controls the extension, azimuth, and 
elevation o f  the wr is t  jo in t .  The second part controls the at t i tude 
o f  the terminal device. The two segments interact t o  achieve 
decoupling o f  w r i s t  j o i n t  translation and terminal device rotation. 
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I .  INTRODUCTION 

An algorithm f o r  the computer control  of an 2.4 meter (8 foot) ,  seven 
degree o f  freedom (DOF), manipulator arm i s  described below. Six o f  
the degrees o f  freedom are control led by the algorithm; the seventh 
DOF i s  cont ro l led d i r e c t l y  by the operator and i s  not influenced by 
the algorithm. The algoritfnn has been termed the Haw6 Control Mode 
and the manipulator arm i s  referred t o  as the Proto-Flight Manipulator 

The P-FMA contains two segments and a terminal device (TD]. An upper 
segment i s  connected t o  the manipulator's base through a shoulder 
j o in t ;  the upper segment's other end i s  connected t o  a lower segment 
through an elbow j o i n t .  A terminal device i s  connected through a 
wr i s t  j o i n t  t o  the remaining end o f  the lower segment. The arm con- 
t r o l l e r  consists o f  a PDP 11/34 minicomputer. The arm's hardware was 
o r i g i n a l l y  developed by the Denver d i v i s ion  o f  Mart in Marietta. Current 
e f f o r t s  are coordinated w i th  Essex Corporation o f  Huntsvi l le,  Alabama. 

Arm (P-FMA). 

The Hawk control  algorithm i s  segmented i n t o  two d i s t i n c t  parts. One 
par t  receives three operator-derived inputs and controls the extension, 
azimuth, and elevation, as seen from the manipulator's base coordinate 
system, o f  the w r i s t  j o i n t .  The second pa r t  receives three more 
operator derived inputs and controls the a t t i  tude ( ro ta t ion  as described 
by pitch, yaw, and r o l l  angles) o f  the terminal device r e l a t i v e  t o  a 
coordinate system embedded i n  the terminal device. Segmentation of the 
control  algorithm i n  t h i s  manner reduces i t s  complexity and reduces 
requirements placed on the host computer used i n  the control  loop. 
The two segments of Hawk in te rac t  t o  achieve dccoupling o f  w r i s t  j o i n t  
t rans lat ion and terminal device rotat ion.  These two types o f  motion 
are inherent ly coupled i n  tha t  a change i n  the wr i s t ' s  pos i t ion re la t i ve  
t o  the manipulator's base coordinate system produces a ro ta t ion  o f  the 
terminal device i n  i t s  coordinate system. Hawk serves t o  decouple 
these motions; the algorithm computes terminal device ro ta t iona l  
commands which, when applied t o  the wr i s t ' s  j o in t ,  w i l l  negate terminal 
device ro ta t ion  caused by a t rans lat ion of the wr i s t  j o i n t .  Decoupling 
t ranslat ional  and rotat ional  motions great ly  s imp l i f ies  use o f  the arm 
for many tasks such as the inser t ion of objects i n t o  holes. 
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I I. OBJECTIVE 

Derivation o f  the Hawk control algorithm represents the main objective 
o f  th is  e f f o r t .  This objective has been accomplished; the derivation 
appears i n  Section I V .  

Section V and Appendix A describes a numericalsimulation o f  the Hawk 
a1 gori thm. 
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111. P-FPIA MODEL 

Figure 1 depicts the P - M .  Shoulder p i tch and yaw, elbow pitch, and 
wrist  pitch, yaw, and r o l l  are controlled by Hawk. Upper arm rol l  i s  
controlled independently o f  the algorithm by an operator. 

Figure 2 depicts both angular quantit ies and coordinate systems which 
are relevant t o  the analysis which follows. The quantit ies 8s and IS 
are shoulder p i tch and yaw; they represent elementary rotations about 
the Y1,anrl Zl,axes, respectively. Eltiow pitch, given by ee, represents 
an elementary rotat ion about V . The quantit ies OW, vw, and aw are 
w r i s t  pitch, yaw, and roll; tdy represent elementary rotations about 
the Y3, t j ,  end X j  axes, respectively. 

IV .  WUK CONTROL ALGORITHM 

The Hawk aiode allows t!w operator t o  control the TO'S pcsi t ion with 
respect to  the manipulator's base coordinate system without changing 
the a t t i t u d e  of the TD. The TD's posit ion i s  controlled through use 
of the shoulder and elbow angler; (es, IS, ee). The ID'S attqtude can 
hci controlled through use of the wrist  angles (Bw. IW, W). 

The Hawk a l g o r i t h  i s  segmented i n t o  two d i s t i nc t  Darts. One part  
receives translational rate information as input and .=ofttmls trans- 
la t ion o f  the TD. The second part receives rotitiurtal ra te  b f o r -  
mation as input and controls the at t i tude o f  thf ID. The trro p w t s  
interact to  achieve decoupling of TO translation and rotat lonal 
mot ions. 

TO Translation Control 

Denote the position of the wr is t  point i n  the Cartesian base coordfnate 
frame as X, Y, 2. 
expressible as 

The wr is t  point range, denote by R OR Figure 2, i s  

( I V - 1 )  

The derivative o f  R with respect t o  t ime can be wri t ten as 

(2Xi  + 2Y f + 22 i) 2 -+ i = $ { X 2  + Y2 + z ] 

= ((X/R) + (Y/R) ! + (Z/R) i 1 (IV-2) 

Now, the quantities X/R, Y/R, and Z/R are  expressible i n  terms o f  the 
angles shown on Figure 2 as 

X/R = COS€ COS 'Yr 

Y/h = COS€ S I N  YS 
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8s = Rotation 

8e = Rotation 
eu = Rotation 
@J = Rotation 

SIO€ VIW 

about Y, 

about Y2 
about Y j  

about X3 

about Zo 
about Z3 

Figure 

TOP VIEW 

2 : P-FMA coordinate systems and angles. 
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E ' e S + y 3 e  - n 

Equation ( I V - 2 )  can be expressed as the inner product 

(IW-3) 

wi th the use o f  ( IV-3) .  Equation ( I V - 2 )  expresses the simple relat ion- 
ship between wr is t  point range-rate and input rate information referenced 
t o  the base Cartesian coordinate system. 

The shoulder yaw angle Ys car: be expressed i n  terms o f  the base coordi- 
nate system as 

Is = Tan-' (Y/X). ( I V - 5 )  

The derivative o f  Is with respect t o  time i s  

. 2  -1 
;s = (  1 + ( Y / X ) 5  { ( x i  - YX)/X ] 

= { X + Y  2 2 1 -I ( X L Y i ?  0 

2 2  The quantity X + Y can be expressed as 
x 2 + y2 = (RCOSE)~ 

( I V - 6 )  

(IW-7) 

by using Pythagorean's Theorem. 

Equations (IV-6) and {IW-7) produce 

i s  = - { (Y/RCOSE)/(RCOSED i (IV-8) 

+ ( (X/RCOSE)/(RCOSEb i 
Equation (IW-8) can be simpli f ied by use of (IV-3) to  produce 

i s  = - {Sin Ys/(RCOSEh + {COS Y s/(RCOSE)~ i . (IV-9) 

Equation ( I V - 9 )  can be expressed as the inner product 

i s R  = E(Sin Ys/COSE) (COSYs/COSE) O] [] ( I V - 1 0 )  
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Equation (IV-10)expresses the simple relationship between shoulder yaw 
angular rate and input rate information referenced t o  the base Cartesian 
coordinate system. 

The angle E can be expressed i n  terms of 2 and R as 

( I V - 1 1 )  -1 E = :in (-Z/R) 

The deri ,at ive o f  E wi th respect t o  time can be wri t ten as 

= - 11 - (Z/R)?'* { (R; - Z i J / R 2 )  

which, a f ter  some simple algebra involving ( I V -  71, becomes 
b b 

1 I V - M  ) -1 E* = - {RCOSE} (RZ - R } 

The quanf i t y  k expressed by ( I V - 4 )  can be substituted i n t o  ( I V - 1 2 )  t o  
obtain 

cos E Rcos E 
( I V - 1 3 )  

- ( SinE ) ;] . 
After , S o m e  simple algebra involving ( I V - 3 ) ,  ( I V - 1 3 )  becomes 

0 b 

El. = -(SinE CosYs) X - (SinE SinYs) Y - (CosE) Z 

4 . = - k i n E  COSY< SinE SinYs 
( I V - 1 4 )  

a .  b 

The rates R ,  Is, and E were computed above., These,quantities are 
used below t o  compLte output angular rates 92 and Be which control 
rate servos i n  the arm's shoulder and elbow(ys i s  given by ( I V - 9 ) ) .  

The angle I' can be exiwssed as 

which can be dif ferent iated t o  produce 

= - (1  - (R/2L)21 *' (2L)" i . 
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Sin r = (1 - Cos 2 4  r} 

so tha t  

(IV-15) 

Equation (IV-15) can be used with ( IV-4) and (IV-14) t o  produce 
output angular rates 

b 

0 e = 2 r  

OS = E - z r . e . . (IV-16) 

TD At t i tude Control 

The segment of Hawk which i s  responsible f o r  TD a t t i t ude  control  i s  
described below. This segment calculates ro ta t iona l  components 
which are coupled i n t o  the TD axis when the TD undergoes translat ional  
motion. These rotat ional  components are combined w i th  inputs re- 
presenting desired TD ro ta t i on  rates to  form outputs which are 
fed t o  the w r i s t  j o i n t  servos. This process serves t o  1) decouple 
TD t rans lat ional  and ro ta t iona l  motion, and 2) control  the a t t i t ude  
o f  the TD. 

3 Coordinate system Rg can always be described i n  terms o f  a trans- 
l a t i o n  and ro ta t ion  of the system R i .  The rotat ional  transformation 
re la t i ng  R j  and t$ i s  o f  in te res t  here. This ro tat ional  t ransfor-  
mation, denoted T3, can be expressed as 

3 

where, f o r  example, Rot(z ;Ys) denotes an elementary ro ta t i on  by 
an angle o f  YS around a x i t  Z1. Note tha t  Tg does not involve r o l l s  

3 3 o f  R1 (elementary ro ta t ion  about X , )  or  R3 (elementary ro ta t ion  
3 about X3). A r o l l  of R1 cannot be produced by Hawk and i s  ra re l y  

accomplished(by external indexing) i n  practice. 
here that  system R3 has not been subjected t o  an i n i t i a l  r o l l  so 

It i s  assumed 
3 
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that 2 l i e s  i n  the plane formed by the two arm segments. 3 
The rotational transformations comprising T are available from 
Paul (1). An elementary rotat ion by an arbf t rary angle e about 
an arbi t rary Y a x i s  can be produced by 

(IV-18) 

An elementary rotat ion by an arbi t rary angle 4 about an arbi t rary 
Z axis can be produced by 

Rot(z;@) = Sin4 Cos+ 0 O l  . 
Cos+ -Sin+ 

O 
0 

Equations (IV-18) and (IV-19) can be used t o  wr i te  

SYW mw 0 

0 1  - 
= {t..} 

i j  i j  = 1,2,3 

where 

tll = CBT CYW CYS - SYS SYW 

t12 = -COT CYS SYW - SYS CYW 

t13 = CYs S0T 

= COT SYs CYw + CYs SYw t21 

t22 = -COT SYS SYW f CYS CYW 

t23 = SYs S0T 

(IV-19) 

( I v-20) 
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t31 = -SBT CYW 
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t32 = SBT S’pw 

t33 = C0T 
A 

e~ = BS + ee + ew . 

The abbreviations C0 = Cos0 and S0 = Sine are used i n  (IV-20). 
Also, note that  the three successive p i tch transformations i n  T3 
were combined i n t o  one transformation involving eT. 

The relationship between incremental angles des, dYs, and &e and 
an incremental change i n  T3, denoted by dTj, i s  developed below. 
This relationship i s  given by 

(IV-21) 6T3 60T 

where T3 i s  given by (IV-20). 
(IV-21) one obtains 

If (IV-20) i s  substituted i n t o  

dT3 = {dt..) 
i j  ij=1,2,3 

where 

= -S0T CYw CYs kt3 
dtl 1 F 

dtI2 = 

dt13 - 
- 
- 

dt21 - 
dtZ2 = 

dt23 - 

dt31 - 
dt32 = 

- 

- 

- 
dt33 - 

+ d0d - [CeT D w  SYS 

SOT CY’S SYW Ldes + doe] + [COT SYs SYw - 
r - P  

Cys CeT ides + de4 - LSYs SOTJ d\Ys 

- SeT SYS Clyw 

SeT SYS Sw [ des + doe 1 -- [COT Curs SYW + 

SYS CeT [des + dee] + [CYs SeT] dys 

-COT Cvrw [des + dee] 

CeT Sw [des + dee] . 
-SeT [ des + doe] . 

(IV-22) 

- SYS SYW] dYs 

1 SYS Duw dys 
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Equation (IV-22) demonstrates how infinitesimal changes i n  angles Y S ,  
es, and Be produce infinitesimal changes i n  T . Equivalently, Equa ion 

(containing the TO) can be produced by inf ini tesimal changes i n  the 
shoulder and e l  bow angles. 

3 The above mentioned i n f i n i t e s p l  change i n  the at t i tude o f  system R3 
can be produced by rotat ing R through inf initesimal pitch, yaw, and 
r o l l  angles, denoted by dew, bw, and d$w, respectively, referenced t o  R3 
( for example, dew represents a rotat ion about Y This fact i s  used below 

the shoulder/elbow angles des, Ws, and doe; both Sets o f  angles produce 
the same inf initesimal change i n  the at t i tude o f  R3. 

3 An inf initesimal change i n  the at t i tude o f  system R due t o  a rotation, 
as described ab ve, o f  t h i s  system through angles d#w, d ~ ,  and d$w i s  
given i n  Paul[lfby 

(IV-22) shows how inf initesimal changes i n  thg at t i tude o f  system R j  5 

t o  obtain a relationship between the wr is t  angl a <dew, W, and d$w and 

l3 [ROTE - j 
where T3 i s  given by (IV-20) and 

ROTE -dw dew] 
m 1  -*w 

(IV-23) 

(IV-24) 

Transformation ROTE i s  a f i r s t  - order approximation o f  ROT (X3;d@v) 
ROT (Y3;dW) ROT (Z3;dYw). 

The desired relationship between wr is t  angles and shoulder/elbow angles 
i s  obtained by equating (IV-22)and (IV-23)to obtain 

T3 [ROTE - Il = dTg 

o r  

ROTE - I -1 = T3 dT3 . ( IV-25) 

Computing the m a t r i x  product on the r i gh t  hand side o f  (IV-25)can best 
be accomplished i n  three parts by real iz ing that (see (Iv-20)) 

T3-' = MI Me M3 

where 



M2 = 

C0T 0 SOT 

0 1 0  

-SOT 0 C0T - 

-1 

- 
0 1  

CYS -SYS 0 -1 CYS SYS 0 

M 3 =  [s; c; 1 = Is; c; j 
The quant i t y  T3-' dT3 i s  most e a s i l y  computed by f i r s t  computing 
M3 dT3 fol lowed by M2 (M3 dT3) and f i n a l l y  by M1 (M2 (Ma dT3)). 

Equation (IV-25) produces 

Equation (IV-26) produces 

- (IV-26) 

0 0 

0 

L - C Y W  SYW 

0 -COT SYW SOT 

COT 0 

;SOT SYW -S9T CYW 0 

dYw = (Cos €IT) dYs 

dew = Cos Yw (des + doe) + (Sin Yw Sin 8T) dYs 

= Cos Yw Ides + dee + (Tan Yw Sin 8T) dYs) 

d$w = Sin Yw (des + dee) - (Sin eT Cos Yw) dYs 

= Sin Yw (des + dee - (Sin eT/Tan Yw) dYs) 

(IV-27) 

which are the desired re la t ionships between shoulder, elbow and w r i s t  
in f in i tes ima l  angles. The re la t ionsh ip  between shoulder, elbow, and 
w r i s t  angular ra tes can be obtained from (IV-27) by replacing di f feren- 
t i a l s  of angles by der ivat ives of angles. 
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Let Pw, Yw, and Kw denote the desired R: - based TD p i tch,  yawI and 
r o l l  rates obtained as input data. Output ra te  information which 
must be fed t o  wr i s t  ra te  servos t o  obtain the above-mentioned TD 
rates i s  given by 

i w  = b w  - CosW {its + ;e + (TanYw SinST) i s  1 
4 

YW = YW -{CoseTI IS 
e e 

$w = Rw - SinYw (0s + ee - tSinOT/TanYwI Ys 

(IV-28) 

where ew, YwI and $w denote wr i s t  pitch, yaw, and rol l ,  respectively. 

ORIGINAL PAGE I# 
OF POOR QUALITY 
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V. NUMERICAL SIMULATION 

The Hawk Control Algorithm developed i n  Section I V  was numerically 
simulated on the computer. The Fortran program l i s t e d  below receives 
rates X, Y, Z, Pw, Yw, and Rw as input. The arm segment length(see 
Figure Z), L, i s  a rb i t ra ry  apd was selected as uni ty.  The program 
computes A, Y, Z, Os, Ys, 6e, Bw, h, 4w, BT, and Ys t Yw as functions 
o f  time. These quant i t ies  are pr in ted out per iod ica l l y  as instructed 
by the user. The program i s  l i s t e d  i n  Appendix A. 

4 . 4 .  4 

The f i r s t  simulation run t o  be described involves the i n i t i a l  angles 
(describing the i n i t i a l  pos i t ion o f  the arm) 

0s = 0 

Ys = 0 

0e =  IT/^ 

0w =-n/4 

Yw = 0 

4w = 0. 

The input rates selected were 

4 

X = -.2 metershecond 

Y = O  

z = o  

Pw = 0 

Yw = 0 

Rw = 0. 

4 

e 

4 

e 

The output i s  presented i n  Table I .  The t i m e  un i ts  a r e  seconds. 
The correspondence 

EL = 0 s  +€le t 0 w  

AZ = Y S  t 'Yw 

(V-1) 

ROLL = $ w  

TS = O s  
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Table I :  A r m  movement in one second intervals. 
First simulation run. 



TE = 0e 

TW = 0w 

P S I S  = Ys 

PSIW = Yw 

PHIW = $w 

should be made. The quant i t ies  X, Y, Z denote the w r i s t  po in t ' s  
pos i t ion  r e l a t i v e  t o  3(see Figure 2). Observe t h a t  the values of 

X given i n  Table I descrease w i t h  t ime whi le  the values f o r  Y and Z 
remain essen4;ally unchanged(as they should). The very small changes 
observed i n  2 (see Table I )  are due, pr imar i ly ,  t o  program and algor i thm 
trunca: ion er ro rs  as discussed below. 

RO 

Observe t h a t  the a t t i t u d e  of the TI! i-emains unchanged under the abobe 
w r i s t  po in t  t rans lat ion.  The t o t a l  w r i s t  e levat ion angle 01 remains 
essent ia l l y  unchanged w i t h  time. 
TD ro ta t iona l  motions described i n  Table I are decoupled. 

The w r i s t  po in t  t rans la t iona l  and 

The second simulat ion run t c  be described involves arm movement i n  the 
X and Y d i rec t ions  simultaneously. The i n i t i a l  p o s i t i o n  o f  the arm i s  
described by the angles (V-1).  The input  r t t e s  are 

X = -.2 meters/second 

Y = . 2  meters/second 

e 

0 

0 z = o  
Pw = 0 
# 

0 

Yw = o  
Rw = O  
e 

The output i s  presented i n  Tab le2 .  Observe the movement o f  the arm i n  
the X and Y d i rec t ions  whi le essent ia l l y  no movement i n  the Z d i r e c t i o n  
occurs. Observe t h a t  the a t t i t u d e  o f  the TD remains essent ia l l y  un- 
changed under the above w r i s t  p o i n t  t rans lat ion.  The t o t a l  w r i s t  
e levat ion angle 8T 0 0s + 8e + Bw remains e s s e n t i a l l y  unchanged w i t h  
time. The t o t a l  w r i s t  yaw, Ys + vw, a lso remains constant. 

The angular output obtained froi. the second simulat ion run described 
above was used t o  d r i v e  a computer graphics model of the arm developed 
by Fernandez (2) . The resu l ts  are shown i n  Figures 3 through 9. 
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Table 2: Arm movement in one s nd intervals. 
Second simulation run .  



Figure 3 shows the i n i t i a l  position of the a m  a t  T = 0. The a& 
position i n  one second increaents i s  shorm by the m i n i n g  figures. 
Note that the arm ~y)ves i n  the X and Y directions but has no move- 
ment i n  the 2 direction. Mote that the a t t i -  of tk TD remains 
essentially unchanged under th is  wrist point translation, 

V I .  co#cLusIo# 

An algorittw for  the cosputer control o f  a seven degree o f  freedola 
manipulator a m  has been developed. The a l g o r i t h  has been sepented 
into two parts. The f i r s t  part receives input translational rate 
inforsation and controls translation o f  the terminal device. The 
second segment receives rotational rate infomation and controls the 
att i tude of the tenoinal device. The tm seQlents in twact  to 
achieve decoupling of  terminal device translational and rotational 
motions. The algorittmn i s  slamwarired i n  Table 3 below. The relevant 
angles are shown on Figure 2. 

The Hawk control algoritlrm does not represent an exact solution to the 
am's Kinematic equations. Instead, Hawk represents a siaple f i r s t  
order approximation t o  the exact solution (see (IV-24) and the sentence 
following th is  equation). Hence, smal l  errors (due to truncation) 
should be expected. However, these truncation errors can be made 
insignificant by using a suf f ic ient ly small integration step size 
(Double precision arithnetic maybe required to control mund-off errors 
when the step size i s  made small). 
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TO Translation Motion 

cos E cos Ys Cos E Sin Y s  

Cos W C o s  E 
-Sin € Sin Is 

i s  = I ' E -  
0 .  

x, Y ,  i Represent Input Data 
i s ,  i s ,  ;e Represent Output Data 

TD Rotational Motion 

h~ = ;w - UCos BT) i s ]  
i w  = 'pw - CCos Yw ( i s  + ;e) + (Sin Vw Sin 8T) is1 

= bw - Cos W 6s + ;e + {Tan 'Qw Sin eT1 i s ]  
i w  = k w  - [sin w ( i s  + i e )  - (Sin eT COS WW) $SI 

= Rw - Sin YW [0s + Be - (Sir! BT/Tan W1 u(s] 
0 c 0 

O f  = 9s + Be f Ow 

P\r, Vw, Rw Represent Input Data 

k ,  k, &J Represent Output Data 

. . .  

Table3: Hawk Control Algorithm 
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APPENDIX A 

The computer program used t o  simulate Hawk i n  Section V i s  described 
below. The main program, which implements the equations l i s t e d  i n  
Table 1, i s  wr i t ten  i n  Fortran. This program accepts i n i t i a l  (T=O) 
values,foy tbe p g l e s  es, Y$, ee, ew, w, 4w, as wel l  as the desired 
rates X, Y, Z, Pw, fw, and Rw (the i n i t i a l  r o l l  angle @w should always 
be input  as zero). 

The program computes es, YS, ee, ew, w, and ow as functions o f  time. 
These output rates are integrated and per iod ica l l y  (period determined 
by user) p r in ted  out and (simultaneously) wr i t ten  t o  a f i l e  f o r  use by 
a graphics rout ine tha t  p lo ts  the arm. 

PROGRAM FLOWCHART 

DT represents a time increment used i n  the numerical in tearat ion 
(tranezoidal rQle). A l l  angles are computed every DT seconds. 

N rewesents the output in terva l .  Output i s  pr in ted every N DT 
seconds. 

The program terminates when T = TSTOP. 

These 
The a 

quant i t ies represent i n i t i a l  conditions f o r  the 
gorithm W P S  developed by assuming tha t  $w i s  i n  

The i n i t i a l  

j o i n t  angles. 
t i a l l y  zero. 

0 0 .  + 
X, Y, Z represent desired wr i s t  po int  t rans lat ion rates. 



ORIGINAL PAGE IS . . .  OF POOR QUALITY 
Pw, Yw, Rw, represent desired TD rotat ional  rates 

I n i t i a l i z e  time and loop counter. 

R = 2L Cos (ee/2) 

R represents length o f  w r i s t  po int  vector 
1 

k = (cos E cos vs) i + (cos E Sin ~ s )  i - (Sin E) ? 
i s  = [- (Sin Ys) + (Cos Y s ) q ] / ( ' R  Cos E)  

= [- {Sin E Cos Ys) - (Sin E Sin as) - (Cos E )  i ] / R  
I e 8T = 8s + 8e + ew 

Last block shows how wr is t  ra te  i o t a t i o n  comnands are calculated as 
the di f ference between desired values and those resu l t ing  from w r i s t  
point  t rans lat ion motion. 

I 
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L 
0 

8s = 8s + 8s DT 
YS = I s  + i s  DT 
ee = Be t ;e DT 
Ow = 9w t 6 w  DT 

\yw = Yw + +W DT 
$w = $w -+ i w  DT 

1 

ORIGINAL PAGE I8 
OF POOR QUAL;-iY 

Update angles by integrat ion using trapezoidal r u l e  

T = T + D T  
K = K + 1  

Increment time and loop counter 

K < W +Do not p l o t  arm; go back and compute 
K = N *It's time t o  p r i n t  output. 

WRITE T,  fls, Y s ,  0e, Ow, YW, $w 

P lo t  arm and set  loop counter t o  zero 

If (T. LT. TSTOP) Go To 3 

c 
T TSTOP Not through; go back and compute 
i > TSTOP End program 
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The contro l  log 

ABSTRACT 

c for  an O r b i t a l  Maneuvering Veh c l e  (OMV) Simulation 

system i s  developed. I n  order t h a t  b e t t e r  cont ro l  over Lhe vehic le 

cat? be exercised, several modi f icat ions t o  the vehic le  are suggested. 

The need o f  be t te r  p o s i t i o n  feedback leads t o  the development o f  an 

a l te rna t i ve  simpler bu t  more r e l i a b l e  navigat ion system which i s  also 

discussed. The contro l  l o g i c  i s  presented i n  pseudocode form, and can 

bo implemented i n  FORTRAN and/or MACRO 11. 

m- i 



t ha t  a time delay o f  up t o  

Thus, when the OMV module 

the ground. When the modu 

be i n  the space shu t t l e  or  

s i n  a 

e i s  a t  

a space 

INTRODUCTION 

Orb i ta l  Maneuvering System (OMV) i s  a concept being invest igated 

here a t  NASA i n  which a f r e e - f l y i n g  space module i s  pbt  under the 

remote contro l  o f  a human operator. Such a system i s  o f  great impor- 

tance i n  space explorat ions as such a module cdn perform tasks i n  an 

environment tha t  i s  too h o s t i l e  for  humans. Mission c a p a b i l i t i e s  o f  

the OMV module could include tasks sucn as placement, r e t r i e v a l ,  

inspect ion and orb i t -boost ing of space vehicles o r  sate l  1 i tes. iihen 

f i t t e d  wi th  d remote-control manipulator arm, such a module can ser- 

v ice and perhaps repa i r  s a t e l l i t e s ,  thereby d r a s t i c a l l y  reducing an 

astronaut 's need f o r  extra-vehicular a c t i v i t i e s  (EVA) .  

p o s s i b i l i t y  would be i n  debr is co l l ec t i on ;  i n  t h i s  process, an OMV 

module cou;d dock w i t h  a spent s a t e l l i t e  o r  any man-made object  no 

longer operational, and boost i t  i n t o  a " junk" o r b i t .  

An i n t e r e s t i n g  

The operator c o n t r o l l i n g  the GMV module i s  phys i ca l l y  remote from 

the module, and exercises con t ro l  over the module based on video feed- 

back from the module, using some form of a hand c o n t r o l l e r .  

R e a l i s t i c a l l y ,  t h i s  system i s  not very su i tab le  when the distance bet -  

ween the operator and the module i s  too large, as the long time delay 

would make meaningful con t ro l  impossible. Actual studies have shown 

1/4 seconds i s  imperceptible t o  humans. 

ow o r b i t ,  the operator could be on 

a higher o r b i t ,  the operator could 

s tat ion.  
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OMV SIMULATION 5YSTEM 

A simulation o f  the OMV system has been constructed here a t  

Marshal 1 Space F l i gh t  Center, Huntsvi 1 le, Alabama. 

t h i s  system consists o f  a vehicle (ca l led TOM-B) which f loats  on a i r  

bearings on a f l a t  f loor  measuring 80 by 40 feet. TOM-B has 6 degrees 

of  freedom. A mock-up o f  the OMV module can be mounted on TOM-B. By 

executing appropriate motions o f  th is  vehicle one can simulaLe the 

motion o f  the OMV module. An a r t i s t ' s  perception o f  the hardware 

system i s  shown i n  Figute 1. In t h i s  figure, an operator i n  a 

separate room controls the OMV mock-up using a hand contro l ler .  A 

computer examines constantly the status o f  the hand contro l ler ,  and 

feeds the information i n to  a mathematical model i n  the computer. 

output of t h i s  model i s  translated i n to  a sequence o f  commands t o  be 

transmitted t o  TOM-8 t o  be executed. 

the motion o f  TOM-B i s  not necessarily tha t  of the mock-up module. 

For example, i f  the mock-up module were t o  execute a yaw about i t s  Z 

axis, the output o f  the model would generate a sequence o f  commands t o  

TOM-8 t o  execute a t rans lat ion plus a rotat ion.  

The hardware o f  

The 

It i s  important t o  rea l ize that  

This report concerns a pro ject  that  involves developing sui table 

control  logic and software f o r  the on-board computer on TOM-6 i n  such 

a manner that  comnands transmitted by the mainframe computer w i  11 be 

intercepted and executed. The command sequence consists of a s e t  o f  6 

numbers from vJhich one can deduce the absolute posi t ions o f  the 6 axes 

of motion, and the command sequence i s  updated ten times per second. 
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Thus, the  on-board l o g i c  must be capable o f  execut ing a command 

sequence w i t h i n  100 mi l l i -seconds, which s h a l l  be r e f e r r e d  t o  as a 

major period. A PDP 11/23 micro-computer w i l l  be used t o  i n t e r p r e t  

and execute t h i s  c o n t r o l  log ic .  

F igure  2 shovrs a p i c t u r e  o f  the almost comp 

1 l i s t s  some o f  the spec i f i ca t i ons  o f  the vehic 

Table 1 

TOM-B Charac te r i s t i cs  

eted TOM-6 wh i l e  Table 

e: 

Approximate mass 

Moment o f  i n e r t i a  

Mass o f  f u e l  

Number of t h rus te rs  

Thrust developed 

: 55.9 slugs 

: 240.6 S l u g - f t - f t  

: 9.4 slugs 

: 8  

: 3 l bs / th rus te r  

A p a i r  of th rus ters ,  each o f  which i s  capable of d e l i v e r i n g  3 l b s  o f  

t h rus t ,  i s  mounted a t  each corner o f  the veh ic le .  

a t  3500 p s i  i s  used JS a p rope l l an t .  Six a i r  cy l i nde rs  are used t o  

s to re  t h i s  compressed a i r ,  which i s  a lso used t o  power the a i r  

bearings, as shown i n  Figure 3 .  The cn-board processor, associated 

e lec t ron i cs  and sensors w i l l  be mounted near the con t ro l  panel. Two 

accelerometers and a gyroscope are used t o  monitor the p o s i t i o n  and 

o r i e n t a t i o n  o f  the vehic le.  Note t h a t  t r a n s l a t i o n  i n  X and Y d i r e c -  

t i on ,  as we l l  JS yaw motion o f  the veh ic le  are obtained by f i r i n g  the 

appropr iate th rus ters ,  wh i l e  t rans la t i o r ,  along the Z axis, as we l l  as 

Cold compressed a i r  
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p i t c h  and r o l l  ( o f  the mock-up module) i s  ca r r i ed  out using stepping 

motors f i t t e d  w i th  o p t i c a l  decoders. A hardware organizat ion diagram 

i r  shown i n  Figure 4. 

d istance between the module and target  module dur ing docking maneuvers. 

I t  i s  important t o  note tha t  t h i s  i s  on ly  a s imulator and i s  not  

I n  an actual  OMV module, the thrusters  would 

I n  addit ion, a radar i s  used *a determine 

the actual  OMV module. 

be mounted on the OMV i t s e l f .  

The contro l  l og i c  f o r  the stepping motors i s  q u i t e  s t r a i g h t f o r -  

I t  involves ca l cu la t i ng  the number of pulses needed, sending ward. 

t h i s  informat ion t o  the appropriate motor con t ro l l e r ,  and subsequently 

examining the decoder feedback t o  determine i f  the desired p o s i t i o n  

has been reached. The con t ro l  l og i c  for the thrusters  i s  much more 

complicated, and the r e s t  o f  the repor t  concerns the development o f  

appropriate thruster  cont ro l  logic.  

RECOMMENDED MOD IF I CAT1 ONS 

A c loser examination o f  Figure 3 reveals tha t  the thrusters  along 

the long ax is  o f  the vehic le arenot  symmetrical w i th  respect t o  the 

center o f  mass (CG) o f  the long ax is  o f  the vehicle. Furthermore, thL 

CG i s  not  coplanar w i t h  C G ' s  of the 6 a i r  cy l inders.  

sequence o f  the second observation i s  t ha t  the center o f  mass w i l l  

s h i f t  towards the f r o n t  end o f  the vehic le as f u e l  i s  being depleted. 

A d i g i t a l  simulat ion study shows tha t  the c m t e r  o f  mass can s h i f t  by 

as much as an inch when the cy l inders are near ly  empty. This i s  

A d i r e c t  con- 
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deemed unsat isfactory.  

t h a t  since the thrusters  cannot be t h r o t t l e d  t o  vary the thrust ,  the 

vehic le  cannot move i n  a s t r a i g h t  l i n e  perpendicular t o  the long axis, 

and tha t  the a t t i t u d e  o f  the vehic le w i l l  be changed, unless correc- 

t i v e  burns are made every major cJcle. The amount o f  f u e l  wasted can 

be as much as 30%. 

Further, the same simulat ion study reveals 

A simple modi f icat ion i s  therefore proposed (Please see Appendix 

i )  t ha t  would s i g n i f i c a n t l y  reduce f u e l  wastage. 

con t ro l  laws should be d r a s t i c a l l y  s imp l i f i ed .  Counter weights can be 

added t o  the r i a r  o f  the vehic le  so as t o  s h i f t  the center o f  mass o f  

TOM-6 t o  be coplanar w i t h  t h a t  of the a i r  cy l inders.  I n  t h i s  manner, 

the s h i f t  o f  center of mass due t o  deplet ion o f  fue l  i s  el iminated. 

Further, the rear  p a i r  o f  thrusters  t a n  be moved towards the f ron t  o f  

the vehic le  such tha t  a l l  the thrusters  are symnetric with respect t o  

the new center o f  mass. 

weight veeded t o  acconplish t h i s  i s  given by the formula: 

I n  addit'an, the 

A quick c a l c u l a t i o n  shows tha t  the counter 

where m i s  the mass o f  the empty vehicle, M,,, i s  the weight of the 

mcck-up module and colrnter weights, and Msat i s  the weight o f  the bat-  

t e r y  pack and associated e lect ron ics.  Using avai lab le data f o r  TOM-I!, 

M6 worked out t o  be 300 t o  600 pounds, depending on the mass o f  the 

mock-up assembly. The various advantages for  such a modif icat ion i s  

presented i n  Appendix 1. Froin t h i s  p o i n t  onwards, w-i.k i s  ca r r i ed  out 
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on the assumption that the above moeification will be carried out. 

A question that arose nahwally is that, given such modification, 

what sort of performame one can expect from TOM-B. Specifically, a 

figure of merit far positional accuracy i s  needed. A detailed analy- 

sis shows that the positional accuracy of TON-B is dictated by the 

follobing factors- 

a) Center of mass off-set 

b) Thruster off-set 

c) Thruster different,,l 

d )  sensor off-set and 

e) sensor drift. 

The first three sources of error are related to construction of the 

vzhicle, and can be minimized. It can be shown that the positional 

accuracy 0 along either the X or Y direction can be given by the 

formu l a :  

where m i s  the mass of the vehicle, F i s  the thrust of d single 

thruster, AF is the thruster differentia?, €1, 

off-set in radians, t i s  the firing time, and 

are the thruzter 

m - 1 1  



A L  i s  the center of mass off-set. Worst case ca lcu lat ion shows that  0 

i s  about 3 inches a f te r  5 seconds of continuous f i r i n g .  By worst case 

we assume a center of mass of f -set  o f  0.2 inches, a thruster off-set 

o f  9 degrees, and a thruster d i f f e r e n t i a l  o f  10%. This resu l t  shows 

that correct ive burns must be made a f te r  5 seconds of f i r i n g  i f  a 

pos i t ional  accuracy o f  three inches were t o  be maintained. However, 

since the comands w i l l  be updated every 100 milli-seconds, so w i l l  

the position. 

thrusters t o  bet ter  than 9 degrees from the normal, and that  thruster  

d i f f e r e n t i a l  may be less than 10%. Thus a pos i t ional  accuracy much 

bet ter  than 3 inches i s  expected. 

Further, i n  practice, one can w i th  care a l ign  the 

The errors a r is ing  from the sensors (accelerometers and ra te  gyro) 

are a b i t  more complicated to  maly te.  

intended that  a pa i r  o f  accelerometers be used f o r  measuring position, 

and that a gyro w i l l  be used t o  measure the or ientat ion (or a t t i tude)  

o f  the vehicle. 

ra te  of  5 x 10-6 degree/sec, which i s  more than adequate to  provide 

feedback information on angular ve loc i ty  and displacement. The same 

cannot be said fo r  the accelerometers. Mr .  Tom Bryan has estimated 

that the d r i f t  ra te of each accelerometer i s  of the order o f  1 k i l o -  

meter per hour which far exceeds the accuracy requirement o f  the pre- 

sent system. This i n c r e d i b l j  large error  arises from: 

In the present system, i t  i s  

The gyro t o  be ins ta l led  i n  TOM-B has a rota1 error  

m - 1 2  
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OF POOR QUALITY 

1) the high drift rate of the sensor, 

2)  the signals from the sensors must be integrated numeri- 

cally to obtain the translational displacement, and 

3)  the errors are cumulative and propagate with time. 

It is important to realize that accelerometers and gyros are really 

designed to measure acceleration and velocities. 

must be integrated to get displacement, the following steps must be 

carried out: 

When the signals 

a) 

b) 

C )  

they mdst be sampled frequently within every major 

cycle, 

the signals must be conditioned and corrected for bias, 

scaling, off-set and drift before they can be used, and 

to provide reliable displacement, sophisticated 

integrating algorithms must be used 

All these factors contribute to a large computational overhead. In 

addition, there is no meaningful method of correcting for the drift 

other than by the use of an external reference, as in spacecrafts. In 

the case of spacecrafts, ground-based stations or distant stars whose 

positions are known are frequently used. 

Since position control will be used in the present system, it is 

mandatory to have an accurate navigation system. This effectively 

rules out the use o f  accelerometers to provide positional feedback. 

An alternative, simpler navigational system is needed. It is impor- 

tant to realize that this new nagivation system does not replace the 
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Figure 6 .  Three-light Navigation System - Rotating Mirror Scanner 
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acceierometers; they are s t i l l  needed t o  provide the r a t e  feedback. 

The proposed navigat ion wcrks on the p r i n c i p l e  tha t  if three l i g h t s  

are erected a t  three corners o f  the f loor ,  as shown i n  Figure 5, then 

a r o t a t i n g  m i r r o r  arrangement as depicted i n  Figure 6 can be used t o  

detect  these three l i g h t s .  

w i t h  precis ion.  

f e e t )  ar,d width (40 f e e t )  o f  the f l o o r ,  one can determine the absolute 

p o s i t i o n  and o r i e n t a t i o n  o f  TOM-B. 

navigat ion i s  q u i t e  straightforward, and i s  derived i n  d e t a i l  i n  

Appendix 2, and does not  invo lve any numerical in tegrat ion.  It i s  

estimated t h a t  a pos i t i ona l  accuracy of one inch can be accomplished 

e a s i l y  t h i s  way. More importantly, the computation i s  straightfoward 

and fas t ,  and the e r r o r  does no t  propagate w i t h  time. It i s  empha- 

sized again tha t  t h i s  navigat ion system does not replace those used o f  

accelerometers o r  gyros. 

The three angles y,a and 6 can be measured 

From these three angles, and knowing the length (80 

The mathematics f o r  t h i s  mode o f  

I t  i s  noted t h a t  since the mass of the vehic le  i s  qu.ce large, and 

that  each th rus te r  can on ly  provide 3 pounds of thrust ,  TOM-6 would be 

q u i t e  sluggish. A question t h a t  arose dur ing the course o f  t h i s  

sumner i s  t ha t  can addi t ional  thrusters  be added t o  TOM-B so t h a t  i t  

i s  capable o f  achieving a t rans la t i ona l  accelerat ion o f  0.4 

f t /sec/sec ?. A de ta i l ed  analysis shows tha t  if there were 4 p a i r s  o f  

thrusters  instead of 1 p a i r  a t  each corner, such an accelerat ion can 

be attained. The handling q u a l i t i e s  o f  TOM-6 i s  given i n  Figure 7, 

which depicts the t rans la t i ona l  versus r o t a t i o n a l  accelerat ion when 
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the vehicle is full (maximum propellant) and when the vehicle is 

nearly empty (residue propellant). 

TOM-B can rotate about its Z-axis much better than it can translate 

along the X or Y axis. 

It is clear from this diagram that 

From a technical standpoint, it does not seem impossible to install 

additional thrusters. At present, a pair of thrusters are mounted at 

right angles on a plenum as shown in a) part of Figure 8. 

Calculation shows that each plenum is capable of supporting an addi- 

tional pair, as shown in the b) part of the same figure. Thus, to 

have four pairs of thrusters at each corner, a configuration as shown 

in c) part can be used. This involves some plumbing and an additional 

plenum, but otherwise the implementation i s  straightforward. From the 

operational standpoint, the only penalty is a higher rate of fuel con- 

sumption, and does not further complicate the control software. In 

fact, a provision to control tip to four individually controllable 

thruster pairs at each corner is included in the control software. 

OMV SIMdLATlUN SYSTEM - -  COFtTROL LAWS 

The modification to be made on TOM-B means that the control laws 

tor the vehicle ?en be drastically simplified. 

navigation sysxni i s  also implemented, then the position and orien- 

tation (attitude) of M e  vehicle can be determined rapidly with preci- 

sion. S nce w s i t i m  control will be used, the command structure is 

expected to consist of a sequence of 6 numbers, each o f  which speci- 

fies the desired position and orientdtion of the vehicle when the com- 

If the three-light 
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mand i s  executed. 

information can be transmitted over the radio l i n k  i n  0.1 seconds. 

Consequently, i t  i s  decided tha t  the command s t r i ng  w i l l  consist o f  

pos i t ional  increment (which must be added t o  the current positic!! t o  

y i e l d  the desired posi t ion).  Further, the most e f f i c i e n t  mode o f  

transmission i s  i n  integer format and t h i s  format w i l l  be adopted 

here. Thus, i t  i s  understood tha t  f o r  pos i t ional  quant i t ies (such as 

X, Y and Z), the u n i t  used w i l l  be 0.001 inch, while f o r  the remaining 

quant i t ies  (angular), a u n i t  o f  0.1 degree w i l l  be used. 

example, the command st r ing:  

As i t  turns out, only a l im i ted  amount o f  

By w a y  o f  

10 0 20 0 0 0 

would be interpreted that TOM-8 be moved along X axis by 0.01 inches 

f r o m  the current position, and ro ta te  by 2 degrees about i t s  Z axis, 

a l l  other axes remain unchanged. 

represent each o f  these quant i t ies  i n  the command string, then the 

command transmitted t o  TOM-6 would look l i ke :  

I f  we can use symbolic names t o  

CMD - X, CMD - Y, CMD - THETA, CMD-2, CMD-P, and CMD - R 
that  specifies the incremental pos i t ion and or ientat ion.  Appendix 3 

shows the de ta i l  thruster log ic  which must be executed by the on-board 

processor i n  TOM-B. 

Essentially, based on the desired posi t ion/or ientat ion and the 

t ion/or ientat ion,  one can calculate the required impulses 

This i s  the required impulse that would move T O M  from 

posi t ion to  the desired posi t ion,  and i s  expressed most 

current pos 

f x  and fy. 

the present 
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conveniently i n  f l o o r  coordinates. This impulse must be t rans lated 

i n t o  the corresponding impulses FX and FY which are impulses tha t  must 

be exerted by TOM-B. This i s  necessary because a t  any p a r t i c u l a r  

moment, the body-centered coordinate system defined w i t h  respect t o  

TOM-B may not  be l i n e d  up w i t h  the f l o o r  coordinates. Once FX and FY 

are known, the i nd i v idua l  impulses FX1, FX2, FYl and F Y 2  t o  be exerted 

by the appropriate thrusters  must be determined. From these impulses, 

one can ca lcu late the f i r i n ?  times of these thrusters  since they can- 

not  be th ro t t l ed .  The f i r i n g  times are then su i tab l y  scaled, and the 

appropriate numbers loaded i n t o  the corresponding one-shot down 

counter. A con t ro l  s ignal  can then be sent t o  f i r e  the thrusters,  as 

shown i n  Figure 4. 

Appendix 3 shows the d e t a i l  de r i va t i on  of the th rus te r  con t ro l  

log ic .  Q u a l i t a t i v e l y ,  one can see tha t  these con t ro l  laws make sense. 

Take the simplest case i n  which CMD - X = CMD - Y = CMD - THETA = THETA = 0. 

This po r t i on  o f  the command s t r i n g  corresponds t o  a no move command. 

I f ,  a t  t h i s  p a r t i c u l a r  instant ,  TOM-B happens t o  be moving w i t h  a 

v e l o c i t y  Vox which i s  not  zero i n  X d i rec t i on ,  then equation [A-3-31 

would cause a reverse th rus t  t o  be developed t o  brake the vehicle. 

the other hand, i f  the v e l o c i t y  of the vehic le i s  also zero, then the 

same equation d i c ta tes  tha t  none of the thrusters  i s  t o  be f i r e d  i n  

order t o  remain a t  rest .  

Y = Y but  CMD - THETA i s  not  equal t o  THETA, and the vehic le i s  

cu r ren t l y  standing s t i l l ,  such a command demands a pure r o t a t i o n  about 

On 

For the s i t u a t i o n  i n  which CMD - X = X and CMD 
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Z axis wi thout t rans lat ion.  

CA-3-4j y i e l d  FX = FY = 0 which i s  exac t l y  what we want. 

t ion,  i t  i s  noted tha t  T, i s  now non-zero quanti ty, and from equation 

CS-3-63 we get: 

I n  th is case, equations [A-3-31 and 

I n  addi- 

I t  i s  easy t o  see tha t  the couple produced by FX1 and FY2 would be 

needed t o  produce the required r o t a t i o n  wi thout causing any t rans la-  

t i on .  

An i n t e r e s t i n g  property o f  p o s i t i o n  con t ro l  as used i n  the preseti t  

system i s  that  the on-board contro l  l og i c  i s  forever behind the com- 

mand. If we p l o t  the p o s i t i o n  versus time, the curve may resemble 

Figure 9. 

o r i e n t a t i o n  as speci f ied by the command st r ings,  whi le the s o l i d  curve 

represents the corresponding pos i t i on  arld o r i e n t a t i o n  of the vehicle. 

I n  most cases, the vehic le  attempts to  "catch up" w i t h  the command. 

When the desired p o s i t i o n  i s  f i n a l l y  reached, the vehic le may 

overshoot and would t r y  t o  correct  i t s e l f  i n  the next cycle. This 

" o s c i l l a t i n g "  e f f e c t  i s  expected because when the vehic le reaches a 

desired pos i t ion,  i t s  momentum causes i t  t o  overshoot. The con t ro l  

laws contaitis s u f f i c i e n t  log ics t o  c r i t i c a l l y  damp out t h i s  

o s c i l l a t i n g  e f fec t ,  but  one should not be surprised when i t  occurs. 

S i x e  the vehic le i s  qu i te  massive, and the t ' l ru' . iers can de l i ve r  a 

I n  t h i s  f igure,  the points  represent the p o s i t i o n  and 
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r e l a t i v e l y  small impulse, the osc i l l a to ry  e f fec t  may be so small that  

i t  may rlot be perceptible t o  the opera',or i n  the control  room. A per- 

son standing by the f l a t  floor may hear the thrusters being turned on 

and o f f  a number o f  times before the vehicle comes t o  a s tands t i l l .  

MV SIMULATION SYSTEM - -  ALGORITHM 
Since the on-board computer hardware i s  not yet  implemented i n  

TOM-6, the control  algorithm w i l l  be discussed i n  rather general 

terms. Hinor modifications are expected, depending on the f i n a l  hard- 

ware logic. 

discussed using flow diagrams, while the detai led log ic  wr i t ten  i n  

pseudocode w i l l  be presented i n  Appendix 4. 

combination o f  FORTRAN dnd MACRO-I1 w i l l  be used to  t ranslate the 

algorithm into tbe f i n a l  program. 

throughoo t . 

In t h i s  section, high level  control  logic w i l l  be 

It i s  ant ic ipated that a 

Top down design w i l l  be used 

The "main" program o f  the contro; log ic  i s  shoam i n  Figure 10. 

The i n i t i a l i z a t i o n  pr Iedure consists o f  the following steps: 

a) a rout ine i s  used t o  set up a schedule to  in te r rup t  the 

system ten times every second. The i r l terrupt service rout ine 

mi ts t :  

1 )  

2 )  

intercept the incoming command str ing,  

determine the present pos i t ion and or ientat ion o f  

TOM-B using the three- l ight  navigation system, 

get the buffers containing the accelerometer and 

gyro reading. Note that the positions f o r  '-he 

3) 
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other three axes ( Z ,  p i t c h  and r o l l )  w i l l  slso be 

determined by t h i s  service routine. 

Thus, updated information i s  always available i n  any 

given major cycle. 

Stat ic  quant i t ies  (such as physical dimensions o f  the vehicle 

which are not expected t o  change) are i n i t i a l i zed .  

A data f l l e  i s  open and accessed so that  dynamic quant i t ies 

(such as mass o f  fuel, number o f  thruster pa i rs  per side, 

thrust  that  w i  11 be developed by eaLh thruster, ca l ib ra t ion  

data, scale factors and so fo r th )  w i l l  be read. It i s  

decided that  t h i s  a more e f f i c i eh t  design, as the system may 

be subject t o  fur ther  modifications, or  tha t  the oxperimental 

set up may change (e.g. a d i f ferent  module maybe mounted), so 

that  the mass o f  the vehicle maybe d i f fe ren t ) .  Under t h i s  

circumstance, one needs only to  modify the data f i l e  o f f -  

l ine,  without having t o  modify and re-compile the en t i re  

software. 

A f t e r  the i n i t i a l i z a t i o n  phase, the balance o f  the main program 

involves intercept ing the comnand s t r ing  once every 0.1 second, and 

executing t h i s  comnand s t r i ng  u n t i l  a comnand t o  stop i s  encountered. 

When t h i s  happens, some housecleaning chores (such as turning o f f  a l l  

thrusters and the l i k e )  maybe carr ied out before the system shuts 

down. 

The processing of d major cycle i s  carr ied out i n  a procedure 
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cal led MAJOR, as shown i n  Figure 11. On entering t h i s  procedure, 

appropriate memory locations are accessed and the current pos i t ion and 

or ientat ion o f  TOM-B are determined. 

to  see f i r s t  i f  any thrusters need t o  be activated. A separate 

rout ine ca l led THRUSTER performs the necessary thruster logic. 

t h i s  sub-task i s  completed, the balance of the comnand s t r i ng  i s  then 

examined t o  see i f  i t  i s  necessary t o  move any o f  the stepping motors 

which control  the remaining axes (2, p i t c h  and r o l l ) .  

MOTOR performs the necessary stepping motor contro l  logic. A wai t ing 

procedure i s  implemented t o  place the processor i n  a dormant state 

u n t i l  the next comnand s t r i ng  i s  interceptod. 

The comnand s t r i ng  i s  examined 

When 

The procedure 

I t  i s  obvious t o  a shrewd reader tha t  a higher p r i o r i t y  i s  assigned 

to  thruster logic. 

the thruster hardware logic. As an appropriate number i s  placed i n  

the corresponding down counter and a control  signal i s  issued t o  f i r e  

a thruster, the hardware would commence f i r i n g  the thrust  and decre- 

ment the counter u n t i l  i t s  content i s  zero, at  which po in t  the 

thruster shuts down. During t h i s  interval ,  the processor can perform 

other tasks, and need not wait u n t i l  the f i r i n g  cycle i s  completed. 

For t h i s  reason alone, thruster log ic  i s  processed f i r s t  i n  procedure 

MAJOR . 

This i s  de l iberate ly  done because o f  the nature o f  

Figure 12 shows the system f low diagram of  the en t i re  logic. I t  

I t  i s  noted that the name of the control  program w i l l  be ca l led TOMB. 

not anticipated that any confusion with the vehicle w i l l  a r ise since 
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i n  one case, the name TOMB refers  t o  the control  software, while i n  

the other instance, the name TOM-6 refers to  the vehicle (hardware). 

It i s  noted that  the procedure SETUP, BANGX and MVMOTOR are not 

defined i n  the pseudocodk. These are machine language routines that 

cannot be completed u n t i l  the hardware logic i s  finished. 

It would be very useful t o  v e r i f y  the above a lgor i th r  using simu- 

Unfortunately, the shortage of t i m e  does not per- l a t i on  techniques. 

m i t  t h i s  t o  be carr ied out. 
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NASA UAH-ASEE SUHHER FACULTV PROQRAM 

P r e l i m i n a r y  R e p o r t  

William Teoh 

June 28, 1983 

The r e s u l t s  o f  a d i g i t a l  s i m u l a t i o n  s t u d i e s  (from J u n e  6 t o  
June 24, 1983) OQ t h e  TPIS 6ystenare p r e s e n t e d .  I t  is conc luded  
from t h e  s t u d i e s  t h a t  t h e  t h r u s t e r  control l a u  is more complex 
t h a n  necessa ry .  T h i s  s t e n s  from t h a t  Qact  t h a t  o 

a. t h e  u n s a t i s e a c t o r y  location of t h e  center o f  mass, and  
b. t h e  g : a d u a l  s h i f t  o f  c e n t e r  o f  mass as f u e l  is b e i n g  

dep 1 e t e d  . 
A minor m o d i f i c a t i o n  can  b e  made t o  t h e  bas i c  d e s i g n  t h a t  

uould c i r c u m v e n t  t h e  above  mentioned problems,  t h e r e b y  drast ical-  
l y  improving t h e  pe reo rmance  o f  t h e  v e h i c l e .  
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INTROOUCTION I 

The  TMS p h y s i c a l  s i m u l a t i o n  s y % t e m  c o n s i s t s  o f  a v e h i c l e  

f i t t e d  w i t h  a i r  b e a r i n g s  t h a t  e n a b l e  i t  t o  move w i t h  v e r y  l i t t l e  

f r i c t i o n  on a f l a t  floor. A mock-up m o d u l e  c a n  b e  mounted o n  t h f b  

v e h i c l e .  As t h i s  v e h i c l e  h a u  s i x  d e g r e e s  o f  flreedom, one c a n  

s i m u l a t e  t h e  va r ious  maneuvers of t h e  module  i n  s p a c e .  

Radio t e l e m e t r y  p r o v i d e s  t h e  o n l y  p h y s i c a l  l i n k  between t h e  

v e h i c l e  and  a h o s t  c o m p u t e r .  High l e v e l  commando c a n  b e  i s s u e d  

b y t h e  h o s t  coF:puter ,  a n d  t h e s e  command8 are  e x e c u t e d  b y  a n  on- 

board  microprocessor (POP 11/23! ? h e  p r e s e n t  p r o j e c t  i n v o l v e s  

t h e  d e v e l o p m e n t  09 t h e  n e e d e d  control  s o f t ~ a r e .  

Motion a l o n g  t h e  X a r d  Y d i r e c t i o n s  t u r n s  out t o  b e  t h e  more 

i n v o l v e d  por t ion  o f  t h e  p r o j e c t  d u e  t o  t h e  f a c t  t h a t  t h r u s t e r s  

are u s e d  t o  e f f e c t u a t e  such  m o t i o n .  Thus,  t h e  f i r s t  p o r t i o n  of 

t h i o  w o r k  concerns t h e  flevelopment o f  a p p r o p r i a t e  t h r u s t e r  con- 

t r o l  l o g i c .  

As t h e  h a r d w a r e  is n o t  y e t  r e a d y .  t h e  o n l y  p r a c t i c a l  way t o  

study v e h i c l e  d y n a m i c s  is d i g i t a l  s i m u l a t i o n .  A mathematical 

model o f  t h e  sys t em is c o n s t r u c t e d .  T h i s  p r o g r a m  is w i t t a n  i n  

PASCAL and t h e  s i m u l a t i o n  i o  ca r r i ed  o u t  on a n  I B M  P e r s o n a l  

Computer .  l h e  p r e s e n t  p r e l i m i n a r y  report  s u m m a r i s e s  t h e  r e s u l t  o f  

t h :i. s s i mu1 a t  i on. 

THRUSTER CONTROL LOQIC I 

F i g u r e  1 shows t h e  top v i e w  o f  t h e  TMS vehic le .  As can b e  

seen, t h e  center o f  mass (CO)  is a t  a p o i n t  22 i n c h e s  from t h e  

XXX-36 



I 
I -  0 ORIGINAL PAGE I$ 

OF POOR QUALllV 
0. 

0 
0 

e 
0 a 

0 e 
0 

*I I3 

* 054 

IO0 

90 

00 

70 

60 

5 0  

40 

30 

20  

( A )  

e 
0. 

- I 1 
40 80 

IO 

0 

T I M E  I N  M I L L I -  S E C O N D S  __* 

F I G U R E  2 
xxx-37 



f ront  O F  t h e  v e h i c l e  a l o n g  t h e  l o n g  axis, and  is not e q u i d i s t a h t  

from t h e  t h r u s t e r s .  

De ta i l  t h r u s t e r  control  l o g i c  has been d e r i v e d ,  a n d  t h e  

m a t h e m a t i c s  u i l l  b e  p r e s e n t e d  h e r e .  Suffice it h e r e  to s a y  t h a t  

w h e n  h i g h  l e v e l  commands (X,,, , Y,,, , 8w, 1 are  i n t e r c e p t e d ,  t h e  

c o r r e , p o n a i n g  t h r u s t  FX1, FX?, FY1 a n d  FY2 are  c a l c u l a t e d  t o  

0 

cause s u c h  a d e s i r e d  rno+:m. However,  t h e  t h r u s t e r s  on t h o  THS 

v e h i c l e  a r e  not t h r o t t l a b l e  ( I h o p e  t h e r e  is s u c h  a word ! ) ,  as 

e a c h  can exert a c o n s t a n t  t h r u s t  of 3 pounds.  7.ws. t h e  force 

information m u s t  b e  t r a n s l a t e d  i n t o  f i r i n g  times T X 1 ,  TX2, T Y 1  

a n d  TY2, r e s p e c t i v e l y .  From F i g u r e  1, o n e  can see t h a t  m o t i o n  

a l o n g  t h e  X d i r e c t i o n  is s t r a i g h t f o r w a r d .  Thus, t h e  rest of t h e  

d i s c u s s i o n  p e r t a i n s  t o  m o t i o n  a l o n g  t h e  V oi rec t ion .  

C o n s i d e r  t h e  s i m p l e  case  w h e r e  t h e  h i g h  l e v e l  command i,;O 

L b  - - 2 and  ecyb J: 0 is r e c e i v p d  from t h e  h o s t  c o m p u t e r .  I n  

s i m p l e  terms, t h i s  means t h a t  a p u r e  t r a n s l a t i o n  a l o n g  t h e  J 

d i r e c t i o n  w i t h o u t  r o t a t i o n  is r e q u i r e d .  S i n c e  the t h r u s t e r s  a r e  

not t h r o t t l a b l e ,  t h e  e n g i n e  FY1 m u s t  b e  f i r e d  l o n g e r  t h a n  F \ 2  k n  

o r d e r  t o  c a u s e  a n u l l  8 ,  . F i g u r e  2 s h o w  t h e  p o s i t i o n  ( Y ) ,  

v e l o c i t y  ( i )  a n d  acce lera t ion  of t h e  v e h i c l e  d u r i n g  a p e r i o d  

o f  DO m i l l i  s e c o n d s ,  from rest. Note t h a t  t h e  e n g i n e  FY1 is f i n d  

for a p e r i o d  of 24 m i l l i  s e c o n d s  w h i l e  FY2 is f i r e d  f o r  13 mi.Ili-- 

s e c o n d s  t o  a c h i e v e  a v e l o c i t y  o f  2.0 ft /sec.  O t h e r w i s e ,  t h e  

b e h a v i o u r  o f  t h e  v e h i c l e  is au e x p e c t e d .  

. 

b 

H w e v e r ,  when b o t h  e n g i n e s  are on, an u n b a l a n c e d  t o r q t e r  i s  

p r o d u c e d  ( b e c a u s e  oe t h e  p o s i t i o n  of t h e  CQ), c a u s i n g  a net 

m - 3 8  
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angular acceleration. In this work, me shall take on the notation 

that clockwise rotation is pmiitive. When FY2 stops, the remain- 

ing engine are able to reduce this angular velocity to zero, as 

demanded by the inroming command. This io demonstrated in Figure 

3 b) in the time interval 0 to 40 milli--seconds. It is noted, 

however, that during this period, the vehicle lpould have attained 

a non-zc-3 angular d'splaceaent, as shomn in a) of the same 

figure. At the end of 40 milli-seconds. although the vehicle is 

moving with speeds as specified by the incoming command, the 

attitude of the vehicle has been changpd by an amount equal to 

the angular displacement. To maintain the sane attitude, it is 

necessary to implement an after-burn. 

The after-burn to correct for the rotation is done by firing 

FX1 and FX2 in opposite directions to create a couple. Because of 

the position o f  the CG, this configuration can cause a rotation 

oithout translation. This after-burn 15 carried out after t = 40 

mi 11 i-secon, s. Here, we have arbi trari ly chosen the system res- 

ponse time to be 40 ailli-seconds, so that the cn-board processor 

can examine the state o f  the vehicle, as well as communicate with 

the host computer 25 times per second. As can be seen Prom the 

other 'alE o f  Figure 3, such after-burns are necessary to restore 

the original attitude. 

It must b e  pointed out that such complex control logic is 

needed solely because o f  the fact that the CG does not lie at the 

mid point between the corresponding thrusters. It must be pointed 

out that rnmr.g Cue1 is spent in ccrrecting the angular displace- 

ment than that needed to propel tte vehicle. The ratio turns out 

a x - 4 0  
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t o  b e  a p p r o x i m a t e l y  25/24. T h i s  extra e x p e n d i t u r e  of f u e l  s h o u l d  

b e  r e g a r d e d  as  u n a c c e p t a b l e ,  c o n s i d e r i n g  t h e  f a c t  t h a t  such 

a f t e r - b u r n s  can be t o t a l l y  e l i m i n a t e d .  

A f u r t h e r  flaw i n  t h e  c u r r e n t  d e s i g n  g i v e s  rise t o  a s e c o n d  

c o m p l i c a t i o n .  Referring t o  F i g u r e  4, it can b e  s e e n  t h a t  t h e  CG o f  

t h e  f u e l  r e s e r v o i r  ( a i r  t a n k s )  C p o i n t  01 are n o t  c o n p l a n a r  w i t h  

t h e  CG o f  t h e  v e h i c l e .  T h i s  means t h a t  as f u e l  is c o n t i n u o u s l y  

d e p l e t e d ,  t h e r e  is g r a d u a l  s h i f t  i n  t h e  CG o f  t h e  v e h i c l e .  A 

q u i c k  c a l c u l a t i o n  s h o w s  t h a t  i f  t h e  h a l f - l e n g t h  o f  t h e  c y l i n d e r  

is 20 i n c h e s ,  a n d  t h a t  it h o l d s  a b o u t  300 p o u n d s  o f  c o m p r e s s e d  

a i r ,  t h e n  t h e  CG o f  t h e  v e h i c l e  c a n  s h i f t  by as  much as  1 i n c h .  

W i t h o u t  c o m p e n s a t i n g  for  s u c h  a s h i f t ,  t h e  c u r r e n t  cont ro l  laws 

would c a u s e  a n  a v e r a g e  a n g u l a r  a c c e l e r a t i o n  o f  0.002 r a d / s e c / s e c .  

T h i s  may s e e n  i n s i g n i f i c a n t .  But c o n s i d e r  t h e  f o l l o u i n g  h y p o t h e -  

t i c a l  s i t u a t i o n  i n  whi ;h t h e  v e h i c l e  moves on a n  i n f i n i t e  f loor ,  

a n d  f u r t h e r  s u p p o s e  t h a t  t h e  f u e l  is t o t a l l y  d e p l e t e d  i n  10 

m i n u t e s .  U e  c a n  also a s s u m e  t h a t  t h e  e f i g i n e s  FY1 a n d  FY2 h a v e  

been o n  for  5 m i n u t e s .  T h e  v e h i c l e  would h a b e  r o t a t e d  43 c o m p l e t e  

revolu t ions  d u r i n g  t h i s  p e r i o d  d u e  t n  t h e  s h i f t  of center o f  mass 

alone! T h i s  c a l c u l a t i o n  is p r o b - b l y  u n r e a l i s t i c  i n  t h a t  w e  do n o t  

h a v e  an i n f i n i t e  f loor ,  b u t  it d o e s  h i t  home t h e  f a c t  t h a t  Ipe 

c a n n o t  i g n o r e  t h e  s h i f t  i n  t h e  c e n t e r  o f  mass. 

In summary, t h e  oefset o f  t h e  c e n t e r  c c  mass g i v e s  r ise to: 

I ro t a t ion  when p u r e  t r a n s l a t i o n  is n e e d e d  i n  the  Y 

d i r e c t i o n  

af t e v - b u r n s  a re  noeded  

XXX-42 
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s h i f t  ih center of mass also c a u s e  rotat ion w h i c h  must, 

a1c.o b e  c o m p e n s a t e d  for 

d r a s t i c  baste i n  f u e l  

complex  control l o g i c ,  a n d  

if e,,, C 0 t h e n  c c m p l i c a t e d  c a l c u l a t i o n  is n e e d e d  t o  

d e t e r m i n e  t h e  a m o u n t  of: a f t e r - b u r n .  

. 

RECOHHENOATION I 

The f o l l o w i n g  s i m p l e  m o d i f i c a t i o n  would s o l v e  b o t h  p r o b l e m s  

m e n t i o n e d  a b o v e  : 

1) S u f f i c i e n t  c o u n t e r  w e i g h t  can b e  p l a c e d  a t  t h e  rear e n d  of 

the v e h i c l e  s u c h  t h a t  t h e  cen ter  o f  mass o f  t h e  vehicle, 

w i t h  t h e  modu le  moun ted ,  is s h i Z t e d  t o  a p o i n t  P a s  shown 

i n  F i g u r e  5.  P o i n t  P is d i r e c t l y  ' a b o v e '  p o i n t  Q, t h e  cen ter  

o f  mass o f  t h e  a i r  c y l i n d e r .  U s i n g  the  d i m e n s i o n s  a v a i l a b l e ,  

t h i s  c o u n t e r  w e i g h t  H , i s  g i v e n  by: 

P I g  = ( 14 H,,+ 3 m  ) / 17 - PIb+, 

w h e r e  m is t h e  w e i g h t  o f  t h e  empty  v e h i c l e ,  

h i s  t h e  w e i g h t  of t h e  module,  a n d  

Mbat is t h e  w e i g h t  o f  t h e  b a t t e r y  p a c k .  

Us ing  r e a s o n a b l e  f i g u r e s  o f  m = 1500 ltls, PI,= 200 l b s  

and  t h e  w e i g h t  o f  t h e  b a t t e r y  p a c k  = 100 l b s ,  the c o u n t e r  

w e i g h t s  works o u t  t o  b e  380 l b s  which  is n o t  u n r e a s o n a b l e .  

2) move one p a i r  o f  t h r u s t e r s  t o  p o i n t  r so t h a t  t h e y  are  

s y m m e t r i c  a b o u t  t h e  new center  o f  mass P. 

W e  a d v a n t a g e s  O F  such minor m o d i f i c a t i m s  iire many: 

d r a s t i c  s a v i n g s  i r ,  f u e i  

much s i m p l e r  c o n t r o l  logic 



f l e x i b i l i t y  

The last p o i n t  is a n  i m p o r t a n t  one. One s h o u l d  n o t e  t h a t  

since t h e  CO a t  P no l o n g e r  s h i f t s  d u e  t o  f u e l  d e p l e t i o n ,  one can 

e a s i l y  r e - c a l c u l a t e  t h e  c o u n t e r  me igh to  mhenever a d i f f e r e n t  

nodule is mounted on t h e  v e h i c l e  rithout h a v i n q  modify kh= 

cont ro l  loaic .  T h i s  m a k e s  t h e  v e h i c l e  much more f l e x i b l e  i n  t h a t  

i t  can b e  e a s i l y  a d a p t e d  to h a n d l e  v a r i o u s  nodu les .  The control 

l o g i c  v i 1 1  b e  so s i m p l e  t h a t  i n t r i c a t e  maneuver o f  t h e  n o d u l e s  

( s u c h  as d o c k i n g )  can be  e x e c u t e d  w i t h  ease. 
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Referring to diagram A-2, the following r e l a t i o n s  h e l d :  

a = a  + a  
1 2 

and 

6 = B  + %  
1 2 

n + f3 = goo 
2 1 

e cos+ = - D 
s i n +  = 5 D 

From s i n e  rule, 

L C 
s i n ~  s i n a ,  
- = -  

Therefore,  e l i m i n a t i n g  c, w e  have:  

s i n ( $  - C Y  1 D s i n ( a  - a 1 
E L =  s i n 8  s i n ( a  + 8 )  1 

t h e r e f o r e  
D s i n $  s i n ( a  - a; )  = - s i n ( $  - a l )  E s h ( a  + B )  

1 = - sin(* -  CY^) 
IJ 

A-2- 1 

A-2 - 2 

A-2-3 

whe Ire 
p = -  II s i n ( a  + 6 )  

D s i n 8  
. 
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s inacosa  - e o s a s i n a l  = - s in$cosa l  - cos+s ina l  
1 P 

therefore 

cosal (psinu - s i n $ )  = s i n a l  (pcosa - cos$) 

there fore 
pcosa - cos+ 
psina - s i n +  total = - 

Squaring both sides and i n v s r t :  

pcosa - cos$ 2 - = 1 +  1 
s i n 2 a  psina - s i n $  

the re fore 

usina - s i n g  s i n a  = 

where 

t h e r e  fore 

A-2-4 

W e  can now c a l c u l a t e  the rest of the partia. l .  ang le s  using 
equat ions  A-2-1 through A-2-3 . 
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Figure A - 3  shows t h e  h y p o t h e t i c a l  p o s i t i o n  and o r i e n t a t i o n  of 
TOM-B when t h e  c u r r e n t  command s t r i n g  XCm, Ycm, eCMD i s  
about t o  be executed. 

F igure  A-3 

The p o s i t i o n  and o r i e n t a t i o n  of TOM-B i s  given by t h e  v e c t o r  
(x,  y, e )  determined from t h e  t r i - l i g h t  naviga t ion  system. Here 
0 is  t h e  o r i e n t a t i o n  o f  the  v e h i c l e .  The d e s i r e d  p o s i t i o n  and 
o r i e n t a t i o n  is dictated by the  command s t r i n g  (Xcml YCMD,eCMD) 

such t h a t  t h e  v e h i c l e  w i l l  be a t  t h i s  now p o s i t i o n  a t  tk.e 
end of t h e  c u r r e n t  major cyc le .  The r equ i r ed  impulse t o  
accomplish t h i s  i s  g i r s n  by 

!a-3- 1) 

are the  r equ i r ed  impulses a long  X and ,r irection x'  f y  where f 
i n  f l o o r  coord ina te s .  V i s  t h e  v e l o c i t y  of t h e  vehicle, also 
expressed i n  f l o o r  coord ina te s .  
are obta ined  2rom the acce lerometer  readings  V '  and V' us ing  
t h e  trapsformatim: 

OY 
I t  is noted t h a t  Vox and V 

X Y 
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and the  func t ion  

~(x,xcMD,vo)o = 

where 

- s i n  0 

cos e 
I 
! 

g is given by: 

T - 1  i f  x2 is non-negative 

- (A -3 -3 )  

- X )  
otherwise 

+ -vox 
a 

- X - VoxT) A2 = T* - (xcMD 
a 

Here, a is t h e  magnitude of t h e  a c c e l e r a t i o n  produced when one 
p a i r  of t h r u s t e r s  is fired simultaneously i n  t h e  same d i r e c t i o n ,  
and is approximately euua l  t o  0.1 ft/sec . T = 0 . 1  i s  the 
major period. Note t h a t  t h e  impulses fx and f 

re lz t !ye  t o  t h e  floor coord ina te s .  T o  determine the  a c t u a l  
impu 1 se s 
displacement ,  we can use  t h e  t ransformat ion:  

2 

are de f ined  
Y 

Fx, F t h a t  "M-B must e x e r t  t o  produce t h e  same 
Y 

s i n  e 

- s i n  e 

cos e 
(A- 3 - 1  ) 

where 8 is t h e  o r i e n t a t i o n  of t h e  v e h i c l e  as determined by 
t h e  t r i - l i g h t  nav iga t ion  system. Once t h e  impulses FY and F 

Y 
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Y2 
are known, then  t h e  i n d i v i d u a l  impulses Fxl, Fx2, Fyl and F 
t h a t  each t h r u s t e r  must produce can be calculate:. W e  s h a l l  
use the n o t a t i o n  as shown i n  the following f i g u r e  : 

wherever a nega t ive  q u a n t i t y  is encounter, td,  t h e  d i r e c t l y  op- 
posite t h r u s t e r  w i l l  be used i n s t e a d .  Obviously, we must have 
tbe r e l a t i o n :  

Fx2 + - 
Fx - Fxl  

Y2 
t F 

Y l  
F = F  
Y 

Note t h a t  the impulses  m u s t  be such t h a t  n o t  o n l y  must they  
produce t h e  r equ i r ed  diaplacernent,  b u t  must also produce t h e  
necessary  angular  d. ,splacement.  W e  can d e f i n e  t h e  i e q u i r e d  
to rque  Te by t h e  r e l a t i o n :  

(A- 3 - 5 ) 

where T is t h e  major period and Jzz is  t h e  p r i n c i p a l  rtoment 



of i n e r t i a  about B - axis of TOM-8. I t  is prudent to consider 
the following t w o  caes : 

Y case 1. F, < F 

In t h i s  case ,  w e  have: 

= Fy/2 + Te/ (2Ly) 
FY 1 

Y l  
- F 

Y 
F - - 

FY2 

i f  we define a quantity A F x  to be 

AF, - - (Te + (Fy2 - FYI) Ly) / (2Lx) 

then 
= Fx / 2 + AFx Fxl 

Fx2 
- - - 

FX Fxl  

(A-3-61 

Case 2 .  F, > F 
Y 

i n  t h i s  case, we can have 

= Fx / 2 + To / (2Lx) 
F X 1  

i f  we def ine  another quantity Ti such that: 

xxx-53 



= To + 

then, 

Y l  
= F  - F 

Y2 Y 
F 

(A- 3- 7 1 

R e m e m b e r ,  however, that these impulses must be converted i n t o  
the corresponding f i r i n g  times 
pec t ive ly  because the thrusters are n o t  throttlable. These can 
be accomplished using the formulae : 

Txl, Tx2, Tyl and Ty2, res- 

(A-3-8) 

for j = 1, 2, here, ma (mars times acce le ra t ion )  is t h e  
t h r u s t  developed by each th-zusters, I t  is remembered t h a t  
a negat ive T means t h a t  t h e  oppos i te  t h r u s t e r s  w i l l  be 
used. 

x j  
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C o n t r o l  Algorithm 

( F i r s t  Version) 
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Appendix L 

For  the algorithm listed in t h i s  appendix. the following common 
storage are used: 

Block label 

PHY S 

SMRC 

SNRBF 

N G C  

NVGBF 

DCC 

OCBF 

COWHAND 

POSTN 

C7R I E Y  

VEL 

ENGINES 

JET 

Var iablce  

HASS, 322. LX, LY. NUHTHR, THRUST, PIRAD. ACC 
HAJM! 

SNRSCAL (3). SNRBIAS 23) 

SENSR (3) 

WGSCAL 

BANG (31 

DSCAL 23) 

DCDR (3? 

DCHO ( 6 ) ,  CWD t b ) ,  FLAG 

POT (3). OPOT (3? 

POW 23). OPOW (3) 

UPOT (3). OUPOT (3. 

FTABL (161, SCALE 

COUNTER ( 16). STATUS 
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Functional description o f  the four machine level routines: 

I .  Proc,oduve SETUP 
This procedure must set up a s c h e d u l e  t o  interrupt the 
svstem once every 0.1 seconds. The interrupt service routinc 
alus t : 
a )  move command string from TI 990 into a buffer c a l l e d  

b ?  must read t h e  two accelerator and gyro reading and 

c ;  collect reading from the tri-iight navigation s y c t e s .  

d l  read optical encoder reading and place them in  OCDR. 

e) p l s c e  a zero in FLAG in b l o c k  COHHAND to shou t h a t  a 

DCHD. 

places them into SENSR. 

and place the three angles in BANG (1-3) 

and 

cootrand has been intercepted. 

2. Procedure BANGX must send out a control signal to a13 
thrusters to f i r e .  

; 3-  Prscedure ~UHOTR writes DCRDC1-3) to channels 1-3 o f  I)/A 
c on *,-e r t e r . 

i4. Procedure X H I T  ( X .  Y .  THETA. 2, PITCH, R O L L )  transmits the 
current position and orientation to TI 990 so that they ma\- 
be broadcast  to the control room. 
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{main program3 

call- INIT 
c a l l  FIRETHH ( 0 ,  0 ,  0 ,  0 )  
while C M D ( 1 )  3 -999.0 d o  

!process o n e  major cycle3 

c-au MAJOR 
c a l l  WAIT 

end while 
ca_l_.\ FIRETHM ( 0 ,  0 ;  0 ,  0 )  
*?E 
end (TON-e' 

€this p r o c e d u r e  initializes the system3 
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':trtrlismit current position and orientation to TI 9903 

cd.1- XMIT ( X ,  Y .  THETA, 2, P. R!  
wh _L- i le FLAG 2. 3 d o  

erd e!!!&._!!? 
veturn 

{wait unkil next command string is intercepted) 

CnA CWHITI 

--- s tar t  * ?iAJOR? 

{thin procedure processes a major cvc le3  

r - u  CHDFIX 
c a l l  POSITION 
FLAG :-- 1 

{find ol-lt if w e  have t o  move anvthing3 

~ ~ 1 2 . .  DECISION !FIRE$ 
-.. if FIRE - F I R E / l O  = 1 

~IIIJ c a l l  THRUSTER 
&+' 

1 f  FIRE - 10 * (FIRE .I 10) = 1 

! t h i s  procedure interprets the  command string) 

globa.1 PHVS,. COMMANO 
d_o Y 7 1 to e. 

i f  1( = 1 3-r, C '= 2 qr K = 4 
thcx 

' IMD(K) "-- CMD!K) + F'L.OAlIDc'MD(K 1 ? ,' 12000.0 

xxx-59 



ORIGINAL PAOE 18 
OF POOR QUALITY 

start (POSITION! 

C t h i s  procedure saves the o l d  position and orientation 
then calls other procedures to f i n d  the new position 
orientation and velocity3 

g l o b a l  POSTN. ORIEN, VEL 
& K  = 1 t o 3  

OPOTtK) <:e- POT(K I 

OPOH(K) <:-- POtl(K) 
OUPOT ( K  <:-- UPOT (K 1 

end 9 
call POST 
tall POSH 
call SPEEOT 
return 
end (POSITION) 

start ( POST > 
Cthis procedure determines the  vehicle position 
and orientation, and  places the information in 
P O T < l - 3 )  using the three light natsigation system) 

@ibh NUGC, NVGBF, POSTN 
call CONVC. 
P I  .: -- 355.0 ./ 113.0 
P S I  .::.-- ATAN ( 0 . 5 )  

80.0 L .:; -- 
w <'. - 40.0 
ALPHCI <:-- BANG 2 ) 
BETA <I-- BCING(3) 
GAMMA .::--. BANG( 1) 
D .!--- SQRT(L*L + W * W '  
RHO 
DNQ 
ALPtiAl -:-- ASIN ( (  RHO * SIN(ALPHA) - S I N  ( P S I ) )  / DENO) 

POT i 1 .:.:-- L - A it COS(ALPHA1) 
P 0 T ( 2 ) (' - - A * SIN(ALPHA1) 
'r H . - _. G4HMA + ALPHA1 + P1/2.0 
P O T ( 3 )  <:-- 2.0 * P I  - TH 
r3!.$.KJ! 
e& (POST) 

<.- - -. L * SIN(ALPH4 + BETA) / ( D  * SIN(BETA))  
SQRT(1 4 RHO * RHO - 2.0 * RHO * COS*ALPHA -. PSI) : r  .L -- 

<:-- W * (RHO - COS(ALPHA + PSI))/(@ENO * SIN(ALPHA)*-  
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{ t h i s  p r o c e d u r e  d e t e r m i n e s  t h e  p o s i t i o n  o f  
A, PITCH a n d  ROLL and p l a c e  t h e m  i n  P@MI1-3)? 

OF POOR QUALlW 

-. ,:tart . -.. -- CSPEEDT) 

i t h i s  p r o c e d u r e  r e a d s  t h e  accelerometers a n d  gyro, 
ca l cu la tes  t h e  c u r r e n t  v e l o c i t y  and rate o f  r o t a t i o n  
. jnd p l a c e s  t h e  i n f o r m a t i o n  i n  U P O T ( 1 - 3 ) )  

fiobaJ SNRC, SNRBF, UEL 
t do K = 1 Lo. 7 

t e n !  do 
t v e t u r n  
' e n d  f .--.- 

VPQT ( K  1 .::-- ;SENSOR(K) - SNRBIAS(K))  * SNRSCAL.E/Ki 

f SPEED F j 

! s t a r t  -.-. iDECIS1OMi !F IRE)  

; E t h i c ,  p r o c e d u r e  c o m p a r e s  t h e  c u r r e n t  p c j s i t i o n  a n d  
: o r i e n t a t i o n  w i t h  the d e s i r e d  p o s i t i o n  and o r i e n t a t r a n  
:and d e t e r m i n e  i f  any t h r u s t e r s  or motors n e e d  to 
' b e  a c t i v a t e d )  
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€ t h i s  procedure handles thruster log ic3  

g&&aJ- COMMAND, POSTN, VEL, PHYS 
THETA .::-- POT(3) 
i 
S e:. - - e:-- COS(THETA) 

SIN(THETA? 

CtranForm v e l o c i t y  vector t o  floor coordinates) 

Cca l c  u 1 a t e  required impulses 3 

FFY .:.:-- T2  * THRUSl 

€transform impulses t o  TOM-B coordinates) 

FFY * C - FFX * S FX .:: - - 
Fy .:.;-- FFY * S + FFX * C 

CcAlculate individual thruster impulses3 
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-I start,  ... . ._. j.LCHK) (F! 

i t h i c  procedure  makes sure t h a t  t h e  r e q u i r e d  i m p u l s e  
do not exceed t h e  maximum t h r u s t  t h a t  can b e  deveLapedl  

i ;ta-r$ ! ’ F I R E T H M )  CFXi. FX2, F Y l  FY28 

. ithis p i - o c e d w e  c a l c u l a l e s  t h e  required f i r i n g  times 
;and number of t h r u s t e r s  t o  be used a n d  w h i c h  thrus te l , :  
fFo b e  used, and  s t o r e s  the f i r i n g  time i n  t h e  f i r i n g  
; t a h l e  F‘T81.3 
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Cdetermine which thruster t o  f i re l  

a K - l t p 4  
TIME <-- TEHP(K) / THRUST 
JDX e:-- K 
Lfa TIME *:: 0 

tJhAn- 3 OX .:: - - K + 4  
TIHE <:-- ABS ( TIME ) 

@!!A 1.f - -  i f  TIHE MAJOR 
t_h,e_?L 

N N  <;- -. TIME / MAJOR 
N ..:-- MIN (NN. NUMTHR'. 

i t h i s  procedure makes sure that  t h e  f i r i n g  times 
are ident ica l  i f  t h e  thrusts are t h e  same3 

0.001 p R E [ .:': -. -. 
kf" ABSO(X - Y )  .< PREC 

g,I&??n, Y i- - .* 
grid. if? 
rS%-!.c!!.. 
C d .  (SVM' 

-.. s t a r t  ""........".. (BANG) (MAXENO) 

€ t h i s  procedure takes the information from t h e  f i r i n g  table  
and converts them into ahsoluta counts t o  b e  loaded into 
the down covnters o f  each thruster) 
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.--- s t a r t  <MOTOR 1 

[ t h i s  procedure moves t h e  individual. DC motors) 

~ & b ~ g l -  COMMAND, DCC, DCBF, OR IEN 
Q s K S l h 3  

0 e:: - - C M R ( K + 3 j  - POM(K) 
-.-. i f  ABS(D) ::. 0.00001 

than-  DCRD(K1 e:--  D J(. DSCALE(K) m. DCRD(K) e:---  #. # 
end if 

XXX-65 



MSFC oanterpart: 

Date: 

Cantract Nod 

Haterials and pmtesaing 

Nonmetallic Haterials 

Analytical and m c a i  
Chemistry 
Dr. J d n  Go Austin Sr. 

XXXI 



ShrBies involving the thermal detoclpoution of materials related to the 

National Space Exploration Program is of major amcem in this laboratory, T ~ J S  ow 
efforts have been directed taward interfacing an LSI 11 bus of a PDP 11/23 desktop 

conputer with a qu8thqmle mass spectrometer for the purpose of providing a 
convardent system &weby mass spectral data, of the produrts of thermal 
detoapogitian, may be rapidly acquired and processed undw pmgrammed conditions 

The versatility and oparatiars of the quadnrpole mass spectrometer are 
&mibed as well a9 theproEadure for cmfigwating the LSI I 1  bus of the PDP 11/23 

desktop computer for interfacing with the quadrupole mass spectrometer system, 

Data from the mass filter and other vrits of the spectrometer are digtally 
transferred to the camputw whereup#r mass spectral date and related data are 
generated* 
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The use of interactive mirrcxomputera to facilitate instrument control, data 
acquisitim and processing has bxome cammanplace in the last several years. The 

comprter/inatrwnent relatiarehip extends the capabdity of the scientific instnrment, 
making it passiblo to perform experimental operotiars that would be difficult or time 
corwmng under manual controle 

While the quadrupole mass spectrometericomputer relatiomhip is not as 
common as similar relationships ammg more conventiaral ma55 spectrornetet.5, there 
are many instances where computer control of quadrupole mass spectmmeters have 

been succesefully amwnplished, wme of which arc listed in the reference d o n  

(1-3. 

In this study is discussed the interfacing of an LSI-I I bus of a PDP 11/23 

desktap cunputer with a Balm qwdqde mass spectrometer (QMG 511) and the 

advantages derived therefrom. Initially the OHG 51 f was adapted for interfacing with 

the udkk of the WP I 1  minimmpvter, '&s i t  was necessary to change the 

ccmfiguratim of the line transceiver (LT 511) 50 that transistor-transistor logic 
(TT2.I auld be coMletted to the proper output Rllfent to the buffer of the 
spectranetere 

RablWS Were ds0 eKMtered with bDme incompatibilities bet- the 
FORTRAN IV and the extended version of FORTFUN IV, written especially for the the 
QMG 51 I system These problems dealt mainly with missing modules and b need for 
reronstructing the FORTRAN libraries, 

Even without computer controlt the quadrqmle system offers certain 
advantages, not normally fomd in conventional mass spectrometers* For imtance, 
mass scorn are much faster, ranging on the order of milliseconds; quadrqde systems 
are usually mwe stable at hisher pressures and the nature of the quadrupole mass 

filter makes i t  easy to Mniter ion% of a desired m/e value, 
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The lmqer ranqe goal of coupling the ON0 Sll/computer system to a 
therme!sdyzer will make possible the rapid acquisitim and processing of ma55 

spectral data relating to thermalanalytical decompositim of nonmetallic materials 
involved in the National Space Explwaticm Program. Such a system would also 
proJde a means of automaticdly setting and reading the parameter of the 

spectmmeter for optimization and measurement in a mclosed loop" aperation, In 
addition the system should provide ancillary data such as ion intensities, 
conrentration measurements, mass scans, accurate isotopic abundaxes and ion 
monitoring capabilities. 
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The objective of this project i s  to provide a ma55 spectrometerkunputer 

system wherby mass spectral data c a n  be readily acquired and processed and the 

parameters of the instrument automatically set and read under programmed 

conditions. This objective i s  a precusor to longer range intentions which involve 

coupling the spectrometer/computer system to a thermalanalyzer in order to 

investigate the products of thermal decomposition of materials related to the 

National Space Exploration Program, 
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Operating Principle 

The quadrupole mass spectrometer i s  characterized by a nonmagnetic mass 

filtsr, which i s  composed of four solid rod5, arranged symmetrically along the 

direction cf ion flow ( Figure 1 1, To the quadrupole rods are applied both a 

radiofrequency (RFI and a direct current voltage (DCh 

Figure 1, Schematic of the Quadrupole Mass Filter, Showing the Oscillations of the 

Positive Ions* From: Weller, G,R, ( Editor 1 Biocbnical APPlications of Hass 

SPectrometrb Wiley Interscience, New York, 1972, 

Once the positive ions are accelerated into the quadrupole field, they 

experience the influence of the applied radiofrequency and direct current, Depending 

upon the RF/DC ratio and the m/e values, the ions w i l l  acquire either a stable or 
unstable oscillation as they attempt to transverse the quadrupole field, Ions having 

a stable oscillation will successfully transverse the field and strike the detector, 
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while ions with unstable oscillations will collide with the quadrupole rods and go 
undetected. Thus by changing the RF/DC ratio, it 15 possible to preuent certiin ions 
from passing through the quadrupole field, making selective ion mi t e r ing  and single 
peak mmitering (fragmentography) possible* 

Quadrupole mass spectral data are produced on a linear gale with equal 
spacing between ion masses, This feature facilitates recognition of the ma55 scale, 
even without a mass marker. 

The mas5 range achieved with the quadrupole mas5 spectrometer depends upon 
the energy of the radiofrequency applied to the quadrupole rods, In same of the 
newer instruments, the output of the RF-generator is sufficient to allow scans up to 
10,OOO mass units 

In most quadrupole mas5 spectrometers, the DC voltage and the radiofrequency 
can be rapidly changed while maintaining stable conditions throughout the ma55 
region, a feature ideally suited for computer interfacing, 
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BOFTUARE DESCRIPTION 

The software used to control, moniter and collect dati irom the OMG 51 1 i s  an 

extension of FORTRAN IV,  appropriately called QMG FORTRAN, I t  consists of a 

number of controlling, monitering, utility and data acquisition subroutines and source 

programs, which completely support the QMG 911, All subroutines are inbgrated 

within a library module ( called QFLIB 1 to be accessed when required by the user 

program, Access to the appropriate subroutine i s  initiated by call statmcntst wi th  

subsequent return to the calling program, The sequence of operatiom necessary to 

control, monitor and collect data is  acheived by joining the appropriate subroutine 

call, Data i s  transferred to and from a subroutine by arguments, Some of the features 

of O M 0  FORTRAN may be summarized a5 follows: 

1, All parameters of the mass spectrometer are completely 

set and read by computer* This allows for optimization and 

measurement in a “closed loop” operatiom 

2, The console of the QHG 511 may be set manually or by 

computer, 

3, QNG FORTRAN cal l  and statements arE easy to 

understand, even by pereons lacking FORTRAN programming 

experience, 

4, fhe QMG FORTRAN library modules may be extended by 

adding new assembler or FORTRAN routines, 

5, FORTRAN IV wpports a number of DEC peripherals such a5 

LPS-11 ( laboratory peripheral system w i th  A/D converter, 

real time clock and digital I/O interface 1 and the graphic 

display processor ( OT 44 1, 
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6, Time division multiplexing offers for the simultaneous 
operation of as many a s  eight similar quadrupole mass 

spectrometers, 
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D M I P T i O N  OF l7f6 aW0 51 I SYSTEM 

The Balzer QMG 511 system consists of a combination of several intergrated 
units, including an analyzer, a control unit, an electrometer amplifier, a 

radiofrequency generator and a data recording device A general description of the 

system is shown in Figures 2 and 3, 

I€ 

Figure 2, Schematic of the QMG 51 1 Quadrupole Mass Spectrometer System, 

The mass a - :per  itself consists of an ion swrce, the quadrupole mass filter 
and a secondary electron multiplier ( SEM 1 as the ion detector, 

The combined units in Figure 3, comprise the QMG 511 system (computer not 
included 1. A short description of some of the mapr units follows: 

The QMG SI1 quadrupole maas spectrometer system is manufactured by Ealrer 
Aktiengewllschaft fur Hochvekurmiechnik urd Dunne Schichten F L - W 6  Belzer, 
Principality of Liechtenstein, Tire USA Sales office is  located in Hudson, New 
Kampshlre. 

i 
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L 

1 P 

a 
H 

- I 
Figure 3, Block Diagram of the QudfJrqmle Nass Spectrometer System i QhG 51 I 1 

This is the information channel shared by all plug-in units. Assigmmt of 
urpp)y voltage to the other units is determined by the spectrabus. 

This unit generates and stqplies staYized voltage to all other units requiring 
this need. 

This unit converts unstablized voltage into stablized +5V for all digital 
circuits, 

The Cmtmiler 

The unit controls the transfer of information between the other units, It also 
furnishes the programmatle "clock" for mass scans and the mas5 marker. 
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This u6t tmtmls the mass scan as well a s  the resolution of the RF-stage, 

The waking carditions of the mass scan, and RF-stage are determined by messages 
to this urit. 

This is an Wog-digital corwerter that measures electrometer output, 
emission current and im - voltage. The respective values from this unit are 
fumidrad to the Spettrabus. 

This unit autoMticaUy selects the range of the electrometer amplifier and 

@cks rrp its wtput signal for transfer to the voltmeter via the spertrabus. 

Ian soua 

The ion sources tarrsistts of the emisssion current dich feeds the filament. 

Thmuqh the con501e, it is possible to adjust all fmt imal  parameters which 

are digitized and transmitted to the other units via the spectrakn. Data such as 

voltmeter output, mass numbere etc., are received by the console and displayed in a 
digital farhion. 

In this unit, the Mgh voltage requirements necessary for the secondary 
electron multipler ( SEM ) is generated and controlled. 

XXXJ - 10 



lhs unit converts the small current from the SEM or Faraday detector into 

analog voltage, 

Here the RF and DC voltage necessary for the Quadrupole mas5 filter E 

generated. This mit draws i t s  voltage from the control unit. 

The buffer BF 511 is the interface between the the spectrometer and the 
computer, Information is digitally transferred to the buffer from the variws units of 

the spectrometer. This information is provided to the computer and vice versa through 

an asynchronous dialogw6 A l l  controls and settings of the QMG 511 are accessible 

through the buffer. 

This i s  a fast digital processor, I t  takes information on intewities and msss 
numbers and evaluates it for peak maxima and corresponding mass Mlm$er5. 
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A PDP 11/23 desktop computer using the RT 11 operating system serves a s  the 
main controller for the quadrupole system, The computer, which is manufactured by 

Digital Equiament Company ( DEC 3, has ZS6 k bytes of random access memory ( RAM 1, 
dual 8 1/4 inch floppy disk drives, a high resolution VT 103 video display, a display 
terminal controller and a detachable keyboard. 

All real time operatiom are initiated by keyboard entries, which in turn 
initiates operating commands to the data system of the spectrometersr This results 
in the necessary output for instrument control and data transferr 

The FORTRAN I V  and QMG FORTRAN software control the 110 operations using 
print and write statementst These statements transfer alphanumeric wtpt to the VT 

103 or to the printer through a standard EIA RS 23X interface, Through keyboard 
operatiam, the user i s  able to access various FORTFUN source programs and 
subroutines that will perform the following operations. 

1, Automatically read the first mass and prints its value to 
the printer and also &sequent masses d e r  the same or 
different operating conditions, 

2, Start ma55 scans at a mass number and mass range 
predetermined by the usert 

3, Automa+icaUy command the digital voltmeter and ion source 
wltage to transfer its data to the buffer for later retrieval 
and proresslngr 

4t Autunatically initializes the BF buffer ard set the console 
parameters, 

5, Automatically send incrmntinq mass numbers to the QMG 

51 1, 
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6. Automatically wt and read twenty two variable parameters 
of the OMG 511 for optimum operating conditions. These 

parameters are listed in Table 1. 

Table 1. The Parameters of the QMG 51 1 Automatically Set and Read, 

I 
2 

3 
4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

n 

Parametey. 
Ha55 Numbers 
Fraction 
Scan Width 
Re5olution 
SEM Voltage 

Scan speed 

Single/Mwral/Repea t 
Integral/Spec t rum 
RF W O f f  

Electrometer Range 
Polarity 
Magnifier 
Filter 
SEM Switch 
Filameter Switch W O f f  

Normal/Degas 
Electron Energy 
Display 
Auto Control C h a m 1  
Auto Control/Opei atim 
Autocontrol W O f f  
Autocontrol Set/Not Set 
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7. Has5 scans may be obtained between a set mass range and 
hard copies provided as shown in Table 2. 

table 2. An Example of the Mass Number and Intensity Printout From the (WG 

51 l/cOmpUtei System. Note: These rewlts were Cbtained uing a 'clean' mass filter. 
a s  a result, they do not tepresent an a c t a  saraple, 

NR 

1 
2 
3 
4 
5 
4 
7 

9 
10 
11 
12 
13 
14 
1s 
16 
17 
18 
19 
20 
I 1  
22 
23 
24 
25 
26 
27 

29 
30 
31 
32 
3s 
34 
3s 
34 
37 
58 
39 
40 

a 

2a 

nnss NUMBER 

0.00 
0.08 
0.20 
0.33 
0.39 
0.s2 
0.64 
0.77 
0.89 
1.02 
1.14 
1.27 
1.39 
1.4s 
1 .sa 
1.70 

1.9s 
2.08 
2.20 
2.33 
2.39 
2 3 2  
2.64 
2.77 
2.09 
3-05 
3.14 
3.27 
3.33 
3.4s 
3.58 
3.70 
3.83 
3.- 
4.08 
4.20 
4.33 
4.4s 
4.58 

1.83 

INTENS I 1 Y 

-0.2lbE-08 
-0.224E-OB 
-0.12BE-08 
-0.23X-OB 
-0.24oE-06 
-0.24oE-09 
-0.24oE-08 
-0.24oE-oB 
-0.232E-W 
-0.22eE-08 
-0.224E-08 
-0.224E-OB 
-0.22oE-08 
-0 .m-OB 
-0.22oE-06 
-G.224€-08 
-0.252E-08 
-0.232E-oB 

-0.24OE-08 
-0.236E-08 
-0.2sM-08 
-0.23s-OB 
-0.22sE-08 
-0.224E-08 
-0.224E-08 
-0.22oE-08 
-0.22oE-08 
-0.220€-oB 
-0.224E-08 
- 0 * 2 ~ - 0 8  
-0.Z32E-08 
-0.256E-oB 
-0 2406-00 

-0.240E-08 
-0 23s-08 
-0. nBE-08 
-0.224E-OB 
-0.224E-OB 

-0.236~-ca 

-0. ~ O E - O ~  

In general, the PDP 11/23  is capable of initializing all variable parameters. It 
also stores and transmits data at rates up to 44 k words p z  second. 

W i t h  the spectrometer off line, the user may bypass computer automation fully 

and use the manual mode. 
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Cmputer mtrol  of the spectmmeter enables the user to acquire spectral data 

by two modes: (1) data aquisitian with buffering, and (2) intermediate mode. In the 

intermediate mode, data from the QWG buffer are converted directly from the internal 

data format into floating point notation. This data is available to the user in the 

FORTRAN program innrediately for additional processing. In the .data acquisitim 

wi th  buffering modemr the data is stored directly in a predefined data field withart 
ccwersim. An appraQriate processing rautine beiongs to ea& data acquisitim mode 

which provides data readout and floating point conversion. 
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.As previously indicated, the design of the BF buffer permits intwfaciy with 

the PDP 11/23 computer; the buffer prwideJ for an easy asyKhrannls dialogue 
between the the QMG SI1 over a defined data pathD All operations of the 
spectrometer ( except power 1 are accessible thraugh the buffer. Data produced oy the 
spectrometer are stored in the buffer and available as output, This concept permils a 

"closed loop" operatim which is unique in mass spectrometry. 

Data transfer baween the hffer  and the computer occur5 on a high speed 

balanced line transmission system ~ W I  consists of a general purpowi 16 bit parallel 
line interface ( DRV-11 1 and an LT 51 I line transceiver. "be lattcr is a pc board 
containing the electrical circuits necessary for converting transistor-transistor logic 
signals ( "L 1 to constant output current #I the twisted pair lines leading to the 
buffer and vica versa. 

The hardware of the LT SI 1 was initially designed for the unibus of the PDP I 1  

miniccmputer. Thus, it became necessary to adapt the pin assignment on the LT 51 1 

board 50 that cornpatability with the PDP 11/23 could be acheived, This involved 
dixmnecting the priority iumper for the unibus and canating the iwnpers for the 
LSI 1 I bus. Examples of the juqers  for the LSI 11 and unibus is shown in Figure 4, 

oaz 
AM1 Q 

az -0 
i OR? 

-1 i- .--- 

4 
: burr 

.Iw 

LSI I 1  Bus Unibus 

Figure 4 Diagram of the Priority Jumpers for the LSI I I and Unibus. 
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Once the appropriate jumper had been set, i t  became necessary to interface the 
DRV 11 ( manufactured by Digital Equipment 1 and the LT 511 ( manufactured by 
Balzer 1, The DRV 11 is  a necessary interface component for connecting parallel TTL 
logic devices to the LSI 11 bus, It also permits program controlled data transfer a t  
rates up to 44 k words per second, and also provides for LSI 11 bus interface and 
control logic for interrupt processing and vector generation, Data is  handled by a 16 

diode-clamped input lines and 16 latched output lines, Device address is 

user-assigned and controlistatus registers ( CRS 1 and data registers are compa t i b  le 
with PDF 11 software routines, Interfacing of the two components proceeded a5 
dexribed by Figure 5, 

DRV 

LT 511 

to Ef 511 buffer 

Figure 5, Interface Connections Between the LT 51 1 and the DRV 11 

The cable connecting the LT 51 1 and the DRV 11 took up one slot in the LSI 1 1  

bus caget Therefore, it was necessary to it ert an extender board in the slot 
reserved for the LT 511 and then insert the LT 511 into the extender board, This 
arrangement resulted in the LT 51 1 protruding beyond the backplane of the computer; 
however, the arrangement resulted in no apparent operating problems, With the LT 
51 1 and DRV 11 in place and connecting made to the BF 51 1 buffer ( Figure 5 1, 

configuration of the LSI bus was completed with ell bus slots occupied as shown in 
Figure 6, 
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SLOT 
1 

2 

3 

4 

ROW 

ORIGINAL PAGE 
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POWER HARNESS 
A, CONNECTOR - 

~ __ n lnrl la a e w 

51 o 22TERYINAL  CONTROLLER^ 0 I 

Figure 6. The Configurated l.9 Bus of the PDP 11/23 Computer 
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RESOLWIOW OF XWTWARE PROBLEXS 
The case of the missing global 

In an attempt to compile and link certain of the OM0 FORTRAN source 

programs, the following error message was cmsistly displayed on the CRT: 

Link-W-undefined global 

SA1 S I P  

This message indicated that the SA1 B IP global ( value 1 was missing from the 

FORTRAN library module provided with the RT 11 operating system furnished by DECD 

The global was fwnd in the library module of a newer version ot the RT 11 system, 

Several attempts to extract the missing global and place i t  in the " orginal l i t rary 

module" proved u n ~ ~ ~ c e s s f u l ~  As a result, i t  was decided to approach the problem in a 

circuitous manner by taking the library module containing the missing global and 

constructing another library module, called XLIB, I t  wa5 necessary to give the library 

a name different from the me i t  wa5 created fromD Otherwise, there would have been 

two library modules with the same name, wi th  only me containing the missing module, 
This would have made linking of the source program unpredictable, 

As a result of the additional library module, i t  became necessary to link the 

source programs and subroutines wi th  four library modules in order to obtain a 

runnable program: the QMG FORTRAN library ( called QFLIB 1: the newly created 

library ( called XLIB 1, and the standard SYSLIB and FORLIB FORTRAN I V  libraries, 
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Configuration of the LSI 1 I bus of the PDP 11/23 desktop computer has been 
completed, Coqwter/spectrometer interfacing has been accomplished and computer 
dialogue is now possible. 

The versatility of the system enables the user to rapidly acquire and process 
mass spectral data under programming conditions and under a “closed loop” aperation, 
unique to mass spectrometry, Specifically, the buffer of the QHG 511 can now be 

initialized automatically and twenty two variable parameters of the spectrometer set 
and read in less that a second, 

Mass scans over a desired range is also made p s i b l e  and the ma55 numbers 
and correspondjng intensities obtained as hard copies, 

Selected im mmitering is also possible and standard console functions can 
automatically set and read, In the off lim position, the spectrometer may be 

operated under complete manual cmtrol, 

I t  remains for the spectrometer/computer system to be coupled to the thermal 
analyzer, It i s  recommended that this final operation be undertaken and possibly, a 
recorder should also be connected to the system so that a visual picture of the data ( 

a bar chart of mass numbers verses 5 ahmelances 1 could be obtainad, 
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STIFFNESS PROPERTIES FOR DYNAMIC MODELING OF 
COMPOSITE GRAPHITE-EPOXY CYLINDRICAL ORTHOTROPIC SHELLS 

BY 

R. Noel Tolbert 
Associate Professor of Civil Engineering 

Tennessee Technological University 
Cookeville, Tennnessee 

ABSTRACT 

Traditional composite lamination theory was used to 
predict composite graphite-epoxy laminate stiffnesses for 
comparison to quasi-experimental stiffnesses developed from 
cylindrical bottle pressure testing, 

Stiffness sensitivities were examined for variations 
in constituent materials and geometric properties. The 
material component interactions examined were the fiber 
lonuitudinal and transverse Young's modulus, the fiber 
shear modcrlus and primary Poisson's ratio, the resin 
Young's modulus, shear modulus, and Poisson's ratio. The 
geometric variation of the helical winding angle was also 
examined. 

Two computer programs were written to generate the data 
used to demonstrate the stiffness variations. 
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INTRODUCTION 

Experimental testing of a reduced-scale test article is often 
used to predict behavior for the full-scale structure for obvious 
reasons of economy, speed, and availability of adequate test 
facilities, The need for mathematical models to accurately predict 
structural behavior is an integral part of such a test program. 
NASA is currently conducting such a prouram for epoxy-graphite, 
filament-wound, solid rocket motor cases. A lack of agreement 
when comparing dynamic responses as measured in experimental testing 
to values calculated from computer analysis suggested the need for 
a thorough examination of methods used to predict laminate stiff- 
ness properties. Additionally, a study was needed to determine 
the sensitivity of both the micromechanical and macromechanical 
properties as related tc the laminated cylinder extensional and 
bending properties. 

OBJECTIVES 

The objectives of this study were as follows: (1) to select 
appropriate mathematical, micromechanical models for calculating 
the plane stress elastic constants for a graphite-epoxy lamina, 
(2) to develop a mathematical macromechanical model for a filament- 
wound cylinder that would calculate the extensional, coupling, 
and bending stiffness matrices, and finally (3) to determine the 
sensitivity of both the micromechanical and macromechanical properties 
as related to the laminated cylinder extensional and bending stiffness 
properties. 
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MICROMECHANICS 

Introduction 

Based on Hooke's law for an orthotropic material subjected 
to a general state of stress, nine nonzero elastic constants are 
required for analysis. For the simplified case of plane stress, 
only four nonzero elastic constants are required. The four con- 
stants are (1) the longitudinal Young's modulus, El, (2) the 
transverse Young's modulus, Ea, (3) the primary Poisson's ratio, 
'~12, and (4) the shear modulus, G12. Experimentally, these 
properties can be determined from ASTM standard laboratory tests 
as performed by Smith and Huang(l)or from a combination of micro- 
mechanics theory and tube pressure testing as attempted by 
Hercules(2). Analytically, these properties can be determined 
by substituting fiber and matrix properties into the appropriate 
micromechanical equations. In this latter method, it is impera- 
tive to have accurate fiber and matrix properties in both the 
longitudinal and transverse direction. The micromechanical model 
for each of the four elastic constants follows. 

(1) Model for E1 

The mathematical model used to determine El, referred to 
as the rule of mixtures, is expressed in terms of the fiber 
Young's modulus, Ef, the fiber volume fraction, Vf, the matrix 
Young's modulus, h, and the matrix volume fraction, Vm, and is 
written as follows: 

E1 = Vf Ef f Vm Em 

While this equation yields reasonabl 

equation to be an upper bound for E1 under certain conditions 
and thus resented the following modified equation as recommended 
by Tsai t4y  to account for imperfections in fiber alignment. 

accurate values when 
compared to experimental data, Jones 7 3 )  demonstrated this 

El = K 

The fiber misalignment factor, K, ordinarily varies from 0.9 to 
1. The value is experimentally determined and is highly dependent 
on the manufacturing process. In an absence of testing to deter- 
mine the proper value of K, a minimum reduction in E1 of 2% or 
K = 0.98 would be appropriate. To assure adequate stiffness in 
stiffness dominated design criteria, a lower value of K wokld be 
justified. 
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(2) Model for v i 2  

Corresponding to the development of El, v12 can be 
approximated by the rule of mixtures as follows: 

U12 = Vf Vf + vm vm ( 3 )  

where vf and vm are the major Poisson's ratio of the fiber and 
matrix, respectively. Mcderate variations in Y12 have little 
impact on laminate properties and additional refinement of this 
equation is of less importance. Rather, emphasis should be placed 
on the proper determination of vf and urn. All too often "industry 
values" are used that may be significantly in error. 

( 3 )  Model for E2 

Halpin and Tsai developed empirical equaticns that 
accurately predicted the cransverse stiffness for lamina fabri- 
cated using isotropic constituent materials. Whitney (6) later 
extended these equations to anisotropic fibers by substituting the 
anisotropic fiber transverse stiffness, EfT, for the general 
isotropic stiffness, Ef. A general procedure would permit a 
transverse modulus for both the fiber and matrix as given by 
Whitne~(~)and written as follows: 

where 

in which 4 is a measure of the fiber's configuration and packing 
geometry. A value of 3 = 2 has been used with experimental 
verification for both circular and square fibers. For anisotropic 
fibers, such as graphite, the difficulty es in the determination 
of the fiber transverse modulus. Whitneyi6) estimated the value of 
the graphite fiber (Thornel 25)  to be 1/12 of its longitudinal 
stiffness. 
fiber, produced a similar ratio for the "ultrasonic moduli." 
3owever, other fiber types reported by Smith had varying ratios. 
rhe range of ratios by Smith is shown in Table 1 along with the 
results reported by other investigators(9-11) . From the table, 
m e  could deduct that a decrease in the transverse modulus may 
accompany an increase in its longitudinal modulus. 

Ultrasonic studies by Smith ( 8 1 ,  when testing the same 
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Finally, as taken fzom McCu1lough(l2) and shown in 
Figure 1, a lower bound value for E2 can be determined. The 
equation for this lower bound with Ef 
Ef and %# respectively, and the term5 rearranged would be 

and + substituted for 
E E 
% fT Eg (lower bound) = 

c. 

(4) Model for G12 

for Ea, the equation for the shear modulus, G12, would be 
Following the general form of the Halpin-Tsai equation 

where 

in which a value of = 1 has been used with experimental verifi- 
cation for both circular and square fibers. However, for volume 
fractions reater than 0.5, a Hewitt and deMalherbe equation given 
in Jones(37, suggested 4 be determined from 

10 3 = 1 + 4 0 V f  

Again, the critical factor is accurately determining the shear 
modulus of the fiber. Table 1 gives a summary of shear modul s 

8-11). 
values for graphite fibers as reported by several researchers Y6 I 

Summary of Micromechanical Models 

The micromechanical models chosen for the four required 
elastic constants are as follows: 

E1 will be determined using the rule of mixtures equation (2) 
as modified by fiber misalignment. A misalignment value of K = 
0.96 will be used. 

v12 will be determined from the general rule of mixtures using 
equation (3) with special emphasis placed on properly determining 
vf and vm. 
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E2 will be determined using the Halpin-Tsai equations ( 4 )  and 
(5) with a value of 3 = 2 being used for the coefficient. Also, 
in the absence of specific fiber test data, the fiber transverse 
modulus, EfT, will be taken as 2.0 x 106 psi. 

equations (7 )  and ( 8 )  with a value of = 1 being used for the 
coefficient. Again, in the absence of specific fiber shear 
modulus test data, the fiber shear modulus will be set equal to 
2.5 x 106 psi. 
from its isotropic relationship to Young's modulus and Poisson's 
ratio. 

G12 will likewise be calculated using the corresponding 

The shear modulus of the matrix will be calculated 
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MACROMECHANICS 

Introduction 

Plane stress laminate theor is typically used for thin 
cylinder analysis. Pagano(l3, lX) in two reports examined this 
"thin-walled cylinder" assumption for anisotropic materials. 
His study examined the three basic loadings of axial, torsion, 
and internal pressure and showed that for helical wound cylinders, 
the cylinder wall stress field approaches uniformity as the wall 
thickness approaches zero. Then examining nonzero small wall 
thickness, Pagano showed the stress gradient to be more severe 
for anisotropic materials such as graphite systems than for 
isotropic materials such as glass systems. His work indicates 
that for the cylinders of this study (R/H ' 401 ,  classical lamina- 
tion theory can be used without serious error. 

Macromechanical Model 

Developed from classical lamination theory as shown by 
Agarwal and Broutman(l5) , the cylrnder wall constitutive equation 
can be written as follows: 

where N represents the resultant forces and M represents the re- 
sultant moments. The A, B, and D matrices are called the extensional 
stiffness matrix, coupling stiffness matrix, and bending matrix, 
respectively. The final column matrix contains the midplane strtiins, 
for and plate curvatures, K. 

Equation (10) can be 

- A16 '26 A6$ 

B1l '12 B16 

B12 '22 B26 

B16 '26 '66 

expanded as follows: 
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where the terms Aij, Bij, and Dij can be written in terms of the 
summation of the transformed axes properties of the lamina and 
its corresponding la er thickness, These equations are generally 

In addition to the A, B, and D matrices, it is generally 
desirable to obtain the laminate.extensiona1 and bending stiffness 
properties which can be expressed in terms of the A and D matrix, 
respectively, First, the equations for the extensional stiffnesses 
and Poisson's ratio are 

developed in texts(1 Y on lamination theory. 

2 

(13) A1 2 
Ex = - A22 

2 
A12 

Ey = A22 - 

G = As- 
XY 

and the bending stiffnesses are 
2 

D12 
l 1  D22 

E x = D  - -  
* 2  

E = DZ2 - 
Dl 1 

Y 

(14) 

(15) 

(16) 

:omputer Programs 

Two computer programs were written in Fortran IV and are 
isted along with a sample solution output in Appendices A and B. 
;y making substitutions for the control statements and the general 
.cad format, the programs can be easily adapted to any computer 
iith a Fortran compiler. 

The first computer program called "LAM" and listed in 
ppendix A was specifically written to test the sensitivity of 
iber and resin properties as related to both the lamina and 
he cylinder laminate. The program has an iteration option for 
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that express purpose. The program was structured for interactive 
use and input of data is explained and requested item by item 
during program execution. The program has several options and is 
particularly useful for symmetrical lay-ups of regularly alter- 
nating helical-hoop plys since the program will generate the 
layer data with a minimum of input. A "quarter scale" test 
winding was used in the sample solution listing. Additional 
information is given in the comment cards at the beginning of 
the program listing. 

The second program was named 'TOMP" and is listed in Appendix B. 
This program was written specifically to generate cylinder laminate 
stiffmss properties using general lamina data. This proved to 
be more satisfactory than adding a cumbersome modification to the 
first program. COMP permits each ply to have different lamina 
properties and the size is only restricted by the dimension 
statements. A simple change in dimension size will permit user 
expansion to accommodate problem requirements. No other changes 
are necessary. COMP is not written to be interactive due to the 
large number of laminations required for many practical applications. 
For example, the full-scale SRMC had 49 l-qers, was imsymmetric, 
and had a mixture of lamina properties. The QS* si a data file 
for this type of problem is recmmended. Csecific instructions 
on data input are given in the commen:. cards at the beginning of 
the program listing. 
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SENSITIVITY STUDIES 

Introduction 

The sensitivit: studies were conducted on an epoxy-graphite 
- 
laminated cylinder taken from the "STA Baseline Design" as 
described by Hercules(16). 
AS4W-12K as manufactured from a Polyacrylonitrile precursor. 
The fiber longitudinal Young's modulus was extensively tested by 
,Hercules and reported to be 33-34 x lo6 psi. 
'of the fiber was given as 0 2,  but this value was not supported 
with test data. The matrix used was HBRF-55A epoxy resin, with 
24 parts Tonox to 100 parts resin. The Young's modulu 
resin was reported to be 0.489 x 106 psi, f25 percent, 
the resin Poisson's ratio was listed as 0.35. The cylinder was 
manufactured using alternating helical-hoop windings, with layer 
geometry conforming to the sample output of LAM as given in 
Appendix B. 

The graphite fibers were Hercules 

The Poisson's ratio 

7 1 8  ::: 

Yicromechanical Sensitivity 

The longitudinal Young's modulus of the fiber is known to 
3e the dominant contributor to laminate stiffness. In this study, 
f small change in the fiber modulus generated a proportional 
Zhange of 82 percent in the general laminate stiffness properties, 
qith the exception of Poisson's ratio. The Poisson's ratio had a 
xoportional change of 14 percent. Expressed differently, this 
vould imply a 10 percent change in the longitudinal fiber modulus 
lrould cause an 8.2 percent change in laminate stiffness properties 
ind a 1.4 percent change in aisson's ratio. The laminate proper- 
:ies varied almost linearly with changes in fiber modulus. Thus, 
:he effect of moderate variations in fiber modulus can be easily 
tstimated. Even though the longitudinal fiber modulus is the 
Lominant contributor to laminate stiffness, it is the better urlder- 
:tood constituent property and of probable, less importance to 
.his study. Properties with less Hercules test support and 
cobable wider variations follows. 

Hercules(l6) provided a value of 0.2 for the primary Poisson's 
atio of the ASW-12K graphite fiber. As indicated in Table 1, 
ther studies suggest the ratio may be higher. If the fiber 
oisson's ratio is increased 50 percent from 0.2 to 0.3, laminate 
roperties are only slightly affected. The largest change takes 
lace in the laminate Foisson's ratios but the difference is 
till less than 1 percent. For this same 50 percent change in 
iber value, the lamina Poisson's ratio changes 21 percent. 
3wever, as alluded to during the discussion of the micromechanical 
Ddel for ~ 1 2 ,  the laminate properties are insensitive to changes 
I the lamina Poisson's ratio. 
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Turning to the transverse Young's modulus of :he graphite- 
fiber, other studies, as shown in Table 1, indicate its trans- 
verse value to be only d small fraction of its longitudinal value. 
If the fiber's transverse modulus is esrimated to be 1.5 x 106 psi 
and then driven to zero, the lamina transverse stiffness is 
reduced 81 percent. Yowever, the most sensitive matrix stiffness 
values, A12-Dl-2, were reduced only 8.7 percent. If reasonably 
accurate values ( f 3 3  percent) of the transversr fiber modulus are 
initially used in stiffness anaiysis, the error due to its varia- 
tions should be less than 3 percent in any laminate elastic 
stiffness constant. 

The next property examined was the fiber's shear modulus. 
Values from other studies are shown in Table 1. Its value is 
only a small fraction of that iftreatedas an isotropic material. 
Using an estimated fiber shear modulus of 2.5 x 106 psi and then 
setting its value equal to zero, produces a correspondingly large 
reduction in the lamina shear modulus. In fact, the lamina shear 
modulus is reduced by 88 percent. While the reduction in fiber 
shear modulus produces similar effects as a reductio? in fiber 
transverse Young's modulus, the A12-D13 matrix terms and the lamina 
Poisson's ratio vary inversely. That i s ,  a reduction in the fiber 
shear modulus produces an increase in these terms. For this czse, 
a reduction in the fiber shear modulus produced an increase of 
9.8 percent for the A12-D12 laminate terms and a 15-percent increase 
in the laminate Poisson's ratio. Other laminate terms were reduced 
from 4 to 11 percent. Although deviations in the value of the fiber 
shear modulus from its true value should not be of the order tested 
in this report, the errors generated can be significant and, of 
most importance, can be additive. 

Next, the sensitivity of the resin Young's modulus was 
examined by using 225 percent variation as given by Hercules(16). 
A reduction of 25 percent in the resin modulus produced a very 
small change (0.2 percent) in the lamina longitudinal modulus. 
Howeve&, the lamina transverse modulus was reduced 12 percent. 
When considered in terms of the laminate values, the effect was 
slight. The largest reduction in the laminate stiffness property 
was 3 percent while the corresponding largest reduction in the 
stiffness matrix coefficients was less than 2 percent. 

Finally, the sensitivity of the resin Poisson's ratio can be 
examined by recalling the sensitivity of the laminate to changes 
in the fiber Poisson's ratio. While the resin makes a slightly 
larger contribution to the lamina Poisson's ratio, the effect is 
insignificant. Likewise, the shear modulus contribution of the 
resin is minimal. 
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Macromechanical Sensitivity 

G12) as related to the laminate was covered in adequat>&ail 
when discussing micromechanics sensitivity. From these dis- 
cussions, it was noted that the laminate properties are very 
sensitive in chages in E1 and relptively insensitive to changes 
in v 2. The sensitivity of the remair.ing two terms, G12 and E2, 
was iow. However, should the effect of var.'ations in G12 and E2 
be ,. :ditive, the resdts can be significant. 

The sensitivity of the lamina properties (El, E2, , and 

Now, turning to the helical wind angles of the cylinder, 
Figure 2 was constructed to give representative values of the 
laminate stiffness constants. Normalized plots with re;pect to 
baseline values are plotted for the laminate terms All, A22, A66, 
and vXy. Graphs for D11 and E,, D22 and E", as well as D66 and 
G, would closely follow those drawn for All, A2 , and A66, re- 
spzctively . 
for the cylinderaregiven in the solution listing of COMP in 
Appendix 2. 

The s;>ecif ic layer thicknesses and !fay -up configuration 
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CONCLUSIONS AND RECOMMENDATIONS 

The effect of small changes in fiber and resin mechanical 
properties on the composite lamicated cylinder of this report, 
although not necessarily linear, can be reasonably estimated by 
linear proportion. While some laminate variations are, in fact, 
linear, the change in slope of the curves for the nonlinear 
terms 4 "ry small. The dominant constituent property, the fiber 
longituurtral Young's modulus, generated an 82 percent carryover 
response to the laminate. On the other hand, the laminate was 
insensitive to large changes in either the fiber or resin Poisson's 
ratio even though these fiber and resin ratios cause the lamina 
Pcisson's ratio to var- widely. Thus, the lamina Poisson's ratio 
is such a small contruutor to laminate properties, the accuracy 
of the fiber and resin Poisson's ratio is of lesser importance. 

The interesting -roperties of this study were the fiber 
shear modulus and the fiber transverse Young's modulus. While 
these properties are very difficult to measure using traditionally 
experimental techniques, ultrasonic studies (8-11) and values 
"backed out" of laminate tests(6) agree in relative magnitudes 
and equally identify the graphite fiber as being highly anisotropic. 
Both moduli values are only small fractions of their magnitudes 
if incorrectly treated as isotropic. Neither value appears to 
have a definable relationship to the more easily measured longi- 
tudinal modulus. In fact, a constant value for each could be 
used without generating serious errors. For this study, the 
fiber shear modulus was estimated to be 2.5 x 106 psi, and the 
fiber transverse Young's modulus was estimated to be 1.5 x lo6 psi. 
Both fiber properties, EfT and Gf 
Tralues contributing 81 percent anhTi8 percent to E2 and G12, 
respectively. However, the largest contritution of the fiber's 
transverse riodulus to any laminate stiffness term was 8.7 percent. 
Similarly, the fiber's shear modulus contributed a maximum of 
10 percent. In addition, the fiber's shear modulus contributed 
15 percent to the laminate Poisson's ratio while the fiber's 
transverse modulus contributed only 3.4 percent, Lamina values, 
E2 and G12, were computed to be 2ln gercent higher and 28.5 percent 
lower, respectively, than Herculer 'l reported values. The 
Hercules reported value of E2 was 33 percent less than the 
theoretical lower bound as given by equation (6). This Hercules 
value, while not correct for low and moderate streb: levels, 
could be possible for high stress levels where the resin had 
partially failed. This difference between the Hercules values 
22.1 the  2!2t!!C?r's values redcczd the 1 & 7 i ; ; t t C  A - 
11.7 percent and reduced the laminate Poisson's ratio 9.4 percent. 
Unquestionably, these differences need to be resolved. 

dominate their related lamina 

' E l 4  &I-..-.- L - A A I ~ ~  
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The author recommends several items for further study to 
permit better agreement of the dynamic response experimental 
data with analytical models. The recommendations are listed 
in the order of importance as viewed by the author. 

(1) Adapt the current composite laminate computer code to 
calculate the four lamina elastic constants using the Hercules 
pressure bottle test data. The approach would be to iterate 
a solution of the applicable constitutive equations beginning 
with a micromechanics solution set and incrementing each value 
by its appropriate deviation adjustment. The analysis would be 
stress dependent to account for the high nonlinearit of the 
shear modulus as reported by Jones(17r 13) and Smithfl) . 
Hercules approach of a direct solution by using micromechanics 
theory for the two lamina tenus, E1 and u12, and placing all 
deviations in the two other lamina vilues, E2 and G12, is 
unacceptable. 

The 

(2) Continue the numerical sensitivity study beyond the 
laminate properties to the affected dynamic responses. That is, 
determine t!!e effect of a change in the fiber transverse modulus, 
as well as other constituent properties, on the dynamic frequencies 
and modal shapes. 

( 3 )  Examine the effect of nonsymmetric laminations on 
dynamic response. Whitney (19) indicates the coupling results 
in significantly-decreased vibration frequencies. 
2.i’fect is reported to reduce withincreasing layers. However, 
Jones(2O) showed, for a laminate with as many as 40 layers, the 
2ffect on the fu-.damental vibration frequency was about 10 percent. 
Zach laminate must be examined independently because general 
results cannot be presented for an infinite variety of laminates. 

This coupling 

( 4 )  Examine the effect of the anisotropic constituent 
laterials on the assumption of “thin-wall cylinder” analysis 
‘or the “STA Baseline Design”il6i. Anisotropic materials, 
;uch as graphite fibers, require a much larger radius to 
.hickness ratio (r/h) than glass fiber composites(13r 14). 

( 5 )  Examine the Hercules composite for different moduli 
n tension and compression. Jones 21 22) addresses this 
opic and indicates the compression modulus to be lower than 
ts tensile value. The stiffness discontinuity at zero stress 
enerates questions as to the proper modulus for free stress 
tate dynamic testing. ilesidual curing stress may produce a 
ompressive modulus for very low and zero stress states. 
urthermore, Jones (23) shows the composite flexural modulus 
o be closer to tne smaller of either the tensile or compressive 
Ddulus. 
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Table 1. Elastic Constants of Graphite Fibers 

Reference 

Smith (8) 

Uemura (11) 

Dean (9) 

Ishikawa (10) 

Whitney (6) 

Fimr 
Young ' s 
Modulus 
(106 psi) 

EL 

22 

5 1  

8 1  

23 

38 

38 

58 

23 

17 

Fiber 
Poisson's 
Ratio 
'LT 

0.23 

0.41 

0.39 

0.3 

0.4 

0.35 

0.35 

0.30 

0.30 

Ratio of 
Transverse to 
Longitudinal 
Young's Modulus 

%'EL 

0.08 

0.02 

0.01 

0.07 

0.02 

0.09 

0.08 

Fiber 
Shear 

Modulus 
(106 psi) 

2.0 

2.2 

2.5 

2.0 

2.0 

3.8 

1.9 

2.0 
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0.50 0.W o.:o 
\ 

Figure 1. Comparison of Theory and Experiment for 
Transverse Modulus (reproduced from McCullough (12) ) 

Normalized 
Stiffness 
Ratios 

1.4 

1.2 

1.0 

0.8 

0.6 - 

A22 

A6 6 

XY 
V 

A 1  1 

20 25 30 35 40 

Winding Angle (Degrees) 

Figure 2. The Effect of Winding Angle on Stiffness Properties 
for the Hercules "STA Baseline Design"(l6) 
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IF ( H T C ~ Z  . E O .  e~ntc la -1 .  
GO :O 29 
URITE(6:1@6~ 
F O ~ ~ T (  INPUT STANDARD LRYER PROPEPTIES. :F *COP QNO * E l i  xi 4~ 

1 QIFFEREUT. I W T  HELICAL VaLUES', 
URITE(6:68) 
~ ~ ( N I L T C  INPUT ~ l , u l a , E 2 .  &NO C l B  RESFECTIUELV' / )  
REnD15.52 IES1 , U S l t ~ E S ~ , C S ~ ~  
~ ~ ~ ~ ~ ~ ~ : i f ~ ) H O O P  L C ) + ~ C )  PROPERTIES M E  NOT EOUfiL ?C HELICAL, +J3C 1 

I ,  I F  € O W L  TVPE @ . ' I  
REnD15.52 ) I H  
fFrIn .KC. O)CO TO 29 
WRITE :6,108) 
FOCZH~~T.  NO" rvpf :N rcDOP QnLJES. E l , U l h , E 2  ANC GI2 RESPEC':';EL' 1 

R E A D ~ ~ . ~ ~ ) E H ~ , U M ~ ~ , E H ~ , G H ~ ~  

~ ~ & ~ ~ 6 ~ 6 ~ & U I  ,Lfifl:*41E L&VLR INFClRfiLTICN. (614SL(:IbE hoop PL'S L 
IhN BE GROUPED. 1 
WRITE~6.621 
FORRaTl ' INPUT TOTaL NUflBER OF LAPtNhTE PL'fS. ' )  
REnDtS.52 bNL 
t ~ R l T E ! 6 , 8 4 )  

FROiiE+P**:: tHE Lnrl Ir iatE 1s S v m e t R I c  AND REPEATING W I T H  + ~ ? C I C ~ L ,  

lF$:k!:aLji:N HOOP J:'H COHSTfiYf HELIC6L URPP khGLE, T'iPE : r CTbEfi 
LWtSE. TVPE B e ' , ' '  

REaD'S .52  I I L A ~  
IF4 ILnP .EQ. e t  GO -0 34 

~ ~ ~ ~ ~ c ~ : ' : ~ l p , ,  HEL:CAL TC, HOOP T K ,  khD HELICAL WRfiP PNCLE ! 
R E ~ t f S , S 2 l H E T K , H P ~ K , f i L  
NL, .  f.t+t*f : '2 
DO 32 I-l,NL1,3 
Tr.( 1 I*HETK 
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ABSTRACT 

A computer program has been developed to  model compositional segre- 

ga t ion in unid irec t iona l ly  sol Id i f  led 6 ol id- so lu  t ion-sem iconduc t i  ng 
c rys t a l s .  The program takes i n t o  account the v a r i a t i o n s  of the i n t e r f a c e  

segregation constsnt  and s o l i d i f i c a t i o n  rate with composition. 

l a t i o n s  are being performed f o r  the HgCdTe sclid 

will  be compared with experimental data. 

Calcu- 

so lu t ion  system that 

XXXIII-2 



ACKNOWLEDGEMENTS 

I would l i k e  t o  express  my s i n c e r e  a p p r e c i a t i o n  t o  t h e  NASA/ASEE 

Summer Facul ty  Program Adminis t ra tors  Drs. Gerald R. Karr, J. D. Dozier ,  

Mr.  L. Osborn f o r  providii ig m e  t h e  opporu tn i ty  t o  p a r t i c i p a t e  i n  t h i s  

a c t i v i t y .  The seminars  and t h e  t o u r s  are very  he lp fu l .  Spec ia l  thanks 

gcns t o  my NASA coun te rpa r t s :  Drs. S. L. Lehoczky, and F. R. Szofran f o r  

t h e i r  va luable  time, sugges t ions  and guidance. I would a l s o  l i k e  t o  

extend my s i n c e r e  a p p r e c i a t i o n  t o  Ernes t ine  Cothran, Ronald Harris, Alice 

Dorr ies ,  E l izabe th  A. Pentecost  and D r .  Lawrence Holland €or  t h e i r  

va luable  information and d iscuss ions .  

a l l  the  members i n  the  Space Process ing  Div is ion  has made t h i s  summer very 

enjoyable  f o r  me. Appreciat ion a l s o  goes t o  Ms. S h i r l e y  Buford f o r  typ ing  

t h i s  repor t .  

The h o s p i t a l i t y  and f r i e n d s h i p s  of 



LIST OF FIGURES 

FIGURE 

1 

2 

3 

4 

5 

6 

7 

TITLE 

Coordinate  system used i n  t h i s  model XXXI  I I - 1 7 

Pseudo-binary phase diagram of Hg -xCdxTe XXXI  11-1 8 

XXXIII-19 A comparison between the  c a l c u l a t e d  and meastired 

composition f o r  Co = 0.202, R 1  = 0.1116 cm/hr, 

G = 100°C/cm with D = 4 . 5  x 10 cm /sec. -5 2 

A comparison between t h e  c a l c u l a t e d  and measured XXXIII-2 0 

composition f o r  Co - 0.202, R1 = 0.1116 cm/hr, 

G = 100°C/cm wi th  D = 3.0 x 10 c m  /sec. 
-5 2 

A comparison between the  c a l c u l a t e d  and measured X X X I  11-2 1 

-5 2 
composition f o r  Co = 0.202, R1 = 0.01466 cm/hr, 

G = 50°C/cm with  D = 5.5 x 10 m /see. 

A comparison between the c a l c u l a t e d  and measured XXXI I 1-22 

composition f o r  Co = 0.202, K 1  = 0.02466 cm/hr, 

G - 100°C/cm wi th  D = 5.5 x 10- 5 2  cm /sec. 

The v a r i a t i o n  of seg rega t ion  cons tan t  and growth X X X I  11-23 

v e l o c i t y  a l o x  t h e  growth axis f o r  Co = 0.202, 

R 1  = 0.1116 cm/hr, G = lOO"C/cm with D = 4.5 x 

c m  /see. 
2 

XXXIII-4 



NOMENCLATURE 

D e f i n i t i o n  

PSs QS 

Ids$  

D 

La 

R1 

T i  

z i  

co 
G 

An$, An2$ 

T s t  

Tend 

R2 

Liquid compositon a t  s t e p  I from the  L i t e r f a c e  a t  previous 
time. 

Liquid composition a t  s t e p  I from the  i n t e r f a c e  a t  c u r r e n t  
time. 
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Liquid composition. 
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1. iNTRODUCTION 

Sol id  s o l u t i o n  semiconducting a l l o y s  such as Hgi - .CdxTe, produced 

under u n i d i r e c t i o n a l  s o l i d i f i e d  technique shows composi t ional  s eg rega t ion  

Since Materid Prope r t i e s  such i n  both a x i a l  and r a d i a l  d i r e c t i o n s  

as energy band gap depend on a l l o y  composition, It I s  important  to  

understand t h e  growing parameters 4 i c h  in f luence  the  uniformity of t h e  

a l loys .  

(1-3) 

In t h i s  work we modified the  :mpu te r  program developed by J. C. 

t o  model composi t ional  s eg rega t ion  i n  unidireLtiona1l.y (4 ,‘5) Clayton, etc. 

s o l  i d  i f  i e d  s o l  id-sol u t  ion-sem ic  onduc t ing  a l l  oys wi th  em phe s i  s on the  

Hgl-xCdTe systems i n  an e f f o r t  t o  understand t h e  e f f e c t  of d i f f u s i o n  

cons t an t  and ampule p u l l i n g  rate on a l l o y  ax ia l  c m p o s i t l o n a l  uniformity.  

The model t s  app l i ed  t o  t h e  Hgl-xCgtTe system and t akes  i n t o  account t he  

v a r i a t i o n s  of  t he  i n t e r f a c e  seg rega t ion  cons t an t  and s o l i J i f i c a t i o n  rate 
v i t h  cornposition. We have used t h e  empir ica l  express ions  f o r  t he  l i q u l d u s  

and so l idus  curve  of HgCdTe pseudobinary phase diagram developed by S. L. 
Lehoczky and F. R. Seofran(’) t o  c a l c u l a t e  s eg rega t ion  cons t an t s ,  and used 

a binary  sea rch  method t o  so lve  the  d i f f u s i o n  equat ion  f o r  a f i n i t e  ampule 

which s o l i d i f i e d  from its l i q u i d  state u n i d i r e c t i o n a l l y  without source of  

s o l u t e  added t o  the  ampule. We have obtained s o l u t i o n s  f o r  t he  i n i t i a l  

and f i n a l  t r a n s i e n t  reg ions  a s  w e l l  a s  s teady  state reg ion  f o r  both f a s t  

and slow growing rate. 
t h e  experimental  r e s u l t s  (2-3)  which show t h a t  t h e  axial s o l u t e  Segregat ion 

i n  u n i d i r e c t i o n a l l y  s o l i d i f i e d  HgCdTe systems is dominated by d i f fus ion .  

Comparison of t h e  model t o  experiments i n  the  f i n a l  t r a n s i e n t  reg ions  

g i v e s  va lues  f o r  the e f f e c t i v e  d i f f u s i o n  cons tan t  of 4.5 x 

f o r  f a s t  growing HgCdTe sample, 5.5 x 

sample. 

The results f o r  both c a s e s  e - r e e  very  well with 

2 cm f s e c  
2 cm /sec f o r  slow growing HgCdTe 

In Sec t ion  2 ,  we gave the  o b j e c t i v e  of t h i s  s tudy.  The theory used 

i n  t h i s  s tudy i s  given  i n  Sec t ion  3. 

ob ta ined  by using the  model r i t h  t h e  experimental  data .  

gave t h e  conclus ions  and recommendations. 

Sec t ion  4 w i l l  compare the  r e s u l t s  

In  Sec t ion  5 we 
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2. OBJECTIVE 

The abjective of t h i s  study is  t o  develop a computer progr3nt to model 

the  compositional segregation in mid i r ec t iona l ly  so l id i f ied  

solid-solutica-seaiconductiag alloys i n  its i n i t i a l  t ransient ,  f i n a l  

t ransient ,  and steady st.at% growth regions. 

temperature, segregatiou constant and growth velocity with composition are 

taken into consideration. This should provide 8 understanding of the 

e f f ec t  oi growth psranecers on the compositional uniformity in  i:s axial 

direction. The m d d  w i l l  be expanded for  modeling two4Lensional  

diffusion problems to uoderstard the e f f ec t  of growth parameters on 
compositional segregation in its r a d a l  direct ion in the future. 

'ihe var iat ion in h t e r f a c e  
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In this raodel, we have assumed the temperature  g r a d i e n t  i n  t h e  

fu rnace  is cons tan t ,  and choose a coord ina te  system such that t h e  

coord ina te  is  measured from a fixed l a b o r a t o r y  frame ( t h e  pos i t i on  i n  t h e  

furnace  where the  sample f i r s t - to - f r eeze ) ,  x is measured in the sample 

f r a t  the ampule t ip .  The v a r i a b l e  y is t n e  d i s t a n c e  i n t o  t h e  l i q u i d  

measured frm -he s - l id - l iqu id  i n t e r f a c e  ( f i g u r e  1 ). 

Let us  assue the ampule is being pu l l ed  downward a t  a rate R with R 
t aken  as a p o s i t i v e  number, an? the z coord ina te  of the  ampule t i p  a t  t=O 

as 20 which is usually zero. The va r ious  coord ina te s  a t  t h e  t are 

r e l a t e d  by 

x = 2 + R t  -ZO (1 1 
y = z - 2 s  (2 1 

where Zs is t h e  i n t e r f a c e  p o s i t i o n  r e l a t i v e  t o  the  furnace  frame. Let Ls 

be the length of t h e  sample, Xs be the d i s t d i c s  from the i n t e r f a c e  t o  the 

t i p  of t h s  ampule, then 

will deqote  t h e  d i s t d n c e  from t h e  i n t e r f a c e  t o  the top  end po r t ion  of  t h e  

mol t en  a l loy .  

Let us assume the  "thermal grad ien t"  G i s  cons tan t .  Then the  thermal 

f i e l d  will have the form 

T (2,  t )  = TO + G 2s (4) 

&,ere TO I s  t h e  f i r s t - to - f r eeze  i n t e r f a c e  temperature.  Le t  C ( y ,  t )  denote  

the l i q u i d  composition a t  the  so l id - l iqu id  In t e r f ace .  Then by using 

i t e r a t i o n  procedures we can ob ta in  the i n t e r f a c e  temperature from t h e  

fol lowing empir ica l  express ion  f o r  t h e  l i q u i d u s  curve  of the  phase diagraffi 

( f i g u r e  2). 

xt (TI - E ~ T *  + E T*2 + E T*3 + E Tf4 ( 5  1 2 3 4 

* 
where T 5 (T - 670°C)/6120C and 

El = 0.607640 E = 0.077209 
2 

'* = 0.696167 E = -0.381683, 
-3 4 
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Subst i t i  ce i n t e r f a c e  temperature i n t o  eq. ( 4 )  we w i l l  f i nd  the in t e r f ace  

posi t ion 2s. 

empir ical  expression f o r  so l idus  curve of the p h s e  diagram, we wi l i  be 

ab le  t o  obtain the s o l i d  composition a t  the  i n t e r f a c e  from 

By s u b s t i t u t i n g  the i n t e r f a c e  temperature i n t o  the following 

* & 
+ % L o g l o ( 9 T  + 1 )  +C4T (T>690°C) 

X (T) = X (690°C) (T - 670°C)/200C (6:0°Cq<6900C) 
sc sc 

where 
C1 = 0.502804 

C j  = 0.746318 

We can then obtain segregation 

xk 5 xec/Ice. 

C2 = 3.165390 

C4 = 4 4 1 3 5 4 6 .  

constant xk from 

The l i q u i d  compcsition C s a t i s f i e e  

D - a2c + (R + V (t))- ac = at ac 
aY2 a Y  (7 )  

where D is the  e f f e c t i v e  d i f f u s i o n  constant and (R + V ( t ) )  is the growth 

ve loc i ty  with 

The bouwary condi t ions are 

c (Y, t) = co t * O  

t > o  

The boundary condition eq. (10) is required t o  s a t i s f y  the condition t h a t  

t h e r e  is no sour 3 of s o l u t e  a t  t h e  ampule end. 

The numerical procedure used t9  solve eq. (9) t o  eq. (11) is s imi l a r  

t o  that given ‘eference 5. We give it here f o r  self-completeness. 

Let the t h e  s t t p s  and spacial steps be Ti ami 21 respectively.  

The goal is t o  compute C (y,t’)  fo r  a i l  y ,  where t’ - t3 + T i  
Assume a t  time t the value of C ( y ,  t )  have been determined f o r  d l  t < to 

and a l l  y. 
- 
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We assume a t r ia l  value Cs for  the l i q u i d  composition at  the in t e r f ace  a t  

t = t , s a y  
0 

c (0,t’) = cs 

ac(0,t-I = cs - c(o,t) 
we then compute 

t T i  

The f i r s t  spacial de r iva t ive  Dl is ca lcu la t ed  from the boundary condition 

eq. (11) 

The second s p a c i a l  de r iva t ive  D2 i s  calculated from the d i f fus ion  equation 

eq. (7) 

1 
D2 = a’c (0,t’) = I - (R + V(t)) ay ac ( 0 , t - i  

a Y L  

We then obtain the l i qu id  composition a dis tance Zi away from the 

in t e r f ace  by the expansion 

c ( z i , t - )  = cs + ac(o,t*) z i  + a2c(o,t-) zi2 - 
a Y  3Y 2 

We then prooagate C(y,t)  out in y u n t i l  the end of the ampule is 

reached ( y  - Ls-) 
The so lu t ion  

first c a l c u l a t e  

ac(z1, t -) 
a Y  

and see i f  the boundary conditiou eq. (10) I s  m e t .  

may be propagated t o  y = +’vi, the next spacial s t e p  by 

- - C(Z1 , t ’ )  - C(Zi,t)  
T i  

we then use a Tayor s e r i e s  expansion and the d i f fus ion  equation t o  

obtain 

(16) 

(17) 
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and 

A secaad expansion leads to 

The same process is  used for the rest of spacial steps until y * L8*, the 

end of ampule at  th is  tbe step. We then test whether boundary condition 

eq. (10) is met, i f  i t  is not, a new trial  solution obtained from binary 
search method is used and the encite  process is repeated until the 

boundary conditions Is m e t .  

The initial boundary condi tioa 

c (y, 0 )  = co 
allows one to take t 

the solid composition for the entire ampule. 
= 0 and calculate C ( y ,  t )  for any t and calculate 

0 
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4. RESULTS 

The model has been appl ied to two  IigCdTe systems wlth ampule pul l ing 

rate of 0.1116 cm/hr and 0.02466 d h r ,  respectively.  

segregation along a x i a l  d i r e c t i o n  depends on ampule pul l ing rate and the 

d i f f u s i o n  constant. 

and the in t e r f ace  segt 

a x i s  which we have taken i n t o  considerat ion i n  t h i s  model. 

system, fo r  f a s t  ampule pul l ing rate case (0.1116 c d h r )  the so l id  

composition is expected t o  exh ib i t  an i n i t i a l  t r a n s i e n t  region with 

gradual ly  decreasing so lu t e  composition, following by a steady region w i t h  

s o l i d  composition equal t o  a l l o y  composition CO which is 0.202. 

t he re  is I f a s t  decreasing solute composition f i n a l  t r ans i en t  region. 

a n a l y t i c a l  exnression f o r  a l l  these th ree  regions have been obtained by 

Smith, T i l l e r ,  and Rutter(6) f o r  constant growth rate and constant 

i n t e r f a c e  segregation constant. 

the  va r i a t ions  of growth rate and i n t e r f a c e  segregation constant with 

composition. The ca l cu la t ions  indicated that except the i n i t i a l  t r ans i en t  

region, an e f f e c t i v e  d i f f u s i o n  constant of 4.5 x 10-5cm2/sec g ives  very 

good f i t  t o  the experimental data  which is shown i n  f i g u r e  3. 

discrepancy i n  the i n i t i a l  t r ans i en t  region is believed t o  be due t o  

undercooling of the sample. 

experimental d a t a  f o r  e f f e c t i v e  d i f f u s i o n  constant of 3.0 x 10 

The comparison ind ica t e s  that the e f f e c t i v e  d i f fus ion  constant has a very 

strong e f f e c t  on the  f i n a l  t r ans i en t  region. 

The compositional 

From f i g u r e  7 ,  we see that the s o l i d i f i c a t i o n  rate 

? t i o n  constant are not constant along the growing 

In HgCdTe 

F ina l ly  

The 

In our model UR have taken i n t o  account 

The 

Figure S compares the calculated r e s u l t s  with 
-5 2 an Isec. 

For the case of very slow ampule pul l ing rate (0.02466 cmlsec), the 

d i f fus ion  layer is  qu i t e  long. The d i f f u s i o n  layer w i l l  reach the end of 

the sample before the growth has reached its steady state. Therefore i t  

is expected that the s o l i d  composition should gradual ly  decrease u n t i l  a l l  

the so lu t e  is consumed. 

mental data  f o r  ampule pul l ing r a t e  of 0.0246C c d h r  fo r  an a l loy  

Figure 5 compare the model result with experi- 
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composition ,f 0.202 and a constant thermal gradient  of 5OoC/cin when 

sample undercooling is taking i n t o  consideration. 

Figure 6 compares the  calculated result with experimental data with 

thermal gradient  i s  taken t o  be 100°C/cm. 

constant of 5.5 x 10 cm /sec and thermal gradient  of 50OClcm gives the 

b e s t  fit  with t h e  experimental data. The discrepancy is believed t o  be 

due t o  the f a c t  that the furnace thermal g rad ien t  is not constant which 

shows much larger e f f e c t  f o r  f a s t  ampule pu l l ing  rate case than slow 
ampule pul l ing rate case. The f a c t  that the e f f e c t i v e  d i f f u s i o n  constant 

is larger f o r  f a s t  ampule pu l l ing  rate case is nct q u i t e  understood a t  

t h i s  time. 

The e f f e c t i v e  d i f fus ion  
-5 2 
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5. RECOMMENDATION 

The model should be further modified to take into account the 

variation of thermal gradient along the furnace axis. 

should be expanded to model two-dimensional d i f fus ion  problems to  

understand the e f f e c t  of growth parameters on compositional segregation i n  

tbe radial direction. 

Then thr: model 
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I PROGRMl NAME 'BINSEG', THlS PROGRAM IS Ub€O TO CALCULATE 
! ONE DUMENSUONAL SEGREGATIUN. 
0114 Co<i000~,Cn~1000~,T~1000),Z11000),X(10a0~,~cC~~~~~ 
DIM Y I < 8 O ~ , X k ~ l O O O ~ , V ~ 1 O O O ~ , T o t l ~ O O ~  
P I - '  ' ! R€M SYMBOL FOR GRAPMIC OUlPUT 
9S-.0' 
GOTO 100  
ASSIGN 'DATAl' TO 01 
READ 0l;ldst,D,Ls,Rl,Ti,Zi,Co,~,~nS 
Co=. 202  
Zi=.05 
I ds$-'LG' 
W4.5E-5 
Ls118.1 
R l = .  1116 
Ti121600 
AnS='N' 
G=lOO 
! ! Kk=O 
K=O 
! REM INPUT FROM F I L E  ENTITLEIJ 'DATCIl' 
R2=R1 
R22-Rl 
I f  D > l  THEN GOTO 1560 
Xt -0  
l a= INTCLs /Z i )  
PRINTER IS 7.6 
PRINT *SPECIMEN IDENTlFICCIllON *sIdSS 
PRINT 'DIFFUSION COEFFICIEHT IS tCM-2ISEC) *;O 
PRINT 'LENGTH OF S M L E  IS tCM> ';Ls 
PRINT 'PULL RATE (CII/HR) ';R1 
PRINT 'TIME INTERVhL CSEC) ' ;Ti  
PRINT '21 CCW';Zi 

PRINT mTEMPERATURE GRADIENT CDEGC/CM)';G 
PRINT 'RATE CHAW€ ? ';An$ 
I f  AnI='N' THEN 480 
READ #l;Tst,Tend,R2,AnZS 
PRINT 'STARTING TIME CSEC)';Tst 
PRINT 'ENDING T I M  CSEC) ';fend 
PRINT .NEW RATE CCN/HL ';RZ 
PRINT .SfCOND RhTE CHANGE ? ';OnZS 
I f  An2S='N' THEN 480 
READ 01rTst2,TcndZ,R22 
Time=Tst2/3600 
PRINT 'STARTING TIME FOR SECOND RACE CMCINGE CHR) ';Tine 
PRINT 'NEW ROTE CCIIIHR) .;R22 
Ep=. 00009 

PRINT OaLLov COWPOSITION co -;CO 

FOR I n 1  TO im 
COC I > *co 
NEXT I 

TO=FNKCCo) 
GOSUB 1770 
Jsl 

Cu*CoCl~*2  
C d = O  
Cs=<Cu*Cd)S.S 
I F  TCJ- l )>Ts t  THEN 610 
R= R 1 / 3600 
GOTO 630 
I F  T C J - l ) > T e n d  THEN R=R22/3600 
I F  CT<J- l )<Tend) OR C I f . J - l > = l c n d J  T F '  0=*3 /3600  
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630 
640 
650 
660 
670 
680  
690 
700 
710 
720 
730 
710 
750 
760 
770 
780 
790 
800 
81 0 
820 
0 3 0  
84 0 
8 5 0  
860 
870 
880 
890 
90 0 
91 0 
920 
930 
940 
950 
960 
97 0 
9 8 0  
9 9 0  
1000 
1010 
1020 
1030 
1040 
1050 
1060 
1070 
1080 
1090 
1100 
1110 
1120 
1130 
1140 
1150 
1160 
1170 
1180 
119F 
1200 
1210 
1220 
1230 
1240 
1250 

ORIGINAL PA= 
OF POOR QUALlW 

Xt=Xt+RSTi 
P-0 

P-P+ 1 
1-1 
Cb-CoC I ) 
CnC 1 1  -Cr 
Temp-FNK(CnC1)) 
Zs=CTemp-TO)/G 
xs-xt +zs 
Im-INTCCLs-Xs)/ZI) 
ToCJ)=Temp 
Dt-CCs-Cb)/Ti 
I F  J-1 THEN VC~>-CZS-LO)ITI 
IF J>1 THEN VC~+l)-CZs-ZC~-l))/Ti 
GOSUB 1930 
D l - C R + V C J + l ) ) / D r l S k - l J * ~ s  
D2~<0t-<R+V<J+1))*0l)/D 
C n C l + l ) = C s + D l ~ t + O P ~ ~ ~ ~ i / ~  

I-I+l 
Ot=CCnCl)-CoCI))/Tl 
Bl-Dl+DZ*Zi 
82tCDt-(R+VCJ+l))*Br)/D 
0 1 5 ~ 1  
02432 
Cn<l+l)~CnCl)~DlrZ1+D2~i~Zi/2 
I F  CnCl+l)<Co+€prlO TH€N GUT0 940 
I F  ABSCCu-C~)<l.OE-11 IhEN 980 
I F  CnCl-l)<O THEW Cd-Cs 
IF CnCl-l)>O THEN Cu=Cs 
Cr=CCu+Cd)l.S 

GOTO 660 
! '  
IF CABSCCnCI)-Co)Xp) UR LA8SCCnCI)-CoJ-€p) W E N  GOTO 1020 
I F  CABS<CnCl-l)-Co)tCp) AND CABSUhCl-2)-Co)<Ep) TH€W 980 
GOTO 1020 

FOR L=I TO la 
Cn CL) =Co 
NEXT L 

GOTO 1200 

I F  CnCl+l)<O THEN 1050 
IF I<Is THEN 810 

En~lNTC<R+V<J+l))*Ti/Zi~ 
IF (En>lr) CIND CP>30) THEN 1200 
I F  In<l THEN 1140 
IF En>lm THEN 1110 
I F  CABS<Cu-Cs)<l.OE-ll) AND CCo<ln-En)<Co) THCN 1200 
I F  (nes(cu-csJti.oE-ii) AND (En>lnJ THEN 1200 

IF coi>o) ntm CCOCIR-~)CCO) THEN GU=CS 

I I I  

IF nBs<oi)<Eprio THEN 1200 

I F  CDl>O) CIND CCoCl~-l)=Co) THEN Cd-Cs 

IF 01<0 THEN Cd=Cs 
Cs=CCu*Cd)*.S+lE-12 
IF P>lOOO TH€N STOP 
GOTO 6 5 0  

I 

! 
GOSUB 1570 
J-J+1 
I F  Xs<Ls THEN 550 

FOR Ll=l TO J STEP 1 
Sc(Ll)=ScCLl)/.Gr80 
PRINT 'SCC';Ll;'~r',SeCL1) 
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1260 
1270 
1280 
1290 
1300 
1310 
1320 
1330 
1340 
1350 
1360 
1370 
1380 
1390 
1400 
1410 
1420 
1430 
1440 
1450 
1460 
1470 
1480 
1490 
1500 
1510 
1520 
1530 
1540 
1550 

ORIGINAL PAW rll 
OF POOR QUALm 

NEXT 11 
FOR R - 1  TO J 
A=INT<ScCM)) 

FOR L = 1  TO 80 
XSCL) =PS 
I F  L=A THEN 1330 
GOTO 1350 
X I  CL) -0s 
PRlNTER IS 7,6 
PRINT XSCL);  
NEXT L 

NEXT M 
PRINT CHRS(l2) 
K -K+ l  
I F  K - 1  THEN D=S.OE-5 
IF K - 1  THEN GOTO 210 
I f  (K-2) AND (Kk-2) THEN GOT0 100 

I F  K-2 THEN 0=3.5€-5 
IF K=2 THEN GOTO 1470 
I F  K=3 THEN O=S.OE-5 
I F  K - 3  THEN GOTO 21r) 

. C  K=4 THEN Ti=14100 
I f  K-4 THEN Kk=Kk+l  
I F  CK=4) AND (Kk= lJ  THEN 200 
I dsS=.L7. 
G-50 
R19.2466 
Ti-57600 
Ls47.1  
GOTO 190 

1560 STOP 
1570 ! 
1580 Cs=CnCl) 
1590 GOSUB 1930 
1600 K c 4 k  
1610 Sc=KciCnCl) 
1620 T C J ) = T i t J  
1630 ZCJ)=Zs 
1640 X(J)=Ks 
1650 Sc (J) =Sc 
1660 Xk<J)=Kc 
1670 PRINTER IS 7.6 
1680 IWGE DDDD.DD,3X,DD.000,3X,OD.DDD,3X,DO.DDD,3X,D.OD~O,~X,DD.DDODDDD,3X,DDDD 
DDDD,3X,O.DDDDDD0DDDDD 
1690 PRINT USING 1 6 8 0 ; T o < J ) , Z < J ) , X k c J J , X ~ J J , ~ c C J ) , R + V ( J + l ~ , ~ ~ J J , ~ s  
1700 PRINT 
1710 FOR L = l  TO I m  
1720 CoCL)=Cn(L) 
1730 NEXT L 
1740 RETURN 
1750 ! ! 
1760 ! ! 
1770 ! REM PRINTS BT T=O ONLY 
1780 2 0 - 0  
1790 I 20-0 FOR CONSTANT R 
1800 Xs=O 
1810 Cs=Co 

1830 Kc=Sk 
1840 Sc=Kc.Co 
1850 PRINT ' T z K X cs 
1860 PRINT 
1870 IMRGE D O O O . D ~ , ~ X , ~ ~ D . D D , ~ X , O . O ~ U , ~ X , D . I ~ ~ ~ -  , 0.  OVOCI 

1820 GOSUB 1930 

XXXT XI -2 6 

vtcm/s, 



1880 PRINT USING 1870;T0,Z0,Kc,XsDS~ 
1890 PRINT CHRtCl3) !!! CR 
1900 RETURN 
1910 ! 
1920 ! 
1930 E10.607640 
1940 €20.077209 
1950 €30.696167 
1960 E4--.381683 
1970 Tmi-671 
1980 I F  C s > . l  THEN Tmi-730 
1990 I F  Cs>.2 THEN Tmi-790 
2000 IF Cs>.3 THEN Tmi=835 
2010 I F  C5>.35 THEN T n i - 8 5 5  
2020 I F  Cs>.4 THEM Tni-875 
2030 IF Cs>.45 THEN Tmi-895 
2040 FOR leap-Tni  TO 1075 STEP .l 
2050 Tp-CTcrp-670)/412 
2060 Xl=EliTp+E2*Tp-2+ESlp-3+€4*~p-4 
2070 I F  ABSCXl-Cs)>.002 THEN COT0 2090 
2080 GOTO 2110 
2090 NEXT Temp 
2100 ! 
2110 C1-.502804 
2120 C2-.165390 
2130 C 3 0 .  746318 
2140 C4=-.  412546 
2150 I F  Teap<690 THEN 2180 
2160 X ~ c ~ C l G I N ~ l . 5 7 ~ T p ~ + C 2 ~ S l N C l . 5 7 * T p ~ . 5 ~ + C ~ ~ G T ~ S ~ T p + l ~ + C 4 ~ T p ~ . S  
2170 GOTO 2210 
2180 Tp-C690-670)/412 
2190 X s c - C l i . S I N C l . 5 7 * T p ~ + ~ Z ~ S I N ~ l . 5 7 * T p ~ . S ~ + C ~ ~ G l C ~ T p + ~ ~ ~ C 4 ~ T p ~ . S  
2200 Xsc=Xsci.CTcap-670)/20 
2210 St=Xsc/X1 
2220 RETURN 
2230 ! ! 
2240 ! ! 
2250 DEF FNKCCs) 
2260 E l  = .607640 
2270 E2-. 077299 
2280 E3-. 696167 
2290 E4=-. 38168-1 
2300 T n i = 6 7 1  
2310 I F  Cs<O THEN 2470 
2320 I F  C s > . l  THEN Tni-730 
2330 IF Cs>.2 THEN Tni=790 
2340 I F  C5>.3 THEN Tmi=835 
2350 I F  Cs>.35 THEN T n i - 8 5 5  
2360 I F  Cs>.4 THEN Tmi-875 
2376 I F  C5>.45 THEN T n i = 8 9 5  
2380 FOR Temp=Tni TO 1075 STEP . l  
2390 Tp-(Tenp-670)/412 
2400 XI-El~Tp+E2*Tp~2+E3Tpa3+E4*Tpa4 
2410 I F  bBSCXl-Cs)<.OO2 THEN RETURN Temp 
2420 NEXT Tcap 
2430 I F  ABSCXl-Cs)<.002 THEN 2480 
2440 I F  Cs<.O38 THEN Tenp=695 
2450 I F  Cs<.028 THEM Tcap=689 
2460 ‘1<.018 THEN Temp-682 
2470 < .008  THEW Temp-675 
2481) h , tN Temp 
2490 FNENO 
2500 END 
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n 
FLOW CHARTS \ START ) 

ORIGINAL PAGE 121 

SET UP DIMENSIONS AND CONTROL PARAMETER% CI (1160), Cn (1000). T(10W) 
z (low), x (law), sc cim), xs (BO), xk (ion), v (ion), TO ~i((o) 
Ep = 409(99. rt - ", as = "0" 

-1 --r--- I t 
INPUT DATA Ids$, 0, 11, AI, Ti, Zi, Co, 6 ,  AD d -1 

I PRINTINPUTDATA \ 

, fL/&yEs~ 

xt = 0. 

I /SECOND RATE\ 
I 

1 

I EP - ooolob I Co (I) Co.1 = 1, In 

1 FIRST FREEZE TEMPERATURE To -1 
1 

+ OOSUO: CALCULATE 6 PRINT TO, 20, KC, XS, I C  - 

I J = 1  1 
r E- C " 2 , C S  _- - 3 
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ORIGINAL PAGE lg 
Of POOR QUALITY 

1 + 1 

P I 0  

Cb = Co (1). Cn (1) = Cs, Tanp = F I K  (Cn (1) ),a = (Tmnp -TO)/G 
Xs = X t  t Zs, lm = (Ls-Xs)/Zi, To 0 )  = Tow Dt * (Cs-Cb)/Ti 



r 1 
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ORfGlNAL PAGE 13 
OF POOR QUALITY 

Cd Cr 1 
I 

c s - ~ c u + u w z  

QLT Cn 4 Im -1) = Co 

Q (Cu + CdIh + 10 -12 m 

XXXT r 1 - 3 I 



1 I Temp, Sk I 
I I 

Kc 5 Sk 
Sc = Kc-Cn (1 1 
T (J) = T i * J  
X (JI = XI 
Sc (J) = Sc 
Xk (J) = Xk 

To (J) 2 (JI, Xk (J), X (J). Sc (J) 
R+V (J+I), T (J), Ct 

YES +- Xr <Ls 

?-l GRAPHIC OUTPUT 
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FINITE ELEMENT AULYSIS OF A DEPLOYABLE SPACE STRUCTURE 

George E. Weeks, Ph.D. 
Professor of Aerospace Engineering 

University of Alabama 
Tuscaloosa, Alabama 

AESTRACT 

This investigation is concerned with evaluating the c'ynamic 

The SAFE structure consists o€ a deployable mast (E1 = 
characteristics of the SAFE structure during deployment and re- 
traction. 
18*106 1b-in2, GJ = 0.36*106 lb-in2, L = 0-1260") with a attached 
solar "blanket" (158" x 0-1260") designed with accordion-type folds 
to permit packaging in a small volume (158" x 15" x 10"). 
planar form of the blanket geometry during deployment is maintained 
by a blanket tensim/guideuire system. 

The 

Stmcturally, the mast is modeled as art Euler beam column with 
inplane and out-of-plane bending and finite torsional stiffness. 
For out-of-plane motion, the blanket is modeled as a distributed 
mass uniformly supported by the three guideuires. For inplane 
motion the blanket displacements are assumed to vary linearly from 
the mast base LO the mast tip. 

'The mathematical model uses a virtual work formulation, re- 
quired because the axial loading on the mast is nonconservative, 
combined with assumed beam modes to derive the differential equa- 
tions of motion. 
ditions results in an infinite set of ODE with time-dependent co- 
efficients. These equations are solved for the a) eigenvalues of 
the structure during deployment and b) the system dynamic response 
for evaluatton of dynamic stability characteristics. Finally, 
correlation of mast tip accelerations to mast base bending moments 
for specified modal motions are indicated. 

Consideration of the time-dependept boundhry con- 
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NOMENCLATURE 
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- 
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ET 
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P 

Definition 

Mast Lip eccentricitv 

Mast tip to blanket tip distance 

Mast bending stiffness 

Mast tip mass moment of inertia 

Hast compliance 

Instantaneous length of mast 

Hast tip mass 

Hast compressive force 

Blanket tensitln 

Blanket normal displacement 

Mast normal displacement 

Nass per unit length 

Mast base motion 
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INTRODUCTION 

The Solar Array Flight Experiment (SAFE) structure is a de- 
ployable three-dimensional structure designed to demonstrate the 
shuttle capability to deploy one type of a large space structure 
on-orbit, maneuver, and retract the structure to the original stowed 
position. 
performed for this structure ai 70% and 100% deployment [1,2j. However. 
analysis of the dynamic stabilit, characteristics of the structure 
during the deployable modes of extension and retraction has not been 
investigated. Accordingly, this report describes such an analysis of 
the SAFE structure including determination of the eigenvalues of ct,c 
system during deployment as well as the dynamic stability character- 
istics resulting from the time-dependent boundary conditicns cf the 
system. 

Vibration angles using the finite element method have been 

Tine solution of problems with nonstationary boundaries present 
considerable mathematical difficulties, principally because they re- 
sult in partial differential equations of motion with (time) variable 
coefficients. Although problems of this type are encountered in heat 
conduction ar.d ablating boundary configurations, subject areas most 
closely associated with the topic considered herein are those in the 
textile industry concerned with moving threadlines [3]  and the machine 
tool industries typically concerned with vibration and response char- 
acteristics of belt-pully, bandsaw type configurations [4]. 

While these problems have all been concerned with nonstationary 
boundaries, apparently the only investigation to date concerning tkc 
transverse vibrations of beams with a moving boundary was presented 
Worley (5). 
is varying with a constant rate w a s  studied using an asymtotic 
(perturbation) method of analysis. The basic Connulation of the equn- 
tions of motion was the same as presented herein. However, the 
asymtotic method of analysis is not applicable fcc a study of the 
dynamic characteristics of the SAFE structure. 

Here the 2-D motion of a uniform Euler beam whose length 
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* 
THE SAFE STRUCTURE 

A summary view of the SAFE structure during deployment is shovn 
Deployability is made possible by the array extension in Figure 1 .  

mast (Figure 2) which consists of a coilable longeron, lattice 
structure of triangular cross-section nested in an aluminum cylinder 
cannister with a mast-cannister interface compliance of 300,000 in-lb/ 
rad. The longerons are 0.25 in. diameter 5-glass epoxy with triangu- 
lar batten frames located at 9 in. intervals along the mast length. 
The renmining dc iiled construction is such that the overall mast can 
be considered to have a uniform bending stiffness in the tvo planes 
parallel and verpendicular to the blanket of E1 = 18*106 lb-in2. 
torsional stiffness GJ = 0.36*106 lb-in2, and a total weight of 41.6 
lb when deployed to the maximum length of 105 feet. 

The array blanket is composed of 84 stiffened substrate panels 
(Figure 3) 15 in. by 158 in. in size connected to each other with a 
piano type hinge composed of Kapton hinge loops and a 158 in. long 
fiberglass zpoxy hinge pin (0.032 in dia.). Total weight of the 
blanket ‘s  303 lb and when packaged, fits into a containment box 
structvre (Figure 4) with volume spproximately 10 in. by 15 i n .  by 
158 in. During deployment the blanket is untensioned until it is 702 
extended and the bottom 30X of the blanket is untensioned until it is 
fully extended. Guide wires running through grommets attached to every 
other panel hinge pin keeps the blanket in the plane between the con- 
tainment box cover and base and prevents it from billowing out if it 
were to leave the box during extension. This guide wire system also 
aids the * are-gravity fold of the blanket when blanket tension is re- 
moved. .ominal constant tension values i n  the guide wires are main- 
tained by negator powered storage reels on the underside of the con- 
tainer floor. Details of the array extension sequence is shown in 
Figure 5 with specific values of guide wire, blanket, and mast loads 
shown in Figure 6 .  

Finally, the blanket is offset from the mast centroid 10.6 in 
(Figure 6 )  bv 3 relatively rigid cover assembly, tip fitting, and mast 
t) blanke Sonnsction assembly as shown in Figure 1 with detail geometry 
a:id macs paperties as indicated in Figure 7 .  For this investigation, 
this e .  .ire mast tip assembly is considered rigid. 

All structural descriptions and Figures indicated are taken from 
Refs. [I] and [ Z ] .  
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aRlGlNAL PAGE IS 
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SOLAR ARRAY EXTENTION MAST ____ -- - - I- - - - - ~ --- 

MAST DIAMETER 36.6 CtA (14.4 IN) 

ROLLER LUG 

ROTATABLE NUT 

DRIVE MOTOR 

TRANSITION GUIDI 

ROLLER GUIDE 

ENf 28.3 CM 

ON 48.0 CM (18 

STOWAGE 8 3 . 9 ' C M  (35 4 

Figure 2 .  Solar  Array Extension Mast 
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Figure 3 .  Array Blanket-Detail 
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OF POOR QUALITY 

Figure 4 .  Array Containment Box 
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Oi?lGINAL PAGE Is 
OF POOR QUALITY 

- INITIAL EXTEN;!QN 

EXTE NS IO h RETWCTlO N /- SUPPORT i:Ag c 

:,e- STCWAGE CCNTAINER CCVER 
.> :D B U N K E i  OUTBQARO SUPPORT ,- 

?ARTIAL EXTENSION 

W 

:,e- STCWAGE CCNTAINER CCVER 
.> :D B U N K E i  OUTBQARO SUPPORT ,- 

......, ~ . -  _..". .-.-. - 

W 

MAST STOWAGE r CANISTER 

I 

Figure 5 .  SAFE Extension Sequence 
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OF POOR QUALIW 

TOTAL 21.0@. -0.8 

Figure 6. Detail Loads-SAFE 70% & 100% Deployment 
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MATHEMATICAL MODEL 

Justification 
The SAFE structure has been analyzed to determine its natural 

frequencies and mode shapes at 70% and 100% deployment [2] using 
the Structural Perfomance Analysis and Redesign (SPAR) code I61 
This code was written for general structural analysis using the 
finite element method. 
for the dynamic stability study presented here, it would reqvfre the 
solution of several hundred sets of algebraic equations (cwresponcl- 

the SAFE) at each time step-requiring prodigious amounts of conq 
time for simulating complete mast extension and retraction histc 
for the multitude of parameters that need to be investigated. 
addition, consideration of the time-dependent length of the mast and 
blanket during deployment would require, at least, the reformulation 
of the mass, stiffness, and psuedo damping matrices at each time step. 

Although this code could conceptually be used 

ing to the required several hundred DOF necessary to accurrately ! 

11 

In view of these considerations, and with the hindsight of the 
previously performed finite element frequency analysis in hand [ 2 ] ,  
it was felt that the most efficient method for the dynamic response 
analysis would be to use assumed beam modes for the mast and assumed 
membrane modes for the blanket. The accuracy (and convergence) char- 
acteristics of these assumed modes can be evaluated by calculating the 
corresponding natural frequencies and comparing with the f ii.ite element 
results. If good agreement is obtained, these modes could be *.ised witir 
confidence in the dynamic response (stability) analysis. 

Virtual Work Formulation 
The coupled in-plane and out-of-plane response behavior of the 

mast-blanket system is a complex motion requiring detailed three- 
diqensional sketches to accurately comprehend, and lengthy explanations 
fc- each of the required terms in the virtual work formulation. Thus, 
for clarity of presentation, and since the primary goal of this effort 
was to develop a model that accounts for the deployable dynamics of the 
SAFE, only the equations and results corresponding to the two-dimensional 
out-of-plane blanket motion will be presented here. 
development for the three dimensional problem is shown in the Appendix. 

The corresponding 

A virtual work formulation is required because the compressive 
force in the mast during deployment is nonconservative. A 2-D sketch 
of the idealized SAFE mode used is shown below in the undeformed and 
deformed configuration. The corresponding virtual work statement for 
this model is given by the following expression 
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. A  

l e  wwes 
Qn ket 

whert 

6 ~ =  Virtual work mast bending 

us g&) = Virtual work mast compressive force 

= -KT {(lJt)Si(LJt) ( 4 )  

= -TJ 0 ~ / C ~ , t ) S W ' Q . i ) d g  ( 5 )  

tp 6u = Virtual work blankec and guide wire tension 
1 

6hf= Virtual work mast translational inertia including 
base motion 

L 
= -44 ritjjt)t ~ c t j  slb(%t)L 0 

rkpi= Virtual work bianket and guide  wire translational 
inertia including base motion 
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ORlaNnL PAGE Is 
OF QOORQW 

sum= VirtLal work rigid mast tip cover asszmbly transla- 
tional aoii rotational iwrtia 

= - M [ j w +  ?w]sa(,t, - I # . . s $ ~ )  ( 8 )  

6 p =  Virtual work longi tud ins1 (extensional) acceleration 
of SAFE 

In these equations, dots denote differentiation with time and primes 
denote differentiation wrt z. Note that the coordinate z denotes the 
distan ? to a fixed point cin the mast (and blanket). 

For this analysis, it is convenient (and also efffcient from a 
computational viewpoint: to transform these equations in:o a form such 
that the boundary conditions are not a function of time. This is 
accomplished by the transformation 

H = Z!i 

where L is the time dependent length of mast (and blanket). The mast 
and blanket boundaries are then transformed from z = 0, L to x = 0 , l .  
The derivatives with respect to z and t in Eqns. 2-8 now become 

( S=f 

.. 
where L and L on the right hand side of Eqn. 10 indicates the velocity 
and acceleration respectively, of mast and blanket during deployment. 

The final equations of motion are nou derived by assuming that the 
mast deflections y(x,t) and blanket deflections z(x,t) can be expressed 
in the form 



The Y,(x) in Eqn. 11 is the nth eigenfunctiou of a free-ratationally 
restrained fixed length beam of length 1. (The eigenfunctions and 
corresponding eigenvalues for this beam with a compliance K~300.000 
in-lb/rad is presented in the Appendix. Use of these eigenfunctions 
result in approximately SOX less number of assumed modes than required 
for similar accuracy vhen using the classical free-free beam modes. 
This results in considerable savings i n  computer time and stcrage re- 
quired when performing the eigenvalue and dynamic response analysis 
of the SAFE structure). 

Subsrituting Qns. 11-12 into Eqns. 2-9.  and using Eqn. 10 re- 
sults in the equations of motion 

where 
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The time history of the response of the SAFE can now be obtained by 
integrating Eqn. 13 to determine the time-dependent amplitude coefficients 
(A and B) and using these results in Eqns. 11-12 to evaluate the mast 
and blanket deflections, velocities, and accelerations as functions of 
space and time. By setting the right hand side cf Eqn. 13 equal to zero 
and assuming A and B to vary as exp(at), the (complex) eigenvalues a of 
the structure may be determined. Finally, it is of interest t o  note, 
from Eqns. 13-14, that consideration of the moving boundary results in 
a psuedo damping matrix as well as an unsymnetric stiffness matrix. The 
damping matrix permits the possibility of complex eigenvalues and hence, 
dynamic instability of the SAFE structure during extension and retraction. 
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RESULTS AND D I S C U S S I O N  

The accuracy of t h e  SAFE model used can  be  p a r t i a l l y  a s ses sed  by 
comparing t h e  e igenva lues  a t  70% and 100% ( s t a t i c )  deployment wi th  
those  obtained f rom R e f .  2.  Resu l t s  of t h i s  comparison us ing  f i v e  beam 
modes and f i v e  b lanket  modes are shown below f o r  t h e  f i r s t  t h r e e  out-of- 
plane n a t u r a l  f r equenc ie s  of t h e  SAFE s t r u c t u r e .  The agreement between 
t h e  

Natura l  Frequency (Hz) 

1 2 3 

Present 

.059 -119 .196 
100% -034 .096 .153 R e f .  2 

t e n  DOF system of  t h e  c u r r e n t  i n v e s t i g a t i o n  is seen  t o  be i n  e x c e l l e n t  
agreement wi th  t h e  s e v e r a l  hundred DOF f i n i t e  element a n a l y s i s  of  R e f .  
2. As a consequence, i t  is f e l t  t h a t  a dynamic a n a l y s i s  of t h e  SAFE 
s t r u c t u r e  us ing  t h e  10 DOF m o d e l  h e r e i n  should y i e l d  a c c u r a t e  r e s u l t s .  

A typical response of t h e  mast t i p  d e f l e c t i o n  and a c c e l e r a t i o n  is 

Tension f o r c e s  on t h e  guide  wires and 
shown i n  t h e  ske tch  below. These r e s u l t s  were obta ined  u s i n g  a cons tan t  
deployment speed of 1.5 i n l s e c .  
b l anke t ,  and compressive f o r c e s  on t h e  mast dur ing  ex tens ion  and r e t r a c -  
t i o n  were as  presented  i l l  Fig .  6. 
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CONCLUSIONS AND RECOP1MENDATIONS 

An efficient algorithm for investigating the deployable dynamics 
of the SAFE type structure has been presented. The accuracy of the 
model for a 2-D analysis of natural frequencies has been verified by 
comparing with a detailed finite element analysis at 70% and lOOX 
deployment. 
for 3-D motion. Hovever, results obtained for the 2-D case indicate 
significant variations in dynamic response with rather small changes 
in certain parameters such as aast base motion, variation in mast 
axial load with deployedlength, and variation in deployment velocities 
and accelerations. As a result, it is suggested that the complete 
3-D analysis be coded and an extensive parameter study be carried out 
on the dynamic stability characteristics of the SAFE structure. 
Finally, while a psuedo-damping matrix is present in this analysis, 
due to the time-dependent length, it is suggested that the analysis 
presented here be extended to determine the modal mass and stiffness 
matrices of the structure and solve the resulting equations of motion 
including realistic modal damping values of 1/4%, 1/2%, etc. as judged 
appropriate €or this configuration. 

Time did not permit coding and debugging of the equations 
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APPENDIX 

Eigenfunctions and eigenvalues. The beam modes used in this 
analysis (Eqn. 11) correspond to those of a beam free at the left end 
and rotationally restrained at the right end (%/E1 = 0.01667). 
this case the eigenfunctions for free vibration are 

For 

where 

and the first ten eigenvalues are 

A1 = 1.7947724 

h2 = 4.5194452 

X3 = 7.5950817 

A4 = 10.670567 

,I5 = 13.760235 

A6 = 16.859803 

A7 = 19.966843 

A 8  = 23.079604 

h g  = 26.196822 

h10 = 29.317565 

Three-dimensional virtual work formulation. A sketch of the 3-D 
deformation is shown below as well as the additional virtual work terms 
(Eqn. 1) necessary for a 3-D formulation of the equations of motion. 

XXXIV-2 3 



ORIGINAL PAGE fil 
OF POOR QUALlW 

XXXIV-24 



8 8 4  1 6 0 5 1  

1983 

NASA/ASEE SUMMER FACULTY RESEARCH FELLOWSHIP PROGRAM 

MARSHALL SPACE FLIGHT CENTER 
THE UNIVERSITY OF ALABAMA I N  HUNTSVILLE 

EVALUATION OF THE SEPARABILITY OF MONODISPERSE POLYSTYRENE 
LATEX MICROSPHERES I N  A CONTINUOUS FLOW ELECTROPHORESIS SYSTEM 

Prepa red  B y :  Mr. George Williams, J r .  

Academic Rank : C h a i r m a n ,  D e p t .  of Science 

Academic I n s t i t u t i o n :  C a l h o u n  S ta te  Community C o l l e g e  
D e c a t u r ,  AL 35602 

NASA/MSFC : 
( L a b o r a t o r y )  
( D i v i s i o n )  
( B r a n c h  ) 

MSFC C o u n t e r p a r t :  

Date: 

C o n t r a c t  No. 

Space S c i e n c e  L a b o r a t o r y  
Space P r o c e s s i n g  
S e p a r a t i o n  Processes 

D r .  Robert S.  S n y d e r  

A u g u s t  12, 1983 

NGT 01-008-021 
T h e  U n i v e r s i t y  of Alabama i n  H u n t s v i l l e  

xxv- 1 



EVALUATION OF THE SEPARABILITY OF MONODISPERSE POLYSTYRENE 
LATEX MICROSPHERES I N  A CONTINUOUS FLOW ELECTRCPHORESIS SYSTEM 

George W i l l i a m s ,  Jr. 
Department  of Natural  S c i e n c e  
Calhoun State  Comniunity College 
D e c a t u r ,  AL 

Abstract 

The c o n t i n u o u s  f l o w  e l e c t r o p h o r e s i s  s y s t e m  makes electro- 
p h o r e s i s  p o s s i b l e  i n  a f .  . e - f lowing  f i l m  o f  aqueous  e lec t ro ly te  
medium. The sample  is i n c r o d u c e d  a t  one end  of t h e  chamber 
and  is s u b j e c t e d  t o  a l a t e ra l  DC f i e l d .  T h i s  p r o c e s s  s e p a r a t e s  
t h e  sample  i n t o  f r a c t i o n s  s i n c e  e a c h  component h a s  a d i s t i n c t i v e  
e l e c t r o p h o r e t i c  m o b i l i t y .  E v a l u a t i o n s  were made of sample  con- 
d u c t i v i t y  and  b u f f e r  c o n d u c t i v i t y  as t h e y  a f f e c t  sample band 
s p r e a d  and  s e p a r a t i o n  u s i n g  t h e  Con t inuous  P a r t i c l e  E l e c t r o -  
p h o r e s i s  (CPE) s y s t e m .  Samples  were p r e p a r e d  from m i x t u r e s  
of 5 p e r c e n t  and 1 p e r c e n t  PSL m i c r o s p h e r e s  which were . 4 ,  
.56 and . 7  m i c r o n s  i n  diameter. These  were p r e p a r e d  i n  
e l e c t r o i y t e  media lx and  3x t h e  c o n d u c t i v i t y  of t h e  c u r t a i n  
b u f f e r ,  a p p r o x i m a t e l y  150 and  450 micro mhos/cm. Samples  
w i t h  matched  c o n d u c t i v i t i e s  p roduced  greater r e s o l u t i o n  and  
less band s p r e a d  t h a n  t h o s e  w i t h  3x t h e  c o n d u c t i v i t y  o f  t h e  
c u r t a i n  b u f f e r .  
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I .  I n t r o d u c t i o n  

I n  t h e  Space  Science L a b o r a t o r y ,  S e p a r a t i o n  Processes Branch ,  
e l e c t r o p h o r e s i s  i n v e s t i g a t i o n s  have  been c o n a u c t e d  u s i c g  a 
v a r i e t y  of p a r t i c l e s ,  c e l l s ,  i n s t r u m e n t a t i o n ,  b u f f e r s ,  measure- 
m e n t s ,  c o l l e c t i o n  t e c h n i q u e s  and  p r o c e d u r e s .  S n y d e r  d i s c u s s e d  
i n  detail  s e v e r a l  p h a s e s  of t h e  ground-based s t u d i e s  which  
have been conducted  at MSFC? NASA h a s  i n c l u d e d  e l e c t r o p h o r e s i s  
expe r imen t s  on t h e  t w o  most r e c e n t  Space  S h u t t l e  f l i g h t s .  
Ground-based s t u d i e s  o f  several p a r a m e t e r s  u s i n g  c o n t i n u o u s  
f l o w  e l e c t r o p h o r e s i s  have  been  t h e  t h r u s t  of t h e  work i n c l u d e d  
i n  t h i s  r e p o r t .  

1 1 .  O b j e c t i v e s  

1. To e v a l u a t e  t h e  s e p a r a b i l i t y  o f  PSL m i c r o s p h e r e s  a t  
v a r i o u s  c o n c e n t r a t i o n s  w i t h i n  t h e  sample  medium. 

2.  To e v a l u a t e  t h e  s e p a r a b i l i t y  of PSL m i c r o s p h e r e s  
r e l a t i v e  t o  t h e  c o n d u c t i v i t y  of sample  v s .  t h a t  of t h e  aqueous  
c u r t a i n .  

3. To enhance  t r e a t l n e n t  o f  data  by m o d i f i c a t i o n  o f  e x i s t i n g  
computer s o f t  ware. 

4.  To p r o v i d e  p h o t o g r a p h i c  documen ta t ion  o f  pa r t i c l e  stream 
c h a r a c t e r i s t i c s  i n  t h e  l a te ra l  DC f i e l d .  

I I I .  Metheds and Materials 

I n  order t o  e v a l u a t e  t h e  S e p a r a b i l i t y  o f  selected mono- 
d i s p e r s e  p o l y s t y r e n e  l a t e x  ( W L )  m i c r o s p h e r e s ,  a Beckman Con- 
t i n u o u s  P a r t i c l e  E l e c t r o p h o r e s i s  (CPE)  s y s t e m  w a s  used .  The 
CPE s y s t e m  makes e l e c t r o p h o r e s i s  p o s s i b l e  i n  a f r e e - f l o w i n g  
f i l m  of aqueoL i e l e c t r o l y t e  medium. The chamber is 1.5 mm t h i c k ,  
4 5  mm wide and 500 mm long .  The e l e c t r o d e s  are 300 mm l o n g  and  
are housed o n  each s i d e  of t h e  chamber w i t h i n  cellulose acetate  
membranes i n  o r d e r  t o  s e p a r a t e  t h e  e l e c t r c i d e  chamber f rom t h e  
e l e c t r o p h o r e s i s  chamber. The s a m p l e ,  which c o n t i n u o u s l y  e n t e r s  
t h e  e l e c t r o l y t e  a t  t h e  t o y  o f  ' h e  chamber,  is s u b j e c t e d  t o  t h e  
action of a l a t e r a l  DC f i e l d .  T h i s  d i v i d e s  t h e  sample  i n t o  
f r a c t i o n s  since each h a s  a d i s t i n c t i v e  e l e c t r o p h o r e t i c  m o b i l i t y  
b a w d  upon d i f f e r e n c e s  i n  s ! i r face  c h a r g e  d e n s i t y  or  zeta  
p o t e n t  i a l .  2 

Samples were p r e p a r e d  from m i x t u r e s  of 5 ,  1 . 6 ,  and  1 percen t .  
PSL mic rosphe res  whi,:h were . 4 ,  .56 and .7 microns i n  d i a m e t e r .  
S i n w  i d e n t i c a l  s amples  were flown on STS-6 and STS-7, t h e  s u s -  
pens ion  medium was a p r o p i o n a t e  b u f f e r  ( d e s i g n e d  by MDAC; 
chemical composi t ion  c l a s s i f i e d )  and  p o l y o x y e t h y l e n e  l a u r y l  
e t h e r ,  a w e t t i n g  agen l  ( F i s h e r  S c i e n t i f i c ) .  

T h e  c o n d u c t i v i t i e s  o f  t h e  samples  were matched as closely as  
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p o s s i b l e  t o  t h o s e  o f  t h e  c u r t a i n  b u f f e r  for  tes ts  a t  l x  t h e  
c o n d u c t i v i t y .  T e s t s  w e r e  also made u s i n g  samples  3x t h e  conduc- 
t i v i t y  o f  t h e  c u r t a i n  b u f f e r .  C o n d u c t i v i t i e s  were measured 
w i t h  an Electro Mark a n a l y z e r  by Markson. D e f l e c t i o n  of t h e  
PSL p a r t i c l e s  w a s  measured w i t h  t h e  metric scale a t  t h e  CPE 
viewing  chamber. 

Sample i n s e r t i o n  rates were s t u d i e d  e x t  x i v e l y  b y  t h e  
a u t h o r  and T. Miller i n  t h e  summer of 2382.’ Optimum flow 
rates were de te rmined  t o  be 25 Dl/min. A s y r i n g e  pump (Sage  
I n s t r u m e n t s )  w a s  used  t o  i n t r o d u c e  t h e  sample  by s y r i n g e  i n t o  
t h e  sample  injection t i p .  C u r t a i n  b u f f e r  t e m p e r a t u r e s  w e r e  
m a i n t a i n e d  a t  approx ima te ly  22OC. Two d i f f e r e n t  c u r t a i n  f l o w  
rates w e r e  used  (9.5 cc/min and I5  c c / m i n )  i n  o r d e r  t o  s t u d y  
r e s o l u t i o n ,  bandwidth and d e g r e e  of separation. Samples w e r e  
s t u d i e d  a t  zero f i e l d ,  20 V/cm, 40 V / c m  and 60 V / c m .  

Photographs  o f  t h e  pa r t i c l e  streams w e r e  Rsde u s i n g  a N i k o n  
F camera body w i t h  a 55 mm micro l e n s  and 2x e x t e n s i o n  t u b e .  
The l i g h t  s o u r c e  w a s  a c r o s s - s e c t i o n  i l l u m i n a t o r  (CSI)  mounted 
i n  t h e  back o f  t h e  CPE a t  t h e  rear o f  t h e  v i ewing  ~ h a m b e r . ~  
camera w a s  mounted o n  a t r i p o d  f o r  s u p p o r t  and e l i m i n a t i o n  o f  
v i b r a t i o n s  from t h e  p e r i s t a l t i c  b u f f e r  pumps. A l l  laboratory 
l i g h t s  were t u r n e d  o f f  i n  o r d e r  t o  a c h i e v e  h igh  r e s o l u t i o n  
photographs .  A medium F-stop o f  5.6 p r o v i d e d  a d e q u a t e  dep th  of 
f i e l d .  T r i - X  f i l m  by Kodak w a s  u sed  and push-processed  a t  
ASA 800. 

The 

Exposures  were made at  1/8 sec and 1/15 sec. A s h u t t e r -  
release c a b l e  w a s  a lso used  s ince t h e  micro l e n s ,  e x t e n s i o n  
t u b e  and camera body is a r e l a t i v e l y  heavy s y s t e m  f o r  a small 
t r i p o d .  

I V .  R e s u l t s  

C.md yui1liL.y pho tos  were made and c a t a l o g e d  by t h e  %pa- 
ra t ion  P r o c e s s e s  Branch s t a f f .  N o n e  of t h e  p h o t o s  w i l l  be  i n -  
c luded  i n  t h i s  pape r .  The t e c h n i q u e  g i v e n  i n  t h e  p r e c e d i n g  
sec t ion  is for  f u t u r e  r e f e r e n c e .  E x t e n s i v e  r e s u l t s  and d i s -  
c u s s i o n  o f  t h e  p h o t o g r a p h i c  documenta t ion  of  p a r t i c l e  st eams 
was i n c l u d e d  i n  t h e  ASEE r e p o r t  f o r  1982 by t h i s  a u t h o r .  5 

The resul+.s o f  t h e  PSL c o n d u c t i v i t y  and c o n c e n t r a t i o n  
s t u d i e s  are  i n c l u d e d  i n  Figures 1-7. Thses  g r a p h s  show com- 
p i l a t i o n s  of s e v e r a l  r u n s  i n  t h e  CPE s y s t e m .  

F j g u r e s  1 and 2 show a comparison of m i x t u r e s  o f  r e d ,  
w h i t e  at.2 b l u e  samples  a t  l x  t h e  c o n d u c t i v i t y  u s i n g  9.5 cc/rnin 
and 15 cc/min f low rates.  Overa l l  r e s o l u t i o n  o f  t h e  samples  
a t  b o t h  f low rates w a s  e x c e l l e n t .  Bandwidths are a lso i n c l u d e d  
i n  t h e  g raphs .  At, zero f i e l d  t h e  samples  a t  b o t h  t h e s e  f l o w  
rates were 0 . 2 5  mrn wide. A t  60 V / c m  t h e  b l u e  PSL sample  p a r t i c l e  
s t r e a m s  were g e n e r a l l y  more u n s t a b l e  than  r e d  or  w h i t e .  In  
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FIG 6. 1% RND 1.6% BLUE PSL IN 1 X CONDUCTIVITY 
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F i g .  1, t h e  bandwidth  of 1.5 mm fo r  t h e  b l u e  ( f r o m  9.0 t o  10 .5 )  
r e p r e s e n t s  t h e  largest  of e a c h  o f  t h e  samples .  I t  may a l so  b e  
n o t e d  t h a t  t h e  b l u e  p a r t i c l e s  were o b s e r v e d  from l e f t ,  w h i t e  
i n  t h e  center and  red t o  t h e  r i g h t  o f  t h e  chamber.  The b e s t  
r e s u l t s  f rom t h e s e  s t u d i e s  are shown i n  Fig. 2.  Bandwidth a t  
60 V / c m  were o n l y  0.5 mm w i t h  s e p a r a t i o n  o f  t h e  colored p a r t i c l e s  
a v e r a g i n g  0.75 mm. When t h e  15 c c / m i n  f l o w  r a t e  is c o n s i d e r e d ,  
t h e s e  are optimum r e s u l t s .  

F i g u r e  3 shows t h e  r e s u l t s  o f  t es t s  w i t h  r e d ,  w h i t e  and  
b l u e  sample  a t  3x t h e  c o n d u c t i v i t y  o f  t h e  c u r t a i n  b u f f e r .  Vol- 
t a g e s  o f  20  V / c m  a n d  40 V / c m  were a p p l i e d .  Bandwidths  of -25 
mm a t  zero f i e l d  w e r e  i n c r e a s e d  t o  .75 mm i n  t h e  w h i t e  and . 5  mm 
i n  t h e  red a t  40 V / c m .  S e p a r a t i o n s  o f  a t  least  1 mm were re- 
co rded .  T h e s e  r e s u l t s  were much more c o n s i s t e n t  w i t h  t h e  ones 
i n  matched c o n d u c t i v i t i e s  t h a n  t h e  ones r e c o r d e d  i n  t h e  faster 
f l o w  rate (15 cc /min )  when h i g h e r  v o l t a g e s  w e r e  a p p l i e d .  
F i g u r e  4 g i v e s  t h e  r e s u l t s  o f  t h e  r e d ,  w h i t e  and  b lue  s a m p l e  a t  
3x t h e  c o n d u c t i v i t y  o f  t h e  c u r t a i n  b u f f e r  when t h e  c u r t a i n  f l o w  
rate was 15 cc /min .  Band s p r e a d s  i n  t h e s e  tests w e r e  r e l a t i v e l y  
i n s i g n i f i c a n t  a t  t h e  lower v o l t a g e s .  A t  60 V/cm good s e p a r a t i o n  
of r e d ,  w h i t e  and  b lue  m i c r o s p h e r e s  occurred. The b l u e  s a m p l e  
had  an a v e r a g e  of 3.0 mm. The w h i t e  sample a v e r a g e d  1.0 mm 
and t h e  red . 5  mm i n  w i d t h .  

I n  F i g u r e  5 t h e  r e s u l t s  o f  t h e  s t u d i e s  w i t h  5 p e r c e n t  
s o l i d s  i n  p r o p i o n a t e  and  matched c o n d u c t i v i t i e s  are g i v e n .  
Band s p r e a d s  r a n g e d  f rom . 5  mm t o  1.0 mm f o r  t h e  components  
of t h e  s a m p l e  stream. A t  zero f i e l d  t h e  e n t i r e  stream was 
.5 mm i n  w i d t h .  Good sample  s e p a r a t i o n  was a c h i e v e d  d u r i n g  
t h e s e  CPE r u n s .  

F i g u r e  6 g i v e s  a compar ison  of t w o  c o n c e n t r a t i o n s  of t h e  
b l u e  PSL. C o n c e n t r a t i o n s  o f  1 and 1.6 p e r c e n t  s o l i d s  i n  t h e  
p r o p i o n a t e  b u f f e r  at matched  c o n d u c t i v i t i e s  and  t h e  same c u r t a i n  
f l o w  rates y i e l d e d  similar resu l t s .  A t  zero f i e l d  t h e  band 
s p r e a d  fo;. b o t h  s a m p l e s  ( r u n  s e p a r a t e l y )  was . 2 5  mm w i t h  b o t h  
p a r t i c l e  streams i n c r e a s i n g  i n  wi.dth t o  1 mm a t  60 V / c m .  

F i g u r e  7 is a c o m p o s i t e  g r a p h  showing s t u d i e s  w i t h  1.6 
and 5 p e r c e n t  b l u e  PSL i n  p r o p i o n a t e .  These CPE runs were made 
i n  a c u r t a i n  f l o w  r a t e  o f  15 c c / m i n  w i t h  inatched c o n d u c t i v i t i e s .  
Ths 1.6 p e r c e n t  sample  bandwidth  was . 5  mm a t  zero f i e l d ,  n a r -  
rowed t o  . 2 5  mm, t h e n  s p r e a d  t o  . 5  mm a t  t h e  h i g h e r  v o l t a g e s .  
The 5 p e r c e n t  b l u e  PSL bandwidth  was . 2 5  mm at  zero f i e l d  and  
1 .0  mm at  60 V / c m .  D i f f e r e n c e s  i n  p a r t i c l e  d e f l e c t i o n  measure-  
m e n t s  were i n s i g n i f i c a n t .  

V. C o n c l u s i o n s  and  Recommendations 

R e s u l t s  of t h e s e  s t u d i e s  show t h a t  s a m p l e s  w i t h  conduc- 
t i v i t i e s  matched t o  t h o s e  of t h e  c u r t a i n  b u f f e r  y i e l d  greater 
r e s o l u t i o n  and  less b a n d s p r e a d  t h a n  t h o s e  o f  t h r e e  times t h e  
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c o n d u c t i v i t y .  Moderate flow rates (15 cc /min )  p roduced  good 
sample  r e s o l u t i o n  i n  t h e  r e d ,  w h i t e  and b l u e  m i x t u r e s .  S lower  
rates (9 .5  cc /min )  p r o v i d e  greatcr s e p a r a t i o n  and  more con- 
s i s t en t  bandwid ths  a t  t h e  v i e w i n g  chamber.  We recommend 
matched c o n d u c t i v i t i e s  a t  e i t h e r  flow r a t e  f o r  CPE s t u d i e s  
w i t h  red,  w h i t e  and  b l u e  PSL m i x t u r e s .  Some a d d i t i o n a l  r u n s  
a t  e a c h  o f  t h e  a p p l i e d  voltages w i t h  t h e  1% s o l i d s  u s i n g  c u r t a i n  
b u f f e r  w i t h  3x t h e  c o n d u c t i v i t y  of t h e  s a m p l e  would b e  h e l p f u l .  

F i v e  p e r c e n t  s a m p l e s  p roduced  c o n s i s t e n t  results w i t h  
greater bandspread .  These  t es t s  were made w i t h  samples  h a v i n g  
c o n d u c t i v i t i e s  e q u a l  t o  t h o s e  o f  t h e  c u r t a i n  b u f f e r .  Some 
a d d i t i o n a l  r u n s  w i t h  5 p e r c e n t  s o l i d s  i n  t h e  3x c o n d u c t i v i t y  
b u f f e r  are n e c e s s a r y ;  however ,  t h e  v e r y  l i m i t e d  sample  d i d  n o t  
allow u s  t o  c o m p l e t e  t h e s e  tes ts .  

Samples  o f  b l u e  PSL m i c r o s p h e r e s  a t  1 . 0 ,  1.6 and  5% s o l i d s  
p roduced  r e s u l t s  which were almost i d e n t i c a l  i n  p a r t i c l e  deflec- 
t i o n  a n d  b a n d s p r e a d  ( F i g u r e s  6 and  7 ) .  T h e r e f o r e ,  e i t h e r  con- 
cen t ra t ion  may be u s e d  f o r  f u t u r e  s t u d i e s  w i t h  b l u e  s a m p l e s .  

Dur ing  ';he two summers our o b j e c t i v e s  have  been m e t .  
P h o t o g r a p h i c  t e c h n i q u e s  h a v e  been s a t i s f a c t o r i l y  d e t e r m i n e d .  
We h a v e  a lso d e t e r m i n e d  optimum sample  f l o w  ra tes ,  c o n d u c t i v i t i e s  
and c o c c e n t r a t i o n s  f o r  r e s e a r c h  w i t h  PSL s a m p l e s  i n  t h e  c o n t i n u o u s  
p a r t i c l e  e l e c t r o p h o r e s i s  s y s t e m .  
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