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OVERVIEW 

i > Volume I1 of the Final Report for  the Feasibil i ty Study of the Atmospheric 

General Circulation Experiment contains a l l  of the documentation tha t  contri-  

butes to  the resul ts  given in Volume I .  T h i s  documentation, generated d u r i n g  

the course of the program, includes the analysis performed i n  each technical 

area, the rationale and substantiation for  the design approaches selected fo r  

the hardware and the design de ta i l s  for  the baseline AGCE. 

The documentation produced i n  the form of Program Information Releases 

(PIR) dockets has been arranged by technical area to  provide a cohesive flow 

of information. 

for ease i n  locating specific categories such as Materials for  the A G C E ,  h i g h  

voltage power supply, apparatus configuration, e t c .  

technical areas are  arranged coincides w i t h  tha t  given i n  Section 2.0 o f  

Volume I .  

Each major technical area has been separated by blue dividers 

T h e  order i n  which the 

i 

i i i  



3.1 MATERIALS FOR DIELECTRIC FLUID AND EXPERIMENT SPHERE 

Task 1 - Dielectric Fluid Requirements 
Parametric Presentation of AGCE Variables 

Task 1 - Dielectric Heating Due to Electrical Power 
Di ss i pat i on 

Task 1 - Calculation of gE for Nominal GFFC and AGCE 
Parameters 

Task 1 - Fluid Viscosity Assessment 
Photochromic Dyes for Flow Visualization in High 
Dielectric Sol vents 

Dielectric Sol vent/Photochromic Dye Solutions 

Photochromic Dyes for Flow Visualization in High 
Dielectric Solvents - I11 
Photochromic Dyes for Flow Visualization in High 
Dielectric Solvents - I1 5 

Fluid Filtration Theory 

Task 2 - Purification, Characterization and Handling of 
High Dielectric Constant Fluids 

Task 3 - Dust Removal Feasibility Report 
Task 3 - Dust Removal Design Requirements 
Dielectric Material for the AGCE Baffle 

Cost of Material for the AGCE Baffle 

Task 8 - Requirements for Outer Sphere Material 
Task 8 - Material for the Outer Sphere 

PIR NO. 

-006 

-028 

-01 4 

-01 5 

-01 7 

-025 

-032 

-037 

-036 

-002 

-021 

-01 6 

-005 

-01 9 

-026 

-009 

-020 
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SUBJECT 

TASK 1 - DIELECTRIC FLUID REQUIREMENTS 

INFORMATION REQUESTED/RELEASED 

The at tached AGCE d i e l e c t r i c  f l u i d  requirements have been generated f o r  use i n  making 

a survey of d i e l e c t r i c  f l u i d s  and s e l e c t i n g  candidates fo r  use i n  t h e  Atmospheric 

General C i r c u l a t i o n  Experiment (AGCE) . 
TASK 1 - SURVEY OF DIELECTRIC FLUIDS 

*CLASS LTR OPERATION PROGRAM SEQUENCE NO. REV LTR. I I I 
I 

U - 1254 - AGCE, 006 
1 

P I R  NO. 

I 1 .O SCOPE 

The d i e l e c t r i c  f l u i d  survey and photochromic c o m p a t i b i l i t y  assessment w i l l  be 

conducted so t h a t  a f lu id /photochromic  system can be se lec ted  f o r  use i n  t h e  AGCE. 

The d i e l e c t r i c  performance requirements t o  be used as gu ide l i nes  i n  t h i s  e f f o r t  a r e  
prov ided below. 

I 2.0 GENERAL 

The d i e l e c t r i c  f l u i d  requirements a re  based on t h e  AGCE RFP, t h e  GE AGCE 

proposal and personal  communication w i t h  D r .  Fowl is  o f  NASA/MSFC. 
i n fo rma t ion  i s  no t  r e a d l l y  a v a i l a b l e  i n  t h e  open l i t e r a t u r e ,  t h e  exper t i se  o f  

D r .  Ronald Franc is  (Rochester I n s t i t u t e  of Techhology), D r .  David Shaw (GE Capaci tor  
Department), t he  GE D i e l e c t r i c  Ma te r ia l s  Laboratory  and o t h e r  techn ica l  i n f o r m a t i o n  

sources w i l l  be u t i l i z e d  i n  assessing t h e  f l u i d s  and photochromics. 

Since t h e  requ i red  

I 3.0 PERFORMANCE REQUIREMENTS 

3.1 General I 
The goals o f  t h e  d i e l e c t r i c  f l u i d  survey a r e  t o  i d e n t i f y  a d i e l e c t r i c  

f l u i d  which w i  11 : 

1 )  pe rm i t  an inc rease (-5-10 x )  i n  t h e  va lue o f  t h e  d i e l e c t r i c  

body force,  gE, over t h a t  c u r r e n t l y  achievable i n  t h e  GFFC. 

L. R. Eaton 

S. Neste 
W .  Yager 



PIR NO. U-1254-AGCE-006 
Page Two 

2 )  be compatible w i t h  a photochromic material and permit the 
flow visualization principle used i n  the GFFC to  be used 
for  the AGCE. 

3.2 Dielectric Constant 

A d i e l ec t r i c  constant greater than 2.2 is required w i t h  a value greater 
than 40 desired. 
requirements such as dissipation factor.  

The upper value acceptable may be limited by other parameter 

3.3 Dissipation Factor 

The f lu id  diss ipat ion factor  must be minimized so tha t  the f l u i d  heating 
r a t e  does not exceed 0.001 OC/sec. 
readily available i n  the l i t e r a t u r e  due t o  their  dependence on f lu id  purity. 
values o f  dissipation factor for candidate f lu ids  may have to  be measured ( G E  Dielect, (4 
Materials Laboratory), and therefore will be limited t o  two o r  three f l u i d s .  

Values of f l u i d  diss ipat ion factor  a re  n o t  
The 

3.4 Electrical  Volume Resistance 

T h i s  parameter i s  also highly dependent on f l u id  purity and will be 
measured for 2 or 3 f lu ids  ( G E  Dielectric Materials Laboratory). 
t o  minimize f lu id  heating as  given i n  Paragraph 3.3. 

The objective is  

3.5 Dielectric Strength 

Conments o f  3.3 and 3.4 apply here also. The goal i s  a d i e l ec t r i c  strength 
factor  o f  2 above tha t  required t o  sustain the impressed voltage, a maximum of 30 kv.  

3.6 Viscosity 

Values of viscosi ty  less than 1 cp a re  desired w i t h  a maximum of 3 cp 
acceptable. 

2 



P I R  NO. U-1254-AGCE-006 ' Page Three 

3.7 C o e f f i c i e n t  o f  Volume Expansion 

A va lue of' t he  c o e f f i c i e n t  of volume expansion w i l l  be sought which 

i s  compat ib le w i t h  t h e  o p t i c a l  d e t e c t i o n  concept and a minimum temperature g r a d i e n t  

o f  O.l0C/cm w i t h  a 10% u n c e r t a i n t y ,  

3.8 Photochromic Fade Time 

Photochromic fade t imes of 1 t o  2 minutes w i l l  be sought. 

4.0 INPUTS REQUIRED 

P r i o r i t y  o f  Parameters - A p r i o r i t i z a t i o n  o f  t h e  above parameters w i l l  be 
provided by NASA so t h a t  t h e  r e l a t i v e  importance o f  each parameter can be considered 
i n  s e l e c t i n g  candidate f l u i d s  ( c . f .  P I R  No. 1254-AGCE-08). 

SAFETY 

The f l u i d  w i l l  be enclosed w i t h i n  t h e  concen t r i c  hemisphere assembly which, 
; 

i n  t u r n ,  i s  l o c a t e d  w i t h i n  the  confines of  t h e  gaseous n i t r o g e n  f i l l e d  o u t e r  sealed 
enclosure. 

,/ ' S a - "  
Approved by; r;" ,/( . &/LfiL-J 

ACGE Program Manager 

3 
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D i  s t r  i b u t  ion 

iUBJECT 

PARAMETRIC REPRESENTATION OF AGCE VARIABLES 
NFORMATION REQUESTED/RELEASED 

1.0 SUMMARY 

Two important considerations for the AGCE include the f l u i d  heating r a t e  and 
the d i e l ec t r i c  body force a s  discussed i n  PIR No. 1254-AGCE-014A and -015, respectively. 
The equations describing these quant i t ies  contain common variables which allow several 
parametric analyses t o  be performed and used a s  a guide i n  assessing the AGCE per- 
formance. 
parameters, the result ing parametric plots and examples of t h e i r  use a re  provided. 
The families of  curves presented herein a re  intended t o  be used a s  too ls  i n  selecting 
a feasible  se t  of operating conditions for the AGCE. 

Definitions of the  relevant parameters, the  equations relat ing these 

2.0 VARIABLE DEFINITIONS AND RELEVANT EQUATIONS 

Definitions of variables required for  a partial  theoretical  evaluation and 
assessment of the AGCE are  given below. 
order o f  usage in. the equations which follow. 

The variables are  l i s t e d  i n  the approximate 

3 Pd = power dissipated i n  the f luid per u n i t  volume (watts/m ) 
-1 -1 

(T = f lu id  conductivity (D m ) 

E = applied e l ec t r i c  f i e l d  (vol ts /m) 

w = e lec t r i c  f i e l d  frequency (rad/sec) = 2nf  

f = frequency (Hz) 
-1 2 

E = d ie l ec t r i c  constant o f  f ree  space (8.85 x 10 faradjm) 0 

K = re la t ive  d i e l ec t r i c  constant 

G. Fogal 
R.  Homsey 
S. Neste 
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f 

tan 6 = 

r. = 

r =  

V =  

T =  

1 

0 

- 
cP - 

P i  = 

- - 

Y =  

a =  

- 
gE - 

f luid dissipation factor  

outer radius of inner sphere (m) 

inner radius o f  outer sphere ( m )  

applied voltage (vo l t s ) ,  E = V / (  ro-ri) 

f lu id  heating r a t e  (" C/sec) 

f lu id  heat capacity (joules/Kg" C )  

f lu id  density (Kg/m ) 3 

total  power dissipated i n  the f lu id  ( w a t t s )  

thermal coef f ic ien t  of  d ie l ec t r i c  constant ("C-' ) 

thermal coefficient of volume expansion ("C-' ) 

d ie l ec t r i c  body force ( g ' s  o r  m/sec ) 
2 

POWER DISSIPATED PER UNIT VOLUME 

2 3 Pd = oE (watts/m ) 

=WKE tan6E 2 
0 

; f = 300 Hz, ro = .06m, r i  = .05m = PnfKEotan6 V 2  

( ro-ri 1 

(1 1 2 3 Pd = 1.67 x 1 O-4K t a n 6  V (watts/m ) 

HEATING RATE 

T = -  5 
cppO 

3 

cppo po 1: 70 Kg/m 

-4 2 
- - 1 s 6 7  l o  ; C 2 2 x 10 joules/Kg°C 

P 3 3  

2 i = 8.4 x 10-l'K tan6 V 

I 
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VOLUME OF FLUID CELL 

3 3  
2 0 1  

VOl. = - 4/3n ( r  - r . ) ;  ro = .06m, ri = .05m 

-4 3 = 1.9 x 10 (m ) 

TOTAL POWER DISSIPATED 

T P d  = P d  x vola 

2 = 1.67 x 10m4K tan6 V (1.9 x l o m 4 )  

2 = 3.17 x 10m8K tan6 V (watts) , 

DIELECTRIC BODY FORCE 

2 

DMSO 
-5 V2 ; y = 0.0035 "C- 

cx = 0.00088 OC- 1 

= 1.27 x l o e 8  K V2 (m/s2) 

= 1.29 x K v2 (gls) 
8 K = 7.7 x 10 g Vm2 

e 

- -  gE - 4.1 x lo- '  
tan 6 4 T 

I 

-2 'd = 4.1 x 10 - 
gE tan 6 

3 3 
p0 = 10 Kg/m 
r = 0.055 m 

(3) 

(4)  
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\ 3 Two assumptions i n  the above equations l imi t  t he i r  unconditibnal appl icatioii 
to  the assessment of the AGCE performance. 
by hemispheres w i t h  rad i i  of 0.05 and 0.06 meters and t h u s  the to ta l  power d i s s i -  
pated (Equation 3)  will change for other configurations. 
Equation 6 assumes values of 01 and y for DMSO. 

1254-AGCE-015 (page 5) ,  the values of  M and y do not change greatly fo r  h i g h  
d i e l ec t r i c  constant f lu ids ,  caution should be used i n  applying this equation t o  
other f l  u i d s  . 

The to ta l  f lu id  volume i s  determined 

Also, note t h a t  
Although, as  indicated i n  PIR 

3.0 PARAMETRIC PLOTS 

Figures 1 through 5 a re  parametric plots  of Equations ( 2 )  through ( 6 )  and  
provide a quick means of assessing the effect  b f  changing the experiment require- 
ments. 
e i the r  a f lu id  heating r a t e  of O.OOl"C/sec o r  a voltage of 15 Kv. 
conditions, Figures 1 ,  2 and 3 give values of Pd = 0.38 watts, tan6 = 0.003 and 
K = 17.5, respectively. 

the required conditions. 
then a higher f lu id  d i e l ec t r i c  constant of 538 i s  required (F igu re  3 ) .  

For example, suppose a value of gE = 5g i s  required w i t h o u t  exceeding 
For these 

T 

In other words, a f lu id  w i t h  a d i e l ec t r i c  constant of 

I f  the maximum allownble voltage is reduced to  10 Kv 
3 517.5 which has been purified t o  give a dissipation factor  o f  0.003 will meet 

As a second example, suppose a f lu id  w i t h  a d i e l ec t r i c  constant of 40 can 
be purified t o  give a dissipation factor  of 0,001. 
heating r a t e s  and to ta l  power dissipations of .~0.0007~C/sec and 0.29 watts, re- 
spectively ( V  = 15 Kv)  and Figure 2 indicates t h a t  a value of gE = 10.5 g can t h e n  
be achieved. 

Figures 4 and 5 then give 

T h u s ,  given the operating requirements of the  A G G E ,  the required f lu id  
charac te r i s t ics  can be determined, o r  a l te rna t ive ly ,  i f  the f lu id  charac te r i s t ics  
a re  known, the AGCE performance can be evaluated a s  a function of applied voltage. 
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Figure  1 .  Fluid Heating Rate a s  a Function of  
Total  Power Diss ipa ted .  
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Figure 3 .  Values o f  applied voltage and d i e l ec t r i c  constant 
required t o  achieve specified values o f  9,. 
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0.004 
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- 
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Figure 4. F l u i d  heating r a t e  a s  a function of applied voltage for  
specified values of d i e l ec t r i c  constant ( K )  and dissipation 
factor  (tan6 1. 
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tan 6 = 0.01 
i--- tan 6 = 0.001 

APPLIED VOLTAGE (kilovolts) 

Figure 5. Total power dissipated as  a function o f  applied voltage 
for  specified values o f  d ie l ec t r i c  constant ( K )  and 
dissipation factor  ( tans) .  
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SUBJECT 

Task 1 - Dielectric Heating Due t o  Electrical Power Dissipation 
INFORMATION RE QUE STED/R E LEASED 

1.0 SUMMARY 

The d ie lec t r ic  heating caused by an applied AC voltage was calculated f o r  ranges 
of d ie lec t r ic  constant and dissipation factor assuming the nominally agreed upon values 
( P I R  No. 1254-AGCE-008) for  AGCE e lec t r ica l  and geometrical parameters. The values 
assumed are as follows: 

Outer radius inner sphere - 5.0 cm 
Inner radius outer sphere - 6.0 cm 
Applied AC voltage 
A C  frequency - 300 HZ 

- 20 kV RMS 

The analytical resul ts  indicate t h a t  the major paranieters controlling the fluid heating 
rate  ( T )  are the applied voltage and the f luid dissipation factor.  Using the parameter 
values l i s t ed  above, and assuming a d ie lec t r ic  constant of 40, a dissipation factor of 
a . 0 0 3  will be necessary t o  maintain f luid heating below 0.00l0C/sec. The d i f f i cu l t i e s  
of obtaining a high d ie lec t r ic  constant f luid ( i . e . ,  polar l iquid)  of suf f ic ien t  
purity t o  achieve and maintain t h i s  low dissipation are very d i f f i c u l t ,  although per- 
haps n o t  impossible. 
in P I R  No. 1254-AGCE-021. 

I 

Applicable purification and measurement procedures are discussed 

2.0 BACKGROUND 

The AGCE Statement of ldork (SON) 1 isted several character is t ics  which the "ideal" 
d ie lec t r ic  f luid should possess. 
200 o i l  used in the GFFC with the exception o f  the d ie lec t r ic  constant for  which a 
factor of 20 increase i s  desired. 
desired values are given on the following page. 

Most o f  the values l i s t ed  were for  the Dow Corning 

The key parameters identified in the SOW and the 

I To 
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Dielectric Constant: ' 4 0 ~ ~ .  However, any value greater than 
2.2 tz0 will be helpful (co = die lec t r ic  constant o f  f ree  
space = 8.85 x f a r a d h e t e r ) .  

Dissipation Factor: 4 x i n  the frequency range around 
500 Hz. 

Electrical Volume Resistance: 1 x ohm cm. A lower value 
migh t  be sat isfactory t o  maintain the heating ra te  below 
0.001 "C/sec. 

The  heating r a t e  should not exceed O.OOl°C/sec. 

Dielectric Strength: >50 volts/mil. The required value 
will depend on the sphere separation and voltage level. 
For the nominal values of 20 k'V and 1 cm separation, a rating 
of $51 volts/mil would be required a t  1 cm. Translating this 
requirement t o  the standard rating, usually measured fo r  a 
separation of 0.1 inch, yields a value of 4 0 2  volts/mil 
(d i e l ec t r i c  strength is  inversely proportional t o  square 
root of d i e l ec t r i c  thickness). 

Viscosity: <5 centipoise. Preferably <1 centipoise. More 
recently (PIR No. 1254-AGCE-09) the uppe r  limit has been fixed 
a t  3 cp. 

Coefficient of Volume Expansion: >1 x 10-40C-1. 

Transparency: Clear o r  almost clear.  In addition, the f luid 
must be compatible w i t h  a photochromic dye t o  permit imple- 
mentation of the flow visualization technique. 

Real i s t i c a l l y ,  the above parameter values probably cannot be achieved i n  
For example, the any f luid and hence relaxation trade-offs will be required. 

h i g h  d ie lec t r ic  constant and the h i g h  r e s i s t i v i ty  values desired a re  physically 
incompatible i n  a single f luid.  
r e s i s t i v i ty  alone is  the f luid heating or po,wer dissipation which resul ts .  
Section 3.0 discusses the expected power dissipation and f l u i d  heating as a 
function of f lu id  dissipation factor and r e s i s t i v i ty  (items 2 and 3 above) and 
provides a guide fo r  determining r e a l i s t i c  values of dissipation factor  t o  
impose on the f luid.  

However, a parameter more relevant than the 
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3.0 TASK IMPLEMENTATION 

Two derivations fo r  an expression relating the f l u i d  heating ra te  t o  the 
applied e l ec t r i c  f i e ld ,  and the f l u i d  dissipation factor  are given below. 
approaches yield the same final expression and provide a relationship between 
the f l u i d  dissipation factor and the f l u i d  conductivity. 

Both 

F l u i d  Heating Rate - First Approach 

One of  the key parameters required t o  assess the d ie lec t r ic  f lu id  heating 
produced by an applied AC voltage i s  the power factor  ( 6 ) ,  which i s  defined as:  
the r a t io  of the total  power ( i n  watts) flowing i n  an electr ical  c i r cu i t  t 6  the 
total  equivalent volt-amperes flowing i n  t h d t  c i r cu i t .  
i t  i s  exactly equal t o  (Tweney and Hughes, 1967):  

In  normal d ie lec t r ics  

where : 

and 

(1)  
G 6 =  4 - -  G + w e  

G = conductance of the d ie lec t r ic  (ohm-’) 
= 1 / R  where R i s  the d ie lec t r ic  resistance i n  ohm 

w = frequency o f  the impressed AC voltage (rad-sec-l) 
= 2nF where f i s  the voltage frequency in Hz 

C = capacitance (farads) 

The resistance ( R )  and capacitance ( C )  of a concentric sphere assembly a s  
proposed for  AGCE are given by: 

and 
4n K c0 rl r2 

r -r  1 2  
C =  

= K A/d 

= radius of the outer sphere 

r2 = radius of the inner sphere 
rl where : 
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p 

A = 41rrlrp 
d = r - r  
E = d ie l ec t r i c  constant of f ree  space (8.85 x farads/m) 
K 

= r e s i s t i v i ty  of d ie lec t r ic  (ohm-m) 

1 2  
0 

= die lec t r ic  constant of material re la t ive to  c0 

Writ ing  Equation ( 2 )  i n  terms of the conductivity a ( = l / p )  gives: 

4rrl r2 
G =  a. r -r 1 2  

(4) 

= Aa/d 

Equations ( 3 )  and (4)  can be substituted i n  Equation (1)  and reduced by can- 
cellation of l i ke  terms to  give the simplified expression fo r  the power factor 
as:  

a 
A m -  6 =  

+ ~ K E ~  

For values of 6 < 0.1 (the region o f  in te res t  for  AGCE) the power factor may be 
considered equal t o  the dissipation factor  (Reference Data for  Radio Eng., 1967). 

The ra te  of energy dissipation per u n i t  volume due t o  the sinusoidal e l ec t r i c  
stress w i t h i n  the d ie lec t r ic  is  given by Tweney and Hughes (1967) as: 

2 P = w C V  6 

The dissipated energy will ra i se  the temperature of the total  f luid by: 

mCp( joul es/OC) ( 7 )  

where C is the heat capacity of the f lu id  (joules/Kg"C) and m is the total  mass 
of the f luid.  

P 

S u b s t i t u t i n g  KEoA/d fo r  C ,  and Ed fo r  V ,  respectively, in Equation 6 
and dividing the result ing equation by mC 
f lu id  temperature T: 

gives the r a t e  of r i s e  of the 
P 
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. W K E ~ E ' ~ (  Ad) 
T =  m c  - 

P 

2 w K E ~ E  6 - - 
pocp 

( w K ~ ~ 6 )  E 2 

("C/sec) - - 
pocp 

Fluid Heating Rate - Alternate Approach 

The d ie lec t r ic  heating associated w i t h  an e l ec t r i c  f ie ld  of amplitude Eo 
can also be derived from the expression for  the power absorbed per u n i t  volume 
(von Hippel, 1966) as:  

The parameter 0 i s  an equivalent d ie lec t r ic  conductivity which sums over a l l  
dissipative effects  and represents any ohmic conductivity caused by migrating 
charge car r ie rs  as well as any energy loss associated with a frequency dependence 
of the d ie lec t r ic  constant, E ' ,  such as the f r ic t ion  accompanying the orientation 
of dipoles. 

1 

Replacing Eo by i t s  RMS equivalent ( E  = Eo/&) gives: 

(10) 
2 P = oE 

Derivations of loss  tangent (dissipation fac tor ) ,  and equivalent d ie lec t r ic  
conductivity a re  given by von Hippel (see Appendix) and only the resul ts  will be 
given below. 

loss factor E Loss Tangent: t a n 6  = d ie l ec t r i c  constant 

Effective Conductivity: 0 = WE",  angular frequency x loss  factor  
(12) 

€ '  Relative Dielectric Constant: K = - 
0 

E 

where so = die lec t r ic  constant of a vacuum (8.85 x 10-l' Farad/meter). 
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Combining Equations ( l l ) ,  (12) and (13) gives an expression for  the effect ive 
conductivity as:  

CT = W K E ~  tan6 

and the power dissipation per u n i t  volume 

[wattslm ] 2 3 P = wKao tan8 E 

(Equation 30) becomes: 

(15) 

Divid ing  Equation (15) by the product of the f lu id  heat capacity and density 
( i . e . ,  C p [joules/m3 "C] gives the heating ra te  of the d i e l ec t r i c  f lu id  as:  

P O  

2 . ( w K E ~  tan6) E 
T =  ("C/sec) 

c p  Po 

which i s  identical  t o  Equation ( 8 ) ,  fo r  6 ~ 0 . 1 .  

The parameter usually measured t o  determine the qual i ty  of d i e l ec t r i c  f l u i d s  is 
the dissipation factor  (tan 6 ) ,  rather than the DC r e s i s t i v i t y  (conductivity), 
since the l a t t e r  changes w i t h  time due t o  "plating out" of charge carrying im-  
purities. 
f l u i d  qual i ty  fo r  AGCE applications. 

T h u s ,  the dissipation factor  will a lso be used as the indicator of 

Equation (16) and the  parameter values below give the f l u i d  heat ing r a t e  as  
a function of applied voltage as  shown i n  Figure 1. The ranges of dielectric 
constant and dissipation fac tor  a re  in tended  t o  bracket values a t ta inable  for  
the AGCE. 
a t ing voltage given the d i e l ec t r i c  constant and the achievable dissipation factor  
fo r  a f luid.  
K E 40 can be purified t o  a t t a i n  a tan8 of 0.001, then operating voltages up t o  
d 7  Kv could be used without exceeding the desired maximum heating r a t e  of 
0.00l0C/sec. 

The resulting curves can be used t o  a id  i n  the selection of the oper- 

For example, assuming t h a t  m-tolunitri le which  has a value of 

However, u s i n g  a voltage of 10 Kv would permit a dissipation factor  
of 
of 
be 

d . 0 0 3  without exceeding the 0.00l0C/sec f lu id  heating rate .  
requirements on the dissipation fac tor  and the f lu id  purification process can 
achieved by operating a t  a lower frequency (see Equation 16). 

A s imilar  easing 

E = l O O V  (volts/m), for  rl = 0.06, r2 = 0.05 
5 = 10 V ,  V i n  kilovolts 
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- tan6 = .01 

- - _ _ _  tan6 = 0,001 

0. E1Q 

0.008 

0. E06 

0.01?4 

0.002 

0.080 

- *-’ APPLIED VOLTAGE (hi  lovolts) 

F igu re  1. F l u i d  Heat ing Rate as a Funct ion o f  Appl ied Voltage 
for Selected Values o f  D i e l e c t r i c  Constant ( K )  and 
D i s s i p a t i o n  Factor  ( t an6 ) .  
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w = 1885 rad/sec ( f o r  f = 300 Hz) 

Cp = 2 x 10’ joule/Kg O C  

As indicated i n  the above discussion, i t  i s  a rather straightforward pro- 
cedure t o  determine the anticipated f lu id  heating i f  the f luid character is t ics  
and operating conditions are well defined. However, the process of achieving, 
measuring and maintaining the f luid purity levels ,  i .e. ,  low dissipation, needed 
f o r  the AGCE, requires fur ther  investigation. T h i s  area is  discussed i n  PIR 
NO. 1254-AGCE-021. 

4.0 RECOMMENDATIONS 

The following steps will be taken to  aid i n  the  assessment and selection 
of f luids  for  the AGCE application: 

Determine reasonable dissipation factors t o  be expected fo r  
highly polar f lu ids ,  i n  particular,  DMSO and m-tolunitrile. 
Consideration mus t  be given t o  purification requirements 
(are they feasible for  AGCE) and long term (several months) 
degradation of the fluid.  

Identify other f lu ids  fo r  which required dissipation factors 
can be achieved w i t h  some sacr i f ice  i n  d ie lec t r ic  constant 
and assess the compatibility o f  these f lu ids  wl’th a photo- 
chromic dye. 

Calculate the expected value of gE fo r  a typical h i g h  d ie lec t r ic  
constant f l u i d  (e.g., DMSO) so that  a parameter trade-off can 
be performed t o  determine i f  any requirements can be relaxed. 

The f i r s t  two steps above will u t i l i ze  extensive interaction w i t h  experts i n  the 
d ie lec t r ic  f lu id  and photochromic dye areas while the t h i r d  step can be per- 
formed independently. 
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pearanie of one pair of field componenta when the wave 
ia reflected a t  Brewster’s angle, and the occurrence of 
total reflertion accompeoied by the formation of a 
guided sutface wave with longitudinal components (See. 
16). At normal incidence, standing wavw (Stc. 17) and 
useful methods of mcasuring dielectric properties by 
interference (Sex!. 18) result 

When electromagnetic waves strike a metal, nearly 
total reflection ensucq, a n i  the weak transmitted team 
is rapidly attenuated (Sec. 19) The general case of 
obliquc incidence on medis with 1o.s is of great com- 
plexity The index of refraction becomes a function of 
the angle of iuciderice, and complicated phase shifts 
arise because of the appearance of longitudinal field 
components (Sec 20). 

Viewed from an alternative standpoint, the incident 
wave, striking a boundary obliquely, forms, w t h  the 
reflected wave, an interference pattern which glides 
along the lnterfwe with a phnw velocity greater than 
that of the incidcnt wave, the boundary acta as a wave 
guide. To make such a guide more effective, a second 
boundary may be placed parallel to  the first one in one 
of the dark interference fringes, and a parallel-plane 
wave guide with cut-ofl properties results (Sec. 21). By 
completing the enclosure ?e  obtain hollow wave guides 
which behave like highly dispersive dielectrics and prop- 
agate characteristic wave types (See 22). Dielectrics 

can bc measured in such wave guidea with great pn?- 
cisiun, whether by mapping with a traveling detector 
the standing-wave pattern formed in front of the sample 
(See. 23) or by Evaluating the effect of the material on 
the impedance of n cavity rwonator (Sec. 24). 

Frerjuently it proves convenient to handle field phe- 
nomena by an equivalence appronch, in which the role 
of the electric nnd the magnetic field% is assumed by 
voltages and currents in electric circuih By intro- 
dueitrg this complementarity we return to distributed 
and lumped-circuit concepts (See 25) and close the 
macroscopic discussion with a formslktic representa- 
tion of dielectric9 by lumped equivalent circuits (See. 
26). 

Summatitir~g: Part I of this book introduces the com- 
plex permittivity and permeability w the fundamental 
parameters, develops in rapid succession the essential 
field concepts, considers the propagation of electro- 
magnetic waves in unbounded space and under suc- 
cessively more stringent boundary conditions. In the 
course of this treatment we are logically led to alterna- 
tive ways of describing the interaction between fields 
and matter and to conversion formuls interlinking the 
various parameters. In  addition to this quantitative 
description of fields and dielectrics, the maeroscopic 
theory provides a quantitative basis for measuring e* 
and P* 

A capacitor, connected to a sinusoidal vo!tage source 

v = V&.’.l t (1.1) 

0 = 2*v (1.21 

Q = cov, ( 1.3) 

of the angular frequency 

stores, when vacuum is ita dielectric, a charge 

fThroughout this book we ail1 UR complex quantities in 
trealine periodic phenomena and rcprewnt t!wm in the complex 
plane. Here the z-axis corresponds to the azls of redd nnd the 
paxis to the Dzia of imwnonrr .  The factor j = &i io 
front of a real quantity sidfirs an imaginary component ori- 
ented iu the +y-axis or +j-axis dmction A complex quantity 
I - z + j v  plotted in the complex plane correspond9 m polar 
coordiuates to a radius vectm p = indined by an 
ando B - tm -‘ (y/r) towards the real axis: z P pc* 

The complrx fimrtion V = T.?&‘‘’ - 2;a(cos ut + j sin d) C ~ R -  

aequently can be plotted in the comulex p h e  as a radius vector 
of length VC, the voltage amphtudc. malung an angle of uf radians 
with the axis of reds. As long as the volhge and current vedora 
mkta at the same angular velocity of w mdaana per eemnd, we 

and draws n chargifq mrrenf 

leading the voltage by a temporal phase angle of wlo 
can forget this rotation in discuasing their relative p i t i o m  in 
the complex plane. 

We return from the complex functinns to actud currents and 
voltages by taking the real or the imaginary pari: Re (V} = 
2;s cos ut, Im (2;) - VO s h  d. In dealing with producta of corn- 
plex functions it hns to bc kept in mind that tLe product of tbo 
real parts of tAo wmplex quantities AI and A i  is not equd to 
the real part of their product, but 

% ( A 3  Re ( A 3  - :(AI +A3(.41 + Ad. 
The symhol AI the conjugate of A I ;  for exampk. il 

The time average of a periodic fundion d is 2 P - ll’. 4 
where T is the period of the functiou. If A1 and A t  am N& 
functions. the product of the averages of their real pa& t 

A I  - (z + jy)e””. tLen A I  = (L. - jv)e-’. 

Re ( A 3  Re (Ad - Re ( A d d .  



4 Macroscopic Approach 

pig. 1 1). 
iana of the condenser 

cream its capacitance to 

Co is the uucuton (or geometrical) cn,vm- 

When filled with some substance, the condenser in- 

tf 
(1.5) c s= co- = CON', 

t o  

whew c' and co designate the real pcrmitt 
lrie co.n&nb of the dielectric and of vacuum, respec- 
tively, and their ratio K' tLe rehliir  dtekcfric cossia?d of 

v, s t n ~ , ~ ~ ~ .  pi It 

v, 
Fig. 1 1 Current-voltage rclntion in ided eapncitor 

I E r x w t  

the material Simultaneously, there may appear, in 
addition to the charging current component J,, .a loss 
current component 

If = GV (1.6) 

in pbase with the voltage, G represents the coridvctnnce 
of the d,electric. The total current traversing tlie co2- 

is inclined by a power jarlor angle 6 < 90" a g x n :  the 
applied voltage '0, that is by a 208s angle 6 against the 
+j-axis (Fig 1.2) 

Fig. 1.2 Capncitor con*aidng dielectric with 10.9 

It would be preniaturr to cuuclude that the didtxtric 
materid corresponds in its elcct;ic:?l behavior to  a l a  
pacitor paralleled by e reslstor (RC circuit) (11s. 13) .  
The frequency response of this circu~t, rrhich can be 
expressed by the ratio of loss current to char&' ring cur- 
rmt,  that is, thc dtssrpa'corr factor D or loss fun& 
tan 6, as 

may not at all agree with t h t  actually observed because 

the conductnnre term need not stem from a migration 
of charge cmiers, but can represent s r ~  other energy- 
comuming p:occw. It has therefore become custoinary 
to refer to the existence of a loss current in addition to 
a charging ciirrent noncommittally by the introduction 
of a complex p e m i f f i v i l y  

€1 e' - j e t '  (1.9) 

The total current I of Eq. 1.7 inay thus be rewritten 

GO 
(jwe' +- Wt") - 'u = J W c @ * ' u ,  (1.10) 

f0 

where 
€ *  

E - = - jx" (1.11) 
cg 

is the m p k :  relalive pcrmilfivilg Gf the material and 

I' 
log (u 4 

Fig. 1.3 RC c,rcuit and ih frequency reapowe. 

8' and K" the loss jucbr  and rclutite loss factor, respec- 
tively The loss tangen: beconiss 

(1.i2) 

Since a parallel-plate eondensrr of the area A and 
the plate separation d, fringing eNects neglected, h e  
the ~aeuuin capacitance 

A 
d 

c, = - co, 

the cdrrent density J travening a condenser under the 
applied field strength 

E: = V / d  (1.14) 

becomes, acdording to Kq. 1 10, 
d E  
dt 

J = ( jwd  + wc")E 5 t* - (1.15) 
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(Fig. 1.4). The product of m y l a r  frequency and loss 
factor is equivalent to a dic(4clric conducfimfy 

a - ut'' 0 16) 

This dielectric conductivity sums over a11 disipa:i\e 
effects and may represent as well an actual ohmic con- 
ductivity c a r i d  by migrating charge carriers as refer 

Fig. 1.1. Charging arid ln*u curwilt drnaity 

to an energy loss msociated with a freqiicncy dcptnd- 
ence (dispersion) of e', for example, to  the friction ac- 
companying tlie orientation of dipoles. 

If the dielectric material is transferred from the elcc- 
tric field of the capacitor into the mgnetic field of a 
coil, the voltage V drives through the coil a mag- 
netization current I,,, according to Faraday's iuduc- 

PO 

L represents the indudnnce and LO the vacuum (or geo- 
metrical) inducfance of the coil. This magnetmation 
current lags behind the applicd voltage by 90' (Fig. 
1.5). The pemeabiliftes p' and m designate the mng- 

Fig. 1.5. Currentvoltage relation in ideal inductor. 

netizntion of the material ana  of vacuum, respectively, 
and their ratio 

kt E d/m (1.18) 

the relative I.rrrmeabiIity of the material in which the 
w e t i e  field of the wil resides. 

Because of the resistance K of the coil windings, an 
ohmic currcnt coinpoilentU/n~si~ts. In  addition, there 
may nprmir, in phase with G', a magnetic 10s  current Zr  
caused tJx energy dibsipation duiiiig the magnetization 
Eycle. 'we sHnll allow for this magnetic loss by intro- 
ducing a carnplu: petmeabiIily 

p* = - jp'f (1.19) 

and a complex reralive permeabilily 

(1.20) 

in complcte analohy to  the electric case. l 'hus wc ob- 
tain the total magnetiration current 

Ire K"* = - e .,,,I - jG" 
w 

(1.21) 
fiG' + &"t 
Lo 

w - Ol'a + p"2) 

p - -- 
PO 

According to theso lumped-circuit considerations tbe 
macroscopic electric and magnetic behavior of a diekc- 
tric material in sinusoidal fields is determined by the 
two complrx parameters t* and F* 

The rea! ard irnuginary parts of these complex vari- 
ables (e' and 6'' oi p' and p"j are elen and odd func- 
tions. mswrtive!v of the variable 0, thab is, conjugate 
functions, and therefore not eiit irdy independent of 
each other. Physically slxaLing. thc mcchanisms of 
energy storage and energy dissipation are two ascpec1.r 
of the wme plienomenon, hence if one of them is given 
over the w11ote frequcney spectrim, the othcr one iu 
prescribed (see 11, Fig. 19.1). Mathematicnlly ex- 
pressed, the calculation of an imaginary part (conju- 
gate function) from a given real pat1 [an arbitrary func- 
tion f (w)]  and, vice versa, is prcscribd by the Hihert 
framfmm, known to physicists as Kramers' fhcorem.' 
This interrelation between the frcquency response char- 
acteristics of dielectric constant and loss can sometimes 
prove hefpful in checking the reliability of mewurc- 
ments but, in general, various polarization and eonduc- 
tion phenomena superpose and the avnilable frequency 
range is insufficient for this type of tinscrambling ( s e ~  
also Appendix A, I, 1). 

'&e, for example, E. A. Guillemin, The N a l h e d i u  of 
Circuit ANJyais, John Wiey and Zona, h'ew York, 1949, p. 339; 
H. Ft6hlid1, Theory of Dicledrics, Cliuendon Press, O*tord, 1949, 
pp. 6 ff. 
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In See 1 the rwpoiise of a dielertric materid to sinus- 
oidaI elrrtric arid magnetic fields \\as e\preiscd Ip the 
two roniplex pnrnmrters E* and p* which detcrmino the 
8tOragC and dissipation of electr~c 3nd rnagii 
in the medium. These parameters were derived frrm 
the amplitude and temporal-phase relatiow tst\\een 
voltage and current in capacitors and coils I t  is now 
obvious that %-e are not restrirted to using e* aiid II*, 
but may refer to sitemate parameters that convey the 
6amc irdormation 
llic power engineer replaces the diekc trir constant 

t' and the loss factur t" by the combination of t' and 
p o w  jactm cos 6 ;  the radio engineer may clloosp t' and 
the loss hngmf tan 6, diere 

t" loss current t 
e' charging eurrrnt 

tan 1 - == -.------- (9.1) 

reactive v-amp 
= L watts -1 

~erves as the k u r e  of merit, especial!y in wave-guide 
problems. An engineer interested in dielectric heating 
will probably refer to t' and the dieleclric corduclrtity 

u = we'' [ohm-' rn-l], (9.3) 

because the power absorbed per unit volume is 

EOZ 
P = u - 

2 
[watt n~-~]. (9.4 

If, instead of the time relation betserii current and 
voltage, tlie electromagnetic field in spacr is conaidered, 
new mtbstitutes for e*  aiid p* oflet thrrn~rlves. To de- 

t I t  should be noted that, since cw e - sin 6, the p o t \ ~  factor 
utd lou, tmngent (dissipalion tnctor) may br considered equal 
only for sufficiently sianl! bar angler 6, where ein 6 z tan 6 b 
Caum we i = 1 

rlve tlrcm ronveniently \\e visualize the hpatltrl clcctnc 
wave train at some nioiornt t i ,  

;2.' I.' '" - - .--7Z ~ Ele-OZe A (9.5) 

(cf Eq 7 13). Tho nd\e amplitude OS( ilbtes in spai'e 
with d pewxiicity x it IS enrloscd bctwrn expnnentiril 
envelopes drterinincd by the nttenuntion ronetznt c1 

(Fig 9.10) Altr%-nativel: in pola: rr-rc1inat.q the 
wasr aniplitudt. nrip be depcted as a radius vector 
which, rotating riorknise as the distrince inrreases, de- 
scrilm a Ingnritliriiic spiial (Fig 9 lb) The p..rsrr.rttr 
r is replaced in the lvtter representatlnn bp the yhasc 
angle 0 according to the relation 

z c  
A 2r 
- = -, (9.6) 

and the elertric field strength is rewritten as 

(9.7) 

In  vacuum tlie v.xwlengtli is xu, and the WCYC tra\ ela 
Rith tlie seloc ity of light (if Eq 7 191, 

In other media the wavelength normally shortens snd 
the phase sclocity clowa donn The ratio of thr N:LYC 

1engt.h or phase ve1oci:y in vacuum to that in thr rlrrlcc- 
tric designates the d e l :  of rrjraclzun of the dielectric 
mediiim, 

(9.9) 
c A0 

A u 2r 
n 10 = - = - 6 .  

For a lowfree medium this equation simplifies to 

?I = .\/2p7e0& .\/A2 (9.10) 

If, in addition, the rna:iirtization can be neglected 
b' = po), thqwel!-hnown .WaureU reklzon t rbults, 

t' 
n2 = - (9.11) 

ro 
t Thik rrlatt*m has Ltrn ahgieed Ireuue~itly iri pi.cdictrny static 

dzclcctnc corwfimta f i w i t  opticnl refrelion data. Artudly. rt 
btntm oiily tbnt l l i ~  sqiinrc of the indrx of rrfrartion of a IWI- 

nbsorbing, u o n m ~ ~ i ~ r t i c  mrstennl IS equal to t!ie relative pemt 
tivity at tlint freqwncy 
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Fig. 0.1 E!rrtric wave tmin in spuce. 

The physicist normally uses the index of refrartion 
BS one of his paranictcrs and pairs with it, by making 
use of thr polar reprrwntation of the wave, the attenu- 
ation per radian callcd mdez of ahsorpliotr, 

By substituting thew indices of refraction and absorp- 
tion for the attmmtction factor (I and the phase factor 3 
of the propagation foctor In Eq. 7 12 we obtain 

2 r  2r 
= j - n(1 - jk) = j - n' 

X O  4 
(9.13) 

The propagation factor y used by the cornmunication 
engineer may thus be replaced by the c m p k x  indcz of 
refraction 

.* = n(1 - jk) (9.14) 

employed in the calculations of physical opties. 
The propagation factor y is proportionai to the prcd- 

uet d a * p * ,  whereas the int:inaic imprliince Z is equal 
to the ratio dp/e* Both complex quantities have to 
be determined to obtain e* and P* individually 

From the intrinsic irnpedanw 

(9.15) 

in polar form, 

z = I z 
+ p P " ) 2  + (pp' - t'"')* x --] e'{ (9.16) 

= [ (('2 + t"2)2 

with 

we can derive the phase relation betwen the electric 
and the magnetic wave. It is evident that the elwtric 
field vector is advanced or retarded s\ith respcct to the 
magnetic vector in tcnipornl phase, depending on the 
preponderance of the term pertaining to the electric or 
the magnetic loss. For negligible mapreLic loss 01" 

(9.18) 

= 01, 
21; 

1 - k2 tan 2{ = tan d = 

or 
t n n f  = k; (9.19) 

the phasc advance of the electric wave is equal to the 
arc tangent of the indcx of absorption In a ioss-free 
medium in unbounded space the electric and rnagiieric 
ficld vccton of an electrcmagnetic wave are cxactly in 
p h w  (Fig. 9.2) 

Fig. 9.2. Traveling TEM Rave in lossfrne dielectric. 

The general characterization of a dielectric ae the 
carrier of an electromagnetic field requires two inde- 
pendent comp!ex parameters which have to be deter- 
mined by four independent measurements, however, 
the situation fortunately simplifies in prectice. Ferro- 
magnetics excepted, the magnetic polarization is, in 



general. so we& tllnt p* may be replaccd by thc per- 
meability po of fret. space for all practical purpcx 
Thus, two measurenienb normally suflire to dekrri 
the dielwtric response of homogeneous isotropic mate- 
rials a t  a given frqupnry Consequently in most cases, 
our dielectric charactenstleu show only the specific 
dielectric constant, 

K' E'/%, (9 20) 

and the loss tsw-ent tan 6. 
To allow a convenient change-over from these to 

other parameters, wc equate the real and maginary 
park of Eq, 7 12 It follows for the attenuation factor 
of a traasversal electromagnetic wave (TEM wave) 

A 2  
a = -  (Op" + *''p'), (9.21) 

4, 

and for the phaw factor 

8 , 2 = u [  (r'p' - c"p") -- 
A 2 

Thus we arrive at the cctnversion formcilu 
For inetenals uith negligible magnztir 10s- (p" = 0) 

we obtain from Eq. 9 23 for the u-avelmgth the sirnp!i- 
Eed espressioii 

If, in addition, the permeability is thnt of vacuum 
(p' = po), we m a y  urite for the index of refraction 

Similarly the attenuation factor becomes 

a = z[id{JiT-.I - 11 I" , (9.25) 

Thew equations ahorv tliat it is cocvenicnl t o  diSeliS 
the effect of the dielectric low 0x1 other parmwtcrs by 
studying the three houndary cases' tanZ 6 << I tan2 d 
N 1 ,  and tan' 6 >> 1 

The attenuation prodnred bya dielectric is frequexitly 
expre$sed &s the altariuotion dislance l / a  through nhich 
the field strength decays to l / e  = 0.3CY of its origmal 
value. 

or as the attenuation 11, dtclheld per mefm produced hy 
the nmterml If the field stitng.th falls from E(0)  t.n 
E(z),  or the po\\vr from I'(0) to P(z).  over u lengtb I 
of the dielectric. thi< deribel io%? IS delinet1 aa 

For low-loss Inattrials (tan 6 << 1) tli1.s 1 0 s  txeomes 
simply 

./;.taii d = 1637 -- 8.686 
ha 

For the convenience of the reader notrioyraphzc charls 
have been provided v,hich allow a quick evaluation of 
l / a  (Charts 9.1-9.3), of the decibel ~bss per nieter 
(Charts 9 1-9 e), of i3 (Chart 9.7), and of n and k 
(Chart 9.8), when 1 Le specific dielectric constant a::d 
the loss tangent are given Chart 9.9, in addition. gives 
the dielectric ecmductirrlty in terns of the samc param- 
etcm calculated from the equation 

o = of'' = 5.56 x 10' lim' t m  6 [ohm-' m-'1 (9 31) 
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SUBJECT 

Task 1 - Calculation of gE  f o r  Nominal GFFC and AGCE Parameters 

INFORMATION REQUE STE D/R ELEASED 

1.0 SUMMARY 

The impact of ut i l iz ing a h i g h  d ie lec t r ic  f l u i d  fo r  AGCE i s  assessed i n  terms 
of i t s  effect  on the d ie lec t r ic  body force, gE,  
fo r  sphere s izes  (5.0 and 6.0 cm rad i i )  and applied voltage (20 kV) and assuming the 
f lu id  parameters of dimethylsulfoxide (DMSO) a value of gE = 22g i s  obta ined ,  where 
g i s  the ea r th ' s  acceleration. This large increase over typical GFFC values for  gE 
( z 0 . 2 ~ ~ )  i s  almost en t i re ly  due to  the high polarity of DMSO relat ive t o  t ha t  of the 
Dow Corning Silicone o i l  used i n  GFFC. 
ized by higher values of both d ie lec t r ic  constant and thermal coefficient of d ie lec t r ic  
constant. 
ient ly  hiqher value o f  gE can probably be achieved even i f  the highest d ie lec t r ic  
f luids  are  n o t  acceptable (e.g. ,  due t o  excessive f lu id  heating, PIR No. 1254-AGCE-014). 
Furthermore, i t  may also be feasible t o  work a t  lower voltage levels ( i . e . ,  l e s s  than 
20 kV) and thereby avoid increased f lu id  heating. 

using the nominal AGCE design values 

F l u i d s  of increasing polarity are character- 

Since the value of gE varies as the product of these parameters, a suff ic-  

I 2.0 BACKGROUND 

The sc i en t i f i c  theoretical design studies for  the AGCE indicate tha t  i n  order t o  
achieve strong baroclinic i n s t ab i l i t y  a large value of the d ie lec t r ic  body force, gE ,  
i s  required. This body force i s  given by: 

FORM 10208 REV (9-65) 
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where : E = dielectric constant o f  free space (8.85 x 10-l' faradheter) 
0 

K = dielectric constant of the fluid relative t o  free space 
PO = density ( Kg/m3) 

a = thermal coefficient of density ( T / O C )  

dQO 
= l/po r, (%/"C) 

y = thermal coefficient of dielectric constant 
dK = 1/K n9 ( W O C )  

Ri = radius of inner sphere ( m )  

= radius of outer sphere (m) 

V = voltage difference ( v o l t s )  
r = radius, Ri < r < Ro 

RO 

Al though the Dow Corning 200 Series silicone fluid, used i n  the GFFC, provided 
many desirable properties (e.g. , low power dissipation, h i g h  electrical resis- 
tance and high dielectric strength), i t  has a relatively low dielectric constant 
( K  = 2.18) and the value of gE  achieved was much lower than is  desired for the 
AGCE. 
constant and/or use a higher  voltage. 
dielectric constant i s  addressed i n  Section 3.0. 

I 

An obvious way of increasing gE i s  t o  use a fluid with a higher dielectric 
The impact of choosing fluids with higher 

3.0 TASK IMPLEMENTATION - IMPACT OF H I G H  DIELECTRIC FLUID ON gE 

Typical values for the experimental dimensions and the properties of the 
silicone oil used fo r  the GFFC experiment (Fichtl and Fowlis, 1977) are given 
in Table 1 together with nominal values fo r  the AGCE. 
used as a representative dielectric fluid fo r  the AGCE. 

Dimethylsulfoxide was 

The calculated values of gE are: 

2 GFFC: gE = 1.6 meter/sec 
= .18 g 

2 2 AGCE: gE = 2.2 x 10 meter/sec 
= 22 g 
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0.02 

0.03 

1 o4 
0.025 

TABLE 1 

0.05 

0.06 

zX1 o4 
0.055 

Parameter 

E 

P O  

a 

Y 

Ri 

RO 

V 

r 

1 

2.2*( 8.85~1 0-1 ') 48. 9*(8.85x1O-l2) 

0 .82~1 O3 

1 . 3 4 ~ 1 0 - ~  I 8 . 8 ~ 1 0 - ~  

.0035 1 .34x1 Om3 

Parameter 
Ratio 

( AGCE/GFFC) 

22 

1.3 

0.66 

2.6 

2.0 

2.0 

2.2 

Units 

Fa r adlmet er 
Kg/meter 3 

0c-1 

oc-1 

meter 

meter 

volts 

meter 

The increase i n  gE is  achieved primarily through two character is t ics  of the 
d ie lec t r ic  f l u i d ,  the d i e l ec t r i c  constant and the temperature dependence of the 
d ie lec t r ic  constant. 
than the values for  the Dow Corning 200 f luid used i n  the GFFC. 

They are  larger by factors of 22x and 2.6x, respectively 

A character is t ic  of polar ( h i g h  d ie lec t r ic )  f lu ids  is  that  the variation of 
E w i t h  temperature ( i . e . ,  y) is greater  than for  non-polar f lu ids  (see Table 2 ) .  
This variation of y as a function o f  K i s  shown i n  Figure 1 .  
coefficient of volume (or  density) i s  shown t o  be relat ively independent of K 
f o r  values less  than 4 0 .  

The thermal 
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TABLE 2. VALUES OF DIELECTRIC CONSTANT* AND THERMAL 
COEFFICIENTS OF DIELECTRIC CONSTANT AND VOLUME. 

Liquid 
* D i  el ect ri 

Cyclohexane 
Carbon Tetrachloride 
Benzene 
DC 200 
Chlorobenzene 
1 ,2  Dichloroethane 
Methanol 
Nitrobenzene 
DMS 0 
Water 
Fo rmami de 

2.023 
2.238 
2.284 
2.2 
5.708 

10.65 
33.62 
35.74 
48.9 
80.37 

109 

Con s tan t 
K( 25°C) 

2.015 
2,228 
2.274 

5.621 
10.36 
32.63 
34 i 82 

Thermal 
Coeff of K 

xE$Gi- 
. 001 6 
.002 
.002 
.00286 
.0174 
,058 
. 1 98 
.184 
.17 
.366 
.72 

,0008 
.0009 
.0009 
. 001 3 
,0030 
.0054 
.0059 
.0051 
.0035 
.0045 
.0066 

Thermal 
Coeff of Vol . 

4 T )  

. 001 236 

. 001 24 

.00120 

,00088 
.0002 

*Values given f o r  the d i e l e c t r i c  constant,  K, a r e  r e l a t ive  t o  the free space value of 
E = 8.85 x 10-12 Farad/meter. 

Note: Values of  K and y were obtained from the 43rd ed i t ion  of the Handbook of 
Chemistry and Physics. 
of Reference Data f o r  Radio Engineers. 

These cha rac t e r i s t i c s  of polar f l u i d s  a re  a l l  advantageous f o r  the AGCE application 
and may allow greater  l a t i t u d e  i n  f l u i d  select ion and/or permit relaxation of  other  
requ i remen t s. 

4.0 RECOMMENDATIONS 

0 

Values f o r  c1 were oBtained from the 4th edi t ion 

Since the desired value of gE i s  5-10g, trade-offs can be made among the 
parameters t o  a l l e v i a t e  potential  problem areas. The most obvious parameter value 
t o  re lax is  the applied voltage since this wi l l ,  i n  t u r n ,  reduce the f l u i d  heating. 
For example, reducing V by 2x t o  a value of 10,000 vol t s  will reduce f l u i d  heating 
by a f ac to r  of 4x (and/or relax requirements on f lu id  puri ty  - refer t o  PIR No. 
1254-014). 

\ 
i 

The reduced value of gE will t h e n  be ~ 5 . 5 9 .  
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Dielectric Constant, K 

Figure 1. Thermal coefficients of dielectric constant 
and volume as a function of dielectric 
constant. 
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3/11 /81 
SUBJECT 

TASK 1 - FLUID VISCOSITY ASSESSMENT 

1.0 SUMMARY 

Assessment of a representative 1 i s t  of 42 solvents having d ie lec t r ic  constants 
ranging from 1.8 t o  109.5 indicates an essent ia l ly  random variation of viscosity w i t h  
d ie lec t r ic  constant. More than 80% of the f luids  considered had viscosi t ies  l e s s  
than the required uppe r  l imit  of 3 cp while over 50% had viscosi t ies  below 1 cp, the 
preferred upper value (PIR 1254-AGCE-009). T h u s ,  selection of a d i e l ec t r i c  f lu id  
w i t h  an acceptable viscosity for  the AGCE should not present a significant problem. 
However, as s ta ted i n  the GE PrDposal fo r  the AGCE, fading rates  of photochromic 
solutions generally increase as  viscosity of the solvent increases and may impact the 
final selection. The magnitude of t h i s  fading ef fec t  i s  unquantified and laboratory 

'testing (not i n  the scope of this s tudy)  will be required t o  determine the significance 
of t h i s c ha racter  i s t i c . 
2.0 BACKGROUND 

The convective motion which will be observed i n  the AGCE i s  a function of the 
agET where a i s  the coefficient of volume expansion, gE i s  the d ie lec t r ic  body force 
as defined i n  the Statement of Work (Task 1 )  and T i s  the f lu id  temperature. Larger 
values of gE are  desired to  increase the d r i v i n g  force. 
i s  proportional t o  the quantity p/d where p is  the viscosity and d i s  the f lu id  
thickness. For lower thresholds, smaller 1-1 and larger d are  important. T h u s ,  large 
values of gE and/or small values of p are  required character is t ics  of the d ie lec t r ic  

The f luid in s t ab i l i t y  threshold 
2 

R. Homsey 
S. Neste 3 
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Since gE i s  proportional t o  K,  the fluid dielectric constant!, an assessment 
of p as a function of K was performed t o  determine i f  small 1-1 and large K (hence 
large gE)  were compatible characteristics o f  a dielectric fluid. 
are given i n  Section 3 .0 .  

The results 

3 . 0  TASK IMPLEMENTATION - FLUID VISCOSITY ASSESsMENT 

A table of  solvents used for chromatography (Kodak Publication No. JJ-3) 
was used as the basis fo r  this assessment. 
from t h a t  l ist ing i s  given i n  Table 1 w i t h  values for the dielectric constant 
( K ) ,  and the viscosity (11). The essentially random variation of viscosity as 
a function of  dielectric constant i s  clearly indicated in Figure 1 .  

A reDresentative selection of  fluids 

Selecting a f l u i d  with viscosity acceptable t o  the AGCE should not be a 
problem. More t h a n  80% of the fluids i n  Table 1 have viscosities less t h a n  the 
required upper limit of  3 cp and over 50% have values below the desired upper 
limit of 1 cp. 

I 

4.0 RECOMMENDATION 

As stated i n  Section 3 .0 ,  selection of a dielectric fluid with acceptable 
viscosity does not appear difficult due t o  the large number of fluids with low 
viscosity and their apparent independence of dielectric constants. Primary con- 
sideration should continue t o  be given parameters such as dielectric constant, 
power dissipation (fluid heating) and resistfvity. 

In the final selection of a photochromic solution, the viscosity may have 
second order effects which should be considered. As stated in the GE proposal 
for  the AGCE, fade rates of  photochromic solutions generally increase as the 
viscosity of  the solvent increases. However, the magnitude of this effect is  
unquantified and must be assessed i n  the laboratory for specific fluid/photo- 
chromic systems. Since such an assessment is  not  within the scope of this study, 
i t  i s  recommended t h a t  future efforts be directed toward laboratory assessment of 
this characteristic using the solvent( s )  and photochromic dye(s) recommended by 
the final report for the present study. 

\ 
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TABLE 1 

REPRESENTATIVE LIST OF SOLVERTS COFlPIOVLY USED IN 
CHROMATOGRAPHY WITH VALUES OF DIELECTRIC CONSTANT AND VISCOSITY 

Chemi c a 1 Cons,tant 

Pentane 
Hexanes, Reagent ACS 
Cyclohexane, Reagedt ACS 
Cyclohexene 
Carbon Tetrachloride, Reagent ACS 
Benzene, Reagent ACS 
m-Xyl ene 
Toluene, Reagent ACS 
Ethylbenzene 
x-Xyl ene 
Propyl Ether 
Bromoform 
Chloroform, Reagent ACS 
htyl Acetate 
Bronobenzene 
Chlorobenzene 
Ethyl Acetate, Reagent ACS 
Acetic Acid, Glacial, Reagent ACS 
Methyl Acetate 
Aniliqe, Reagent ACS 
Ethyl Formate ACS (Pract.) 
l,l,l-Trichloroethane (Techn.) 
Octyl Alcohol 
m-Cresol (Pract.) 
Pyridine, Reagent ACS 
Benzyl Alcohol 
Butyl Alcohol, Reagent ACS 
Isobutyl Alcohol, Reagent ACS 
Isoprophyl Alcohol, Reagent ACS 
Prphyl Alcohol 
Acetone, Reagent P,CS 
Acetaldehyde 
m- N i trot o 1 ue ne 
Renzonitrile, Spectro Grade 
o-Nitrotoluene 
Methanol, Reagent ACS 
Nitrobenzene, Reagent ACS 
Acetonitrile, Reagent ACS 
Ethylene Glycol 
Nitromeihane, Spectro Grade 
Formic Acid, Reagent ACS 
Forniarnide, Reagent ACS 

2.80 
1.89 
2.02 
t . 2 2  
2.24 
2.30 
2.37 
2.38 
2.41 
2.57 
3.40 
4.39 
4.81 
5.b1 
5.40 
5.90 
6.02 
6.15 
6.68 
6.89 
7.10 
7.52 

10.34 
11.80 
12.30 
13.10 
17.10 
17.70 
18.39 
20.10 
20.70 
21.10 
23.00 
25.20 
27.40 
32.80 
36.10 
37.50 
37.70 
39.40 
47.90 

109.50 

ViscosiLy 

0,240 
0.326 
1 020 
0.660 
0.969 
0.652 
0.620 
0.590 
0.691 
0.810 
0.448 
2.152 
0.580 
0.732 
1,196 
0.799 
0.455 
I. 300 
0.381 
4.400 
0.402 
1.200 

10 600 
20.800 
0.974 
5.890 
2,948 
4.703 
2.320 
2.256 
0.316 
0.220 
2.330 
1.240 
2 370 
0.597 
2.030 
0.345 

19,900 
0.620 
1.804 
3 300 

u 
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Dielectric Constant, K 

Figure 1. Illustration of variation in fluid viscosity for fluids 
of increasing dielectric constant. 
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PHOTOCHROMIC DYES FOR FLOW VISUALIZATION IN ~ I G H  DIELECTRIC SOLVENTS 

1. Literature Survey 

A survey was carried out to determine what literature in the field of 
photochromic marking of fluids in fluid flow studies might exist. 
ing are citations to three of the papers found, copies of which are attached: 

The follow- 

J. W. Smith and R. L. Hummel, "Studies of Fluid Flow by Photography 
Using a Non-Disturbing Light-Sensitive Indicator," J. SMPTE 82, 278 (1973)- 

H. Sovova, J .  Prochazka and R. 1. Hummel , ''Flow Near the Surface of a 
Mixing Vessel: An Example of the Photochromic Technique Using Inexpensive 
Equipment," J. SMPTE 82, - 282 (1973). 

W. W. Fowlis, "Remote Optical Techniques fgr Liquid Flow and Temperature 
Measurement for Spacelab Experiments , Optital Engineering 18, 281 (1979). 
The solvents reported in these papers as having been successfully used, 

from the view of solubility, fatigue, degree of coloration and fade time, in 
the photochromic marking technique are: 

2-(2' ,2'-dinitrobenzyl) pyridine (DNBP) in 95% "alcohol". 

lY3,3-trimethyl -6-ni tro-indol ine-2-spir0-2~2-benzopyrane (TNSB) in "polar 
solvents such as alcohol" and in Dow Corning 200 series silicone oil. I 

2. Commercial Availability of Photochromic Compounds 

A catalog and phone call search was initiated to determine the commercial 
availability of compounds known to be photochromic. Although photochromism 
is a phenomenon occurring in many classes of chemical compounds, the number of 
compounds which yield useful optical densities upon exposure is very limited. 
These compounds are principally compounds in the spiropyran and triarylmethane 
class and a few other individual materials such as 2-(2,4-dinitrobenzyl) pyridine. 

Only four compounds thus far have been found to be commercially available. 
They are: 

2-(2,4-dinitrobenzyl) pyridine 
(diphenyl th iocarbazono) phenyl mercury 
ethyl bis (2,4-dinitrophenyl) acetate 
1 I , 3 I , 3 - t r i me t hy 1 -6 - hyd roxys p i ro [ 2H - 1 - benzo py ra n -2 , 2 ' - i ndo 1 i ne] 
Eastman Kodak, approximately ten years ago, was a commercial source of 

nineteen photochromic compounds (see next page). This is no longer the case, 

1 



ORIGINAL PAGE IS 
OF POOR QUALITY 

PHOTOCHROEII C COEPOUNDS c1 
The n i n t e e n  photochromic compounds l i s t e d  below are a v a i l a b l e  

from Eastman Organic  Chemicals.  
have been made i n  e x p e r i m e n t a l  q u a n t i t i e s  on ly ,  and are o f f e r e d  on a 
f i r s t - come ,  f i r s t - s e r v e d  b a s i s .  However, when s u f f i c i e n t  i n t e r e s t  i s  
shown i n  any o f  t h e s e ,  t h e y  are made f o r  c a t a l o g  l i s t i n g ,  and a new 
number i s  as s igned .  

Those having  a G d i g i t  "92" number 

6 

NUMBER 

92 1060 
920916 

1'4 

92 3476 
922643 

92 19 88 
7732 

1 

85 33 
921243 
5488 
85 30 
920666 

92 3469 
923467 
92 34 74 
92 34 75 
923477 

920652 

10060 

10062 

CHEMICAL 

R i s  (d iphenyl  t h i o c a r b a z o n o ) n i c k e l  
B i s  ( d i p  hen y 1 t h  i oca rbaz  on o ) z i n  c 
N-(5-Bromosalicylidene)amiline 
3 3 - D i m e  t h y  1-6 - n i t  ro- 1 ' -p hen y l s p  i r o  [ 2 H - 1 -lien z op y r an - 

2 , 2 ' - i n d o l i n e ]  
D i -6-n ap h t ho s p  i ran  
2- (2 ,4-Dini  t robenzy 1) p y r i d i n e  
(Dipheny l t h i o c a r b a z o n o )  plieny lrne r cu ry  
D i p  hen y 1 t h i oca  r b az  on o S i 1 ve r 
E t h y l  B i s  (2,4-dinitropheny1)acetate 
Mercury B i s  ( d i t h i z o n a t e )  
6 ' -Nitro-  3-me t hy l sp  i ro [ 2 H- 16-naph t hopyran-2,Z - 

(2  'H-1'-benzopyran) 1 
4 - ( S a l i c y  l i  dene amino) acetophenone 
2 - (Sa 1 i cy l ideneamin 0 )  p y r i d i n e  
N - S a l i c y l i d e n e a n i l i n e  
N-Sa li c y 1 i dene -p -bromoan i 1 ine  
1' , 3 ' ,  3'-Trimcthy1-6-Iiydroxyspiro[ 211-1 -1icnzopyran- 

I' , 3 ' ,  3'-Trimcthyl-6-ni t  rosp i ro[21f- l -benzopyran-  

1'. 3' , 3 ' -T r i inc . t t i y l sp i ro [2~I - l -benzopyr - i1 i -2 ,2 ' -  

I '  , 3 ' ~ 7 ' - T r i n i i ~ t I i v 1 - ~ + ' - ( 1 ,  3 ,  3 , - t r i r i i c t l ~ ~ ~ l - . ? -  

2 , 2 ' - i n d o l i n e ]  

2 , 2 '  - indo1 i n e ]  

i n  d o  1 inc 1 

i n  do 1 inylme t h y  1) i ndo  I ine-2-sp i ro-2-bcnz opv r i n  

I. g. 

P r i c e  

S T A N D A K D  
P AQ( AGE S 

$7.00 25 g .  $25.00 
7.00 25 g. 25.00 
7.00 25 g. 25.00 

1 g .  15.00 
1 g. 1.5.00 

4.50 25 g.  16.30 
5.25 25 g. 20.10 
7.00 25 g. 25.00 
3.75 25 g. 12 .60  
4.55 100 g. 13.90 

I g. 15.0c1 
7.00 25 g .  25.fiO 
7.00 25 g. 25.00 
7.00 2 5  g.  25.00 
7.00 25 g .  25.00 

1 g .  15.00 

I g .  15.00 

4 . 5 0  5 g .  16.35 

a v a i l a b l e  on r equPs t  

Prices shown are l i s t  p r i c e s  on ly ,  and are s u b j e c t  t o  change wi thou t  n o t r c e .  

K ~ ~ A K  COMPA 
EASTMAN ORGANIC CHEMICALS 
ROCHESTER, NEW YORK 14650 
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and through personal contacts, i t  was learned t h a t  unsold supplies were burned 
several years ago. Hopefully, less t h a n  advertizable amounts migh t  have s t i l l  
been available. 

Thus, only one spiropyran and no triarylmdthahes are available. Samples 
of each of the above compounds have been ordered, except for the phenyl mercury 
compound. Only 1,3' ,3'-trimethyl-6-hydroxyspiro[2H-l-benzopy~on-2,Z'-indol ine] 
has thus far been received. 
shown i t  t o  be useless compared t o  other compounds available showing no photo- 
chromism, t o  the sources used, in high dielectric solvents and very slight photo- 
chromi sm i n  to1 uene, havi ng a 1 ow dielectric constant. 
shows negative photochromism forming colored solutions which become 1 ighter upon 
exposure. 
pattern in solution. 

Tests of the photochromism of this compound has 

Further, the compound 

I d o n ' t  believe this i s  preferable in the photography of a small d o t  

The spiropyran referred t o  in the three attached journa l  articles, referred 
t o  on page 2 as TNSB, i s  n o t  commercially available. 
as  2-(2',2'-dinitrobenzyl) pyridine appears t o  be incorrectly named in the Smith 
and Hummel paper, since "2 '  ,2'-dinitrobenzyl" i s  impossible, and the compound 
i s  probably 2-(2,4-dinitrobenzyl) pyridine which has been listed as  commercially 
available from several sources for some time b u t  t o  the present has not  been 
delivered from recent orders. 

The compound referred t o  

The author has considerable experience in the preparation of spiropyran and 
triarylmethane compounds. 
compound, procedures are known for the preparation of a wide variety of these 
two classes of compounds and i t  should be possi,ble t o  prepare a variety of them, 
in quan t i ty ,  without any experimental difficulty. 
pyrans generally require a number of procedural steps, and the preparation of 
specific compounds can be time consuming. One such compound f o r  example required 
80 hours t o  prepare. 

While one cannot be pertain in the case of any specific 

The synthesis of the spiro- 

The triarylmethanes are generally simpler t o  ob ta in .  

One spiropyran compound i s  presently on-board in quantity, namely 5'-bromo- 

After a precautionary step of recrystalliza- 
8'-methoxy-6'-nitro-l-phenyl-3,3-dimethyl indol inobenzopyrylospiran (BMS) , and 
six triarylmethane leucocyanides. 
tion of the indolinobenzopyrylospiran and malachite green leucdcyanide, screening 
experiments proceeded with these two compounds, as compounds whose properties 
would represent a reference point, i n  solvents of high dielectric constant. 
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3. Choice of Solvent System 

For the i n i t i a l  investigation, solvents have been selected on the basis 
of d i e l ec t r i c  constant only. 

Met ha n o 1 32.8 
Acetoni t r i  1 e 37.5 
Dimethylformamide 37.6 
Ethylene glycol 37.7 
N i  tromethane 39.4 
m-To1 u n i  t r i  1 e 40.0 
G 1  ycerol 42.5 
Dimethyl sulfoxide 46.7 
Formami de  109.5 
242-ethoxyethoxy) ethanol ? 

Not a l l  of these solvents a re  immediately available as i s  a lso the case 
with the Dow Corning 200 series s i l icone o i l s  referred t o  i n  the section above. 

Subsequent a t tent ion will be paid t o  the purity in which these solvents 
can be obtained, the purity tha t  can be maintained in contact w i t h  the surfaces 
of the system in which they a re  t o  be used, and the i r  s t a b i l i t y  t o  exposure 
t o  the photochromic dye activation radiant source. 

The absorbance vs. wavelength of several solvents i s  diagramed below. 

0.8 

2 0.6 
T-( 

\ $  
0 
v, 
Q 0.4 
Y 

0.2 
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O f  consequence here i s  a n  awareness of the transmittance of the solvents a t  
wavelengths of radiat ion which activate the dye. Most of the sensitivity 
(possibly 95%) of most photochromic dyes l ies a t  wavelengths shorter than 
275 nm. 
poor choice. is nonetheless 
eliminated from further consideration because i t  i s  yellow i n  color and there- 
fore a strong ultraviolet and blue f i l t e r .  

Toluene, w h i c h  shows absorbance o u t  t o  350 nm, would be a particularly 
Nitrobenzene, w i t h  a dielectric constant of 36.1 

4. Test Results 

The breath of relevant photochromic dye-solvent system response properties 
i s  shown i n  the representative results obtained t h u s  f a r  tabulated on the next 
Page * 

Exposures were made using two Speedotron strobe lamps positioned one inch 
away, on either side, from the solut ion sample cell.  
and driven by a 600 watt-second transformer. 

The lamps are xenon-filled 

The p a t h  length th rough  which the s o l u t i o h  i S  exposed i s  3 mm. The density 
of the so lu t ion  i s  read, us ing  a Macbeth densitometer, th rough  a one centimeter 
section of solut ion.  

1 The density of the solutions were measured a t  625 nm (as the dyes tested 
yield solutions which  are cyan and green i n  colov'). The density values given 
are t o  be considered t o  be only relative numbers, for intercomparing the solutions 
only. However, in this density specification system, a cyan-colored solution 
w i t h  a density rating of 0.50 approximates the color and density of an Eastman 
Kodak CC5OC color-correction cyan f i l t e r .  

W i t h  regard t o  o b t a i n i n g  density, there i s  no difficulty i n  dissolving either 
dye in any solvent tested t h u s  far. (Mild heating t o  80°C for a few minutes was 
required i n  the case of ethylene glycol.) The dye concentrations used were 
1 mg/cc of solvent. The saturation p o i n t  of dye i n  solvent does n o t  appear t o  
have been even closely approached i n  these solutions. 
the solutionf will result i n  more density, b u t  linear increases w i t h  concentra- 
t i o n  are n o t  expected, since dye solutions show departures from Beer's law 
behavior. 
could otherwise be used t o  activate as yet uncolored dye molecules i n  the solution. 
This phenomenon i s  known as "internal filtering." 

More dye dissolved i n  

The colored form of the dye wil l  also absorb actinic r ad ia t ion  t h a t  
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Increased densit ies a re  also expected with radiant sources of greater output 
a t  ac t in ic  wavelengths. 

Relative densities up t o  1.30 have Seen produced w i t h  fade times up t o  
10,000 seconds. 
shorter times by small concentrations of sodium cyanide added t o  the solutions,  
a control not available i n  most photochromic dye systems. 
f reely soluble i n  dimethylsulfoxide and 2f2-ethoxyettioxy) ethanol. I t  i s  t o  be 
anticipated tha t  t h i s  will be accompanied by some loss of density. 

In the case of the MGCN, the fade times can be adjusted t o  

- 
Sodium cyanide i s  

Relative densit ies from 0.02 to  0.89 have been realized for  single fade 
times, i n  t h i s  case approximately 500 seconds. 

The solvent 2f2-ethoxyethoxy) ethanol has been found t o  g i v e  the highest 
densi t ies  t h u s  f a r  for  both BMS and MGCN dye. 
solvent has n o t  been found, b u t  the resul ts  are  included as  i t  i s  conceivable 
tha t  i t  i s  in the range of in te res t  since this solvent is i n  the alcohol c lass  
of compounds. 

The d i e l ec t r i c  constant fo r  this 

Limited fatigue studies have been performed by cycling solutions through 
expose and fade for  as many as twenty times. 

The photochromic solution may show less  density w i t h  repeated exposure; i t  may 
fade more slowly; or i t  may take on permanent color. 
show that  some photochromic spiropyrans may be cycled 10,000 times without 
fatigue effects .  
of fatigue a f t e r  twenty cycles. 
reproduced apparently exactly over a period of days. 

Fatigue is  the property of photo- 
chromic solutions whereby the i r  optical properties change upon repeated cycling. 1 

Examples i n  the l i t e r a t u r e  

The solutions under study i n  t h i s  current e f fo r t  show no s i g n  
Further, the density, color and fade rates  are  

5. The Titanium Dioxide-Methylene Blue System 

A different  approach has been previously discussed. The  dye methylene blue 
is bleached t o  colorless when exposed to  ul trav‘iolet radiation i n  the presence 
of some photoconductors such as zinc oxide and titanium dioxide. T h e  reaction 
is reversible: 

2 MB -I- Ti02 -I- hv 2 reduced MB t Ti02 - x t t  x0 
blue col or1 ess 

These two oxides a re  available perhaps from 25 manufacturers i n  the world. 
Samples vary considerably i n  mean par t ic le  size, photoconductivity, and a b i l i t y  

to  reduce methylene blue. a 
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Degussa, Inc. (Teterboro, NJ) P-25 i s  known t o  be one of the more photo- 
sensitive titanium dioxide products. Its mean particle size diameter i s  0 . 0 3 ~ .  

These very small particles of colloidal dimensions will stay suspended in water 
for days. 

This approach was investigated by slurring P-25 in water in which methylene 
blue dye had been previously dissolved. 
been found t o  be considerably less sensitive, photogrdphically, t h a n  the dye 
systems described earlier in this report. 

Thus far,  however, this system has 

6. Questions 

For continued investigation, I have the following questions a b o u t  the photo-  
chromically-marked solutions sought: 

a )  What optical densities and fade times are desired? 

b )  What source will be used t o  expose the solutions? 

c )  How many cycles of expose and fade are required, and w h a t  fatigue 
problems can be tolerated? 

d )  What are the photographic conditions under which the photochromic d o t  
pattern i s  t o  be recorded? 
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will know that a complete new science of 
reliahility has hrcn evolved. 

In an ICBM early warning system, or 
a moonshot, there is no second chance. 
The complete system must work the first 
(and only) time for, if it fails, some 25 
million lives may be at  stake. On a lesser 
scale, but still catastrophic, the loss of an 
aircraft due to the failure of some small, 
but vital mechanism, is equally un- 
thinkable. Such parts must not only work 
first time; they must go on working. This 
is achieved by establishing the wear-out 
life of every subassembly (this being the 
time it takes to arrive at  the point at  
which performance deteriorates below 
acceptance limits) At half this time the 
subassembly is replaced by a new one, 

and the old one is returned for overhaul. 
Some assemblies may have longer wear- 
out lives than others and do not need to 
be replaced so frequently; hut, evidently, 
with this system, the whole equipment is 
maintained perpetually in a fully oper- 
able condition; its total wear-out life is 
infinite. Naturally, the equipment has 
to be designed with this in mind, so that 
the subassemblies can be replaced easily 
and quickly and without elaborale tools 
and skills. Some form of elapsed time 
indicator is also helpful so that the user 
does not have to keep complete records. 

Human Engineering 

Although we are dealing with it last, 
almost the first plea that every camera- 

man put to us was to just try to remember 
that neither he nor any of his colleagues 
has four arms, retractqble eyeballs, 
rubber ne&, is a prof-ional weight 
lifter or contortionist, or ‘has any par- 
ticular yen for being trussed up in beI 
and straps and struts, or any other 
of surgical appliance. 
In the past when a camera that was 

designed for studio work was taken out in 
the open air and the cameraman held it 
on his shoulder, he had no one but him- 
self to blame for his discomlort. But 
when he openly declares that this is 
what he wants to do, the designer is to 
blame if he continues to design ‘‘unus- 
able“ equipment, merely because this 
was the way cameras were always made. 

Studies of Fluid Flow by Photography Using a Non-Disturbing 
Light -Semi t ive Indica tor O R l ~ l ~ A ~  PAGE IS By J. W. SMITH 

and R. L. HUMMEL 
OF POOR QUALITY 

A powerful flow-visualization technique in described which overcomes the dis- are strongIy flubrescent under UV light, 
advantages of primitive flow-visualization methods (lack of precision, clarity and/ may be injected into a flow stream 
or convenience relative to the commonly used probe techniques). The new tech- upstream from the points of interest. 
nique uses a tracer fluid which is continuously present in latent form in the test fluid Water flows have been made visible very 
(eliminating injection problems) and which undergoes a dramatic color change effectively by injecting streams of air or 
(a reversible photochromic reaction) in a pattern generated instantly by irfadia- oxygen ’bubbles through probes; in a 
tion with a pattern of ultraviolet light. A typical setup employs this fluid in some refinement of this method, hydwen 
transparent flow channel, with an ultraviolet light source (such as a frequency- bubbles are electrolytically generated at. 
doubled ruby laser), a suitable background light source and a high speed motion- electrodes.’ Another tracer technique 
picture camera. Many previously intractable fluid dynamics problems have yielded ‘ uses solid objects such as sphe2ial . 
to this technique, andimproved resolution and the use of computer logging should polyswrene beads or paraffin wax 

particles to make fluid flows visible.‘ greatly increase its utility. 

Introduction 

The details of fluid flow are important 
to a broad range of problems relating to 
transportation systems (boats and air- 
planes), air and water pollution, weather 
prediction, fusion power devices, petro- 
chemical production, etc. Velocity fields 
and flow systems can be studied by the 
use of probes (such, as the hot-wire probe 
where wire temperature is related to 
flow velocity) or by flow visualization. 
Probe techniques have the advantage 
of being quantitative and easily analyzed 
and recorded, but they can “sample” the 
flow at only one or two points a t  a time. 
Because flow visualization makes it 
possible to record a phenomenon com- 
pletely, it can, in principle, lead to easy 
and rapid analysis and interpretation. 
Sometimes it is the only way an event or 
occurrence can be identified and thus 
measured. 

Presented on 6 October 1971 at the Society’s 
Technical Conference in Montreal by J, \V. 
Smith and R. L. Humme1 (who read the paper), 
Dept. of Chemical Engineering, University of 
Toronto, Toronto 5, Ont., Canada. 
(This paper was received cm 13 September 1971, 
its publication has been delayed by editorial 
operations and through no fault of the authors.) 
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involve either (1) observation ofphysical 
changes that occur in the field, or (2) 
addition of substances (tracers) to the 
stream of fluid which follow the stream- 
lines and make them visible to the eye or 
camera. In  the first approach, shadow- 
graph, schlieren, and interferometric 
interference techniques are among the 
methods used to detect refractive index 
variations resulting from changes in 
pressure,,tcmperature or density. Un- 
fortunately, because the patterns re- 
corded show the cumulative effects of 
refractive index variations along the en- 
tire light path, individual points along 
this path cannot be clearly distinguished 
and spatial resolution is not sharply 
defined. 

Numerous kinds of tracers have been 
used in the second approach to show 
how velocity fields may he represented.’ 
Smoke, dust and titanium chloride are 
commonly used to make the flow of gases 
visible, and malachite green, Durazol 
and brilliant red (simple biological 
stains) are often used, along with an 
effective illumination source, in liquid 
flow studies. Alternatively, aqueous 
solutions of fluorescein-sodium, which 

Each of these tracer flow-visualization 
techniques is unfortunately subject to one 

-re of ,$e follow~g four serious Flow visualization studies generally 
disadvantage&\ 

(1) The tracer materiab must be 
injected into the flow stream and thus 
cannot have the same physical properties 
as the fluid. 

(2) The flow stream must be disturbed 
by the injection tube or other probe. 

(3) Solid particles, no matter how 
smaU, inevitably create disturbances in 
the flow stream - disturbances that are 
very important a t  phase boundaries, such 
as at the wall of the pipe or a submerged 
object. 

(4) Injected dyes stream along from 
the injection point in a manner which 
makes it difficult to “read” velocities at 
all and certainly impossible to do it 
accura teiy. 

For these reasons, conventional direct 
visualization of the velocity field and 
other fluid flow properties in the region 
very close to the wall cannot be reliable; 
these disadvantages make exact quantita- 
tive measurements of the velocity field 
impossible. 
There are three modern techniques for 

studying fluid flows that do not disturb 
the flows: a Doppler laser probe tech- 

I 
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nique, a holographic flow-visualization 
technique and the photochromic-dye- 
tracer flow-visualization technique. The 
first and last are not only precise but also 
easy to use add interpret. The photo- 
chromic dye method has been particu- 
J $7 successful compared with conven- 

jtal tracer methods, and it is the 
subject of this paper. 

History and Principle of the Method 
In 1960, one of the authors (Hummel) 

suggested the principle of the photo- 
chromic dye tracer technique,’ but work 
using it was not begun until late in 1963 
by Popovich. In 1965, Goldish et aL6 
published results of a measurement of 
dilution time-constant for a chamber 
which was instantaneously filled with a 
colored solution generated by a flash of 
light. The flowing solution contained the 
ingredients for the blueprint reaction to 
react with the light and form the color 
only during the time of the intense light 
flash. They also suggested that in some 
undisclosed way this technique could be 
used for measuring velocities. The follow- 
ing year Popovich described in his Ph.D. 
thesisa his use of a focused beam of light 
rather than a diffused light source to form 
a sharply defined blue line in the solution 
which could be followed to give precise 
velocity data This thesis and two papers 
by Popovich and Hummel7.8 described 
for the first time the technique now used 
m,d noted that the relatively insensitive 

Fprint reaction previously used had 
oeen replaced by the reaction of a photo- 
chromic indicator, 2-(2’,2.‘-dinitroben- 
zyl) pyridine (DNBP). This work also 
established for the first time the existence 
of the viscous sublayer for turbulent pipe 
flow - a very important concept in fluid 
mechanics, proposed in 1905 but always 
previously beyond the capacity of con- 
ventional techniques to detect and 
measure. 

DNBP has been known since 1925 
to respond to irradiation with ultraviolet 
by undergoing an irreversible photo- 
chromic reaction in which the initial 
pale yellow color darkens to a deep blue 
in the 95% alcohol solution used.9 The 
color change is believed to be due to the 
formation of the tautomeric aci-nitro 
structure and is known to take place in 
less than 1 ~ S . ’ O J ~ . ~ *  

Our research group presently prefers to 
use deodorized kerosene solutions of 
1,3,3- trime thyl-6-nitro-indoli e -2 -spire- 

dilute solutions can be used (Le. 0.01% 
by weight) and the color generation is 
more efficient. The color-producing 
reaction occurs when the carbon-oxygen 
bond in the spyropyrane ring is broken, 
Droducing a merocyanine StrUCtUre, it 

Bo is reversible. TNSB can be used also 
in polar solvents such as alcohol, in 
which case it forms a red color rather 
than a blue and is no more effective than 
the DNBP The half life of the fading of 

2-2-benzopyrane (TNSB). J uch more 

both indicators due to the reverse reac- 
tion depends on the solvent but is 
typically between 5 s and 5 min. This 
fading is desirable so that solutions 
can be used under ambient light concli- 
tions rather than only under darkened 
conditions. 

The light sources currently used are 
generally lasers because they provide 
well-collimated light beams of high 
intensity id very short periods of tide 
(10 ns) One laser used has been thl 
TRG-104A ruby laser,* Its red light in 
the giant pulse mode can be frequency- 
doubled by means of a second-harmonic 
generator into the ultraviolet region. 
The overall energy output has been 
estimated to be roughly 0.01 J For 
multiple pulses (100 pulses/s), an ,Avco 
C950 nitrogen laser is used I t  gives zi 
more divergent beam with an energy of 
only 0.001 3 per pulse, but the pulse 
duration is still 10 ns. Because of the 
short duration, the instantaneous power 
level is 10-100 MW which can cause 
damage to conventional cemented lenses 
and the focused beam can damage quartz 
plates or lenses. 

The dye trace is best photographed 
against a background of uniform il- 
lumination. The contrast between the 
dye and the background is improved if a 
yellow light which is absorbed strongly 
by the dye is used in black-and-whitk 
photography. A 400-W sodium street 
lamp (GE Lucalox 400) was found to 
combine high intensity with a suitable 
color. This lamp is designed for ac opera. 
tion, but to avoid flicker in high-speed 
motion pictures it must be operated from 
a dc power supply (even though this 
reduces the life of the lamp).-The center 
contact of the bulb’s base must be posi- 
tive or the bulb will fail in very short 
order. 

The photographic equipment used 
to take cine photographs at  up to 8,000 
frames/s is usually either a Hycam 
400-ft (121.9-m) model or a Locam. 
When the flow rates are low a Bolex has 
been substituted. When very high 
resolution has been required 35mm stills 
have been %en using a yellow filtered 
electronic flash for the tackground light. 

In addition to the major items of 
equipment various other obvious items 
such as tripods, lenses, ground glass for 
diffusing the light, etc. have been used to 
obtain suitable photographs. 

Flow Systems 

The flow systems are generally quite 
simple as the only special requirement 
of the technique is that the test region be 
visible without serious distortion to the 
eye and to the camera. There is no need 
for holes, for probes, or micrometer 
positioners, and the extremely precise 

* Manufactured by the Melville, N.Y., 
Space & Defense Systems Division of Control 
Data Corp. 
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Fig. i. Schematic front view of the flow 
system. 

optical requirements of schlieren or 
interferometric set-ups are not required. 
To set up a run without a test body or 
model in the flow, reservoirs (typically 
5-gal (18.9-l) alcohol jugs with a side 
opening at the bottom} are mounted a t  
floor and ceiling and connected by 
Tygon tubing to a glass flow chamber of 
appropriate geometry. The test fluid is 
pumped t s  the upper reservoir before the 
run and k allowed to flow downward 
during the run under the force of gravity 
(possibly aided by additional air pressure) 
through the flow chamber to the lower 
reservoir at a controlled rate. In tests on 
a larger scale the liquid i s  pumped 
through a blow-down wind tunnel 14 in 
(356 mm) in diameter in which models 
can be installed. 

The general arrangement of com- 
ponents is usually that shown in Fig. 1, 
and can be best described in terms of 
rectangular coordinates. The  flow direc- 
tion is typically along one axis (from 
positive to negative z) with the camera 
and background light along adother axis, 
(positive and negative x )  . The light beam 
from the laser passes along they axis to 
draw a tracer line perpendicular to both 
the flow and the camera view. 
Typical Results 

Figure 2 shows the flow around a 
transparent glass sphere mounted in the 
14411 flow channel on a 1/8-in (3-mm) 
diameter thin-walled supporting tube 
positioned to give minimum disturbance 
to the R o w .  Measurement of flow sym- 
metry showed the support to have a 
negligible effect. The UV light was 
introduced through this support to the 
center of the sphere where a s m a l l  prism 
reflected it at  an angle of 90° through the 
sphere’s surface to form the dye trace. 
The alternative of bringing the Eght 
beam in through a viewing port in the 
flow chamber would have severely 
reduced the sharpness and intensity 
of the beam. The first frame shows the 

STORAGE 
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Frame 1 Frame 2 
Fig. 4. ith a 
Frame With  

shape of the trace shortly After the UV 
beam emerged from the sphere and 
frames 2, 3 and 4 are a t  later times. 
Notice how clearly the region of sphere 
influence and the maximum velocity for 
the flow are defined. These had not been 
possible to measure using probes and had 
been infewed incorrectly from theory. 

ctual three-dimensional velocities 

cannot be determined directly from 
observation, but must include a calcula- 
tion of material balanced to split the raw 
velocity data into radial and tangential 
velocity components. Figure 3, at a 
greater reduction ratio, shows the flow 
reversal near the sphere and the tur- 
bulence in the wake of the sphere. In the 
turbulent wake, it is no longer convenient 

to obtain Bow ~~n~~ by material 



Fig. 5. Erup t ion  of a stationary liquid drop containing a photochromic dye, Mechanism 
is p r o b a b l y  t h e  same as t h e  one w h e r e  lenses are sometimes sha t t e red  by faser light, 
namely  t h e  genera t ion  of strong nonl inear  effects at t h e  interfaces. 

turbulent flow regime. This condition 
was not studied quantitatively, but one 
can easily see that near the surface 
there is a region where the flow has been 
smoothed This effect is contrary to 
what was previously believed to occur 
under these particular conditions. Be- 
r-we this nearly laminar flow near the 

Ace is not strictly steady, the effect 
could not have been detected easily with 
probe techniques - even the nondisturb- 
ing Doppler laser technique. Obviously, 
actually seeing a phenomenon or viewing 
its record on film is superior to making 
suppositions or speculations about its 
existence. 

Other systems which have been 
studied include falling liquid films, 
rough-pipe momentum transfer, pipe 
jets and growing liquid drops. Figure 5, 
from Humphrey’s study of growing 
liquid drops,I4 illustrates that the ques- 
tion of the technique being nondisturbing 
must always be examined and tested 
I n  this particular case, a very substantial 
effect on the drop can be seen. When the 
laser beam strikes the drop and the dye 
trace is formed, the drop erupts. Two 
possible explanations for this phenomena 
have been considered One explanation 
is the surface tension of the closed form of 
the photochromic compound changes 
and this produces the disturbance. A 
more likely explanation, however, con- 

sidering the magnitude of the energy 
shown is that a phenomenon similar to 
the breaking of lenses mentioned earlier 
is responsible. Lenses are broken not 
because they are not completely trans- 
parent to the light, but because the very 
high power level reached in the laser 
beam produces nonlinear effects or 
even ionization at the interface between 
two materials. A substantial fraction of 
the energy can be discharged in the 
interface during a period of a few nano- 
seconds, and this could result in the large 
acceleration that is observed. Again, 
because this technique makes it possible 
to view a phenomenon, unexpected 
disturbances that spoil a run can be 
easily detected so that invalid results 
may be discarded When the energy of 
the beam is reduced by 50% the dis- 
turbance disappears. The generation 
of this disturbance is very dependent on 
the type of liquids used and does not 
occur for most liqu?d-liquid combina- 
tions. - 
Conclusions 

Many previoubly intractable fluid 
dynamics problems have yielded to the 
optical flow visualization technique 
described above. Future development of 
computer logging methods will greatly 
increase its utility 
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Discussion 

Dahyu Bhagu (McCilf Unioersitp, itlmrhsal, 
Quekc, Canada): What technique would you 
use to make a grid of the tracer fluid? 

Dr. Hummel: I would use a dichroic-mirror 
type of beam splitter to split the laser beam. 
Beam splitting will be discussed in the following 
paper (by Sovwa, Prochazks and Hummet). 

MY. Bhugu: What are the Emitations on the 
type of liquid that can be used with your photo- 
chromic visualization technique, and can aquanu 
gIycerol and sugar solutions he used to take 
advantage of the ease with which one can vary 
their vixosities? 

Dr. Hummel: At present the materials we‘ve 
used diaolve only in organic sofvents. Glycerin 
can be used quite easily, and we have done 
studies where we have varied the viscosity. 

I. Feuars!cin (McMarfcr Uniunsiy, Hamilton. 
On!., Canada) I How do you obtain quantitative 
informa tion? 

compo- 
nents of a point in the trace in subsequent frames. 
The motion on the surface is easy to follow to 
get an indication of compressions and exten- 
sions. You can me  the continuity equation to 
calculate the motions that these imply. 

Zh. Hummel: We measure the x and 

I 
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Flow Near the 
of the Photoch Qexpensive Equipment 

g Vessel: An Example 

By H. SOVOVA, J. PROCHAZKA 
and R. L. HUMMEL 

Most applications of the photochromic technique of flow visualization have in- 
volved elaborate or expensive equipment. A simple, inexpensive application of 
the technique is described applied to a study of the fluiddynamics phenomena in- 
volved in mass transfer aaoss a liquid gas interface. Essentially the set-up requires 
only a stirred beaker with photochromic dye solution, several rtlatively inexpen- 
sive sources of illumination (no laser) and a Sdmm still camera or, alternatiyely, 
a movie camera. The analysis of the trace patterns photographed as described 
and the association between the flow pattern observed and the expected heat 
and mass transfer mechadsms is discussed. 

IN MANY types of chemical equipment, 
gas and liquid streams are contacted to 
bring about heat and mass exchange 
between them. Usually the phases are 
kept in intensive motion so that the bulk 
transport is very rapid. Under such 
conditions the main impediment to the 
transfer is found in the space close to the 
interface because this interface provides 
an obstacle to free convective motion of 
the fluid phases. Consequently, a detailed 
understanding of this phenomenon is of 
major importance. 

Numerous theoretical and experi- 
mental investigations of heat and mass 
transfer’-6 across liquid-liquid and gas- 
liquid boundaries have been performed, 
and several models of the process have 
been proposed. Most experimental work 
has been done in a cell with stirrers and a 
plane interface of known area.‘s4 How- 
ever, detailed understanding is still 
elusive, primarily because the measure- 
ments of the overall rate of heat or mass 
transfer can provide only lirsited evi-. 
dence of the local flow pattern near the 
interface. 

The photochromic flow visualization 
technique introduced by one of the 
authors {Hummel) and co-worker$-8 
represents a promising means for such 
study. In this technique, a photochromic 
indicator is added to a clear liqyid to 
make up a test solution which is virtually 
clear. When selected areas of this test 
solution are subsequently irradiated with 
ultraviolet light these areas instantly 
become deeply colored, and remain so 
for some tens of seconds before the color 
fades. This permits the traces to be 
unambiguously observed or photo- 
graphed. How this principle can be used 
to study fluid flows will become clear in 

Presented at the Society’s Technical Confer- 
erence in Montreal on 6 October 1971 by H. 
Sovov& and J. Prochgzka of the Institute of 
Chemical Process Fundamentals, Czecho- 
slovak Academy of Sciences, Prague 6, Suchdol 
2, Czechoslovakia; and by R. L. Hummel (who 
read the paper), Dept. of Chemical Engineering 
and Applied Chemistry, University of Toronto, 
Toronto 5, Canada. 
Phis  paper was first received on 13 September 
1971; its publication has been delayed by edi- 
torial operations and through no fault of the 
authors.) 

the following discussion. I t  has been 
successfully applied to the investigations 
of flow along rigid walls and in a forming 
liquid drop. Its main advantage is that it 
allows the observer to follow the motion 
in the narrow space near an interface 
without distorting the flow pattern. The 
present work is the first step in the ap- 
plication of this technique to the in- 
vestigation of convective transport across 
the fluid interface, particularly the gas- 
liquid interface in a stirred glass vessel. 

In its most elaborate form: the photo- 
chromic technique implies the use of 
rather expensive equipment, e.g., an 
Nz laser or a giant-pulse ruby laser 
with a frequency doubler, and a high- 
speed camera. The purpose here is to 
show that a good deal of information, a t  
least in the preliminary stages of in- 
vestigation, can be obtained with rela- 
tively simple and inexpensive means. 

~ p p ~ a ~ s  and Equipment 
’-. 

Experiments were carried out” in a 

special stator ca$e (b). The purpobe of the 
stator was to diminate tangential flows 
and excessive rippling of the gas-liquid 
interface. The beaker was filled with 
toIuene, in which a photochromic 
indicator (1,3,3 trimethyl-dnitro-indo- 
line-2-spiro-2-2 benzopyrane) was dis- 
solved. This chemical compound changes 
from clear to blue in color after irradia- 
tion with ultraviolet: (uv) light. Thc 
optical arrangement is shown in Fig. 2. 
The cylindrical beaker was immersed 
in a rectangular Lucite tank filled with 
water to minimize the d~tartions a& 
reflections c a d  by the cylindrical 
walk The camera used was a 35mm 
Exacta Varex 2 still camera with an 
Orestor 2.8/100 lens and extension rings 
or, alternatively, an A K  16 motion- 
picture camera operating a t  a rate of 32 
frames/s and SOmm, f/I .4 lens. 

With the still camera, a second xenon 
lamp was used as a background light 
source; the lamp was triggered by a delay 
circuit. Although the background light 
had a greater light output at all wave- 
lengths, including the UV, the intensity 
was far h e r  (being unfacused) and 
created no perceptible color. The yebw 
filter placed on the camera to improve 
contrast could have been applied to the 
flash to remove the W as well as the blue 
Iight. 

With the motion-victun camera. a 

I 

ig. 2. Optical mngement f a  the study: 
) 200-jouIe xenon flashknrp fm UV 

Kght source; (b) mask witlt six parallel 
dots to create six fight sources; (e) 
plane mirror inclined so a5 to direct the 
light sources downward toward the gas- 
l ipid interface; (a) quartz knr of 4O-mm 
dinm and 4 b m  focal length to form s h  
images on the interkce; (e) aau%arp 
Kght source to BunJnate the traces; 

cture camera to 

’ 
atic ~ ~ ~ r e s e n ~ a ~ i o n  of the 
g (a) the inclined blades 

and (b) the special stator designed to 
e l i ~ n a t e  ~ ~ n g e n ~ i a l  Bows an 

of the gas-liquid interface. 
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Fig. 3. Motion of traces during stirring at (a) 200 r/min, (b) 150 r/min, and 
(c) 100 r/min. 

0ptka8 axis inclined it, X) that b t h  the 
traces and their mi r imagc5 (due to 
total refiection from the underside of the 
interface) could be photographed. By this 
means it was possible to foUow traces to 
the w r y  interface. Comparing the 
inclination of the traces and their inirmr 
images it is a b  possible to a- the 
direction of the traces in space. This is, of 
course, limited to &e case of a plane 
interface free of ripples. I t  k easy, ROW- 
ever, to study the traces in &ee dime+ 
sions by using a system of four mirrors: in 
this way, two views of the traces can be 
obtained in a single pictare, with the 
views a t  right angles ts one another. 
Results and Analysis 

In Fig. 3, motion-picture sequences 
show the motion and deformation of the 
traces in the radially-moving liquid near 
the interface and stirred a t  rates d 200, 
I50 and 100 r/rnin, respectively. The  
first striking feature of these pictures is 
that the radial velocity of the surface is 
much Iess than that of the 
below it. One would not expect this to be 
the case for a large surface in contact 
with gas. The flow under the surface is 
almost laminar for the lowest rate of 
revolution, as is seen from the parabolic 
shape of the lines. The vehxity profile can 
be easily determined from the measure- 
ments of the position of the corresponding 

Fig. 4. Still camera pictures of traces, with stirring at 250 r/min and 100-ms delay. 

The film material was Agfa 35mm 
Copex pan, type A.H.1 and Foma 16mm 
Mikropan, 17 DIN. 
For the xenon lamp power supply, 

which was constructed in the workshop 
)of the Institute, had a total capacitance 
of 180 pF and an operating voltage of 
1.25 kV The discharge duration was 
approximately 100 ps.  

The formation of several parallel 

traces is particularly advantageous as it 
provides more information than a single 
line. For example, it is possible to follow 
the deformation of the plane in which the 
traces are lying, I t  is also much easier to 
estimate the shape and direction of 
motion of a fluid element. 

In the arrangement described above 
the camera was positioned slightly below 
the interface of the liquid with the 

points of the traces in subsequent frames. 
It can be conc!ricIed that the prevailing 
mechanism of heat and m a s  transfer in 
this case will be the unsteady diffusion 
into the surface during its exposure to the 
gas- 
The other two sequences show a lcss 

q i d a r  motion near the interface. Local 
stretching and compression of the 
near the surface can be o k m - e d ,  which 
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is the rest& of impact of large eddies. 
Small eddies of wavy or circular form are 
also present. The dimensions of these ed- 
dies and their time of decay could be de- 
termined from the film. More details can 
be recognized in the still photographs 
shown in Fig. 4, which were taken for a 
stirring rate of 250 r/min. The time de- 
lay between flash l (formation) and flash 
2 (observation) was 100 ms. In Fig. 4 it 
can be clearly seen that sometimes a trace 
is detached from its mirror image and a 
gap appears a t  the surface. We conclude 
that a surface renewal by a small eddy 
has occurred and the old colored liquid 
element was replaced by a new one from 
the bulk of the liquid phase. Also very 

interesting is the splitting and widening 
of some lines. This phenomenon can be 
ascribed to the action of disturbances of a 
lower order of magnitude than the 
original width of the traces. 

The above description gives an impres- 
sion that there are several mephanih  of 
heat and mass transfer at the inthrface 
during a forced turbulent flow in the bulk 
of the liquid. The first of those mecha- 
nisms is surface renewal by sweeping, 
stretching and compression due to large 
disturbances and similar small-scale 
phenomena due to small eddies, and the 
second is turbulent transport from the 
surface to the bulk by microscopic 
disturbances. Which of these mecha- 

nisms is dominant can 
after quantitative evaluation of the 
pictures and is beyond the scope of the 
present paper. 
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Quality With White eferences of 9300 K and D6500 

Color television receivers in the U.S.A. generally have a white color approximately 
equivalent to the appearance of a black-body at 9300 K, OE higher. The white ref- 
erence of a studio monitor is specified at D6500. In connection with the study of 
color television variability being conducted by an Ad Hoc Committee (AHCCTS) 
of JCIC, thequestion was asked, “Is a viewer’s tolerance to calor variation different 
for the two display situations?’’ To answer this question observers were asked to 
rate for quality pictures having a wide gamut of color variation originating fro& 
photographic slides, presented through telecine separately on two receivers ad- 
justed to the two display conditions. Observers ranked the pictures displayed on 
the D6500 receiver consistently higher in quality than the pictures displayed on the 
9500-K receiver. 

The conclusion that viewers prefer pictures displayed at a white reference of 
D6500 to those referenced to 9300 K prevented obtaining an answer to the original 
question on tolerance to color variability,.but in itself is a more important fact bear- 
ing on the choice of a white reference for television receivers. .‘.\ 
Introduction 

Although there are no industry stan- 
dards, the white reference for television 
receivers in the U.S.A. is generally in- 
tended to be in the vicinity of a black- 
body radiator at 9300 K. This relatively 
high color temperature (compared with 
other “white” colors in our environ- 
ment) is partly a legacy from mono- 
chrome television (the color of “bright” 
phosphors), but even m x e  it is a result 
of the compromise between brightness 
and color required in the past by the 
available phosphors in color receivers. 
For example, for a particular phosphor 
combination in shadow-mask receivers, 
the electrically desirable condition of 
equal drives to the three electron beams 
resulted in the 9300-K color It appears 
that colorimetric fidelity has not been 
a primary factor in the choice of receiver 
white color, The dominating factor has 
been a desire for high brightness. 

Presented on 24 October 1972 at the Society’s 
Technical Conference in Los Angela by Daan 
M. Zwick, Physics Div., Research Laboratories, 
Eastman Kodak Co., Rochester, NY 14650. 
(This paper, first received on 5 October 1972, 
received in final form on 6 March 1973.) 

The original NTSC specification1 
was based on a white reference of Illu- 
minant 6, or 6774 K, which is related 
to a white color of our environment 
(skylight plus sunlight) The white ref- 
erence of the studio color monitor is 
defined in an SMPTE Recommended 
Practice as that having the appearance 
of D6500; this white color i s  a part of 
television colorimetry specifications, in- 
ternationally The reasons for the NTSC 
choice of white are documented*; they 
include some arguments based on pic- 
ture quality. 

Although Townsenda has described 
further experiments which might lead 
to a different white reference, and Lisk4 
has shown that the specified white color 
may not always be the actual white 
color, the fact remains that there are 
two different white referencqs, one for 
monitors and one for receivers, the 
former being significantly “warmer” 
or lower in correlated color temperature 
than the other. The need for, and the 
effect of, this difference have been ques- 
tioned periodically; no compelling argu- 
ments for change have arisen. 

In a thorough discussion of this ques- 

By DAAN M. ZWICK 

tied C. J. Himh pointed out that there 
are several complications resulting &om 
having the white reference of studio 
monitors different from that of the home 
receiver. H e  recommended that a survey 
be made by a professional committee 
or induspy group to determine what 
value of reference white the public pre- 
fers for color reception. 

In the course. of their broad invest\ 
gation into the causes of color vasability 
in the entire television system, members 
of the Ad Hoc Cornmiltee on Color 
Television Study (AHGCTS) d the 
Joint Committee for Intersociety Co- 

>dination (JClC)@ raised the question 
of the contribu”ttm of the white refer- 
ence to the problem. A statement was 
made,’ that the variation in color was 
more noticeable on a receiver having 
a white rderenced to 9300 K, than on 
one referenced to ? ~ u ~ n a n t  C or D6500. 
To provide data on this qucstion two 

ere performed; they are 

peratwe ualues d 3600 K, 6500 K, 9803 
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WILLIAM V,  bOWLIS 

prodiicc*s iiriitr.ill> t)iio>ant (I!(* ;it ;i \\ire i i i  I i ( l i i i ( 1  \\ t i c s i i  .i lo\\ 
soltagr is applied t o  the \sir(* tlo\\c.\c*r ;I i i r ' iu  trick w i i  t)c* the 
drag  p r o t l i i w d  115 thts \I i r v  I'or lo\\ l it*\  nolil\ i i t i r i i h - r  tlou thc 
drag  on a sphc*rc: dccreiirc\ Iiiicarl: \$ ,th the d i a r n c ~ t r ~  of the qdicre 
but  for  a c?liritfcr the dr;ig clt*l~cntls lo~prithrriicall> on t l i r  

diameter ; 'Thu\. r iot  niiicli IS g;iiiid in drcrca\irig thc. disimcters 
of probe wires or struts in attempting to reduce disturbance of the 
flow 

A dye technique which does not suffcr from the a l ~ n e  disadt an. 
tagtv is the photochromic dye tcchniqiie Ctiernical substanccs 
exist which change their radiation alisorptiori characteristics when 
exposed to ultraviolet radiation These substances are known as 
photochromics and they are  rrscd commerciall\ in sunglasses 
They darken upon exposure to UV radiation and then clear again 
spontaneousl) when the UV is removed These dyes havc heen 
ised by Popo\ich and fiiimmela and Smith and I-fummel' and 
others for liquid flow measurement 

T h e  phetochromic dye I 3. 3, Trimethyl, 6, Nitro Indoline, 2, 
Spiro 2, 2 Benzo Pvrane (TNSBI') was found to be soluble in 
silicone oil (Dow Corning 200 Series) After stirring. some simple 
filtering \vas requircd to makc the oil clear again. l'hrce different 
t y p a  of UV sources, ( I )  xenon flash lanips (2) continuoiis 
discharge nierciirv lamps and (3) UV lasers \\ere tried and all pro. 
duccd a dark t d i i r  colnriric in the oil 

Fiqure 1 is a pliotogriiih \lie\< ing a slit*ct of t h r  producc*d in a 
volume of oil Contained bct\vrrn two concentric sphercls l h e  oil 

rr 

h- 

Figure 1. Photochromic dye sheet created in silicone oil contained 
between two  spheres by exposure to an U V  source The spheres 
were differentially heated This photograph was taken about one 
minute after the exposure. Note the effect of the sinking fluid at  the 
cooler outer sphere. 

was Dow Corning 200 Series 1 centistoke silicorw nil u hich con- 
tained alwut 0.025% of 'I'NSIW i)! nciglit l l i i ,  tiibe of a cow 
tinuotir rncrciir! cli~cli~irgc laiiip (Phillips 031XX) u ;is fotrirrd in- 
to the voltimc The oil \\ as espiisc~l to tliis L \ source tor al)out 3 
stwinds. T h c  dye u as illuitiiiiattd b) an cspincletl laser I>cani 
(Spectra Physics. Xlodcl 120) projccttd a t  90" to the line of sictit 
T h e  spheres were part of an apparatus coiistriictrd for the 
de\elopment of geophysical fluid flow niotlcls for Spacclal) ' The 
inncr sphere had a diamrtcr of 4.0 cni and the outer sphere an in. 
ner dianictcr of 6.0 cm For this \\ark thc inner q)liwc \\;is hrated 
and thc oiitcr sphere cooIcd. a t c in ixuturc  rlitfcwnce o f  alwit  
10 C having bc.cn maintained Fiqirc  1 ivas taken a lwi t  1 iilititite 
aftrr t l i c  chposwe to ttic U\ lanip SinkinK of the  cool oil at tlir 
outrr sphere IS shou n Figtire S sho\r.s th r  d)e alwut 8 niinutcs 

'3 

*. 

1 

! 
.. I . 1 ~ & & & u & A & W & ~  

Figure 2 The same dye sheet as shown in Figure 1 eight minutes 
after the exposure to U V  The dye is still visible as a narrow line 
which corresponds to a streamline of the convergent flow in the 
lower part of the spheres. 

after the exposure The  conxergent flow in the lower part of the 
spheres has concentrated the dye into a narrow line M hich is still 
tisible This line actiiall) corresponds to a streamline of the flow 
\vith the liquid nioviiig u p a r d s  close to the inner sphere how 
that the d \ e  is much less intense in Figure 2 than in Figure 1 TI]$ 
fact that.it is Ftill oliwr\ed at  all is due to thc particular sensitit it! 
of the 90' laser illuniination 

Dye \ \at also protluced using xenon flash lamps. klo\vever, 
because of the short duration of the flnshcs, substantial C\ inten- 
sit) and efficient collectinr! and projecting optics are  required to 
make the d \e  \isit)le A c'!' laser (Spcctra Ph!sics. .\lodc*l 170) x a s  
used to  produce d!c in the oil. \\'ith this l a w  opcratiiiz in its in- 
tegrating mode with a UV poxver of about 50 niilli\t.atts. sharp 
dye lines were produced by focusing the beam into the oil  and ex- 
posing for about 3 seconds. 

To optimize the use of this technique. sLsternatir surveys of the 
effect5 of d \ e  concentration Vi '  espowre levels and dvc relaxa- 
tion times \\.ere carried out This umrk \va< done 11) Aerojct Elrc- 
trosystems Co rintlcr contract from SASA/llSFC: The follou ins  
results \\ere obtained using samplcs of Dou Corning 200 Series 
0.65 centistoke siliconc oil in a Hccknian Mark I V  spec- 
trophotometer The  samples Ivcre contained in fused silica fld&s 
and the temperatures of the samples were maintained and 
meazurcd The dye conccntrntion is given as the prrccntace of 

transmittance OF the unexposed solution for 5 arious d>e concrntra. 
tions at  30 C was nicaciircd first This results arc sho\vn in Figure 
3. Note that CYCTI \\.hen :I \ t r y  s indl  :ininlint of TXSIH' liar h e n  
attclcd ttic short u ii\d(*iigtti etitotf i;io\c*s f r o i i i  atiout 0.3 itiirron 
to i i h i t  0 4 itiicron l'liis tells i i \  that the \va\cli-neths acti\atiiic 
thr TNSBt' are in thi\ ranqc 1 hr nic:ivirciiicnts \tcw.' iniirtc~ f r ~ r  
\cr! I O U  ti\' e \ p s i i r c  levels so that no d c t e c t a l h  darkening of the 
solution occurred 

h'cst, the transmittance at various exposure levels for a fixed 
cortcm-itration cf 0.0255 \\ as measiircd T h e  resiilts arc shoa n in 
Fip.ire 4 Note the hrge abwrption of thc csposed solution i n  the' 
\ellow region of tlir slwctriim a r o i i i i d  0.6 iiiicron ?'his is u ti) the' 
t l > r  appears Iiliic in u l i i t t b  light Figiirct 5 she\\\ t l i r  r e w l t c  for 
\ ariotis eoiic~,iitrnticiiir lor  a fivcrl e\posiire id 0.033 joiilc~ cniz 
Figures G ~ n c l  7 show tlie tinie relaxation curies foi Liiriotis con- 
centrations aiid t-.posuri's at 30 C and 45 C. respectively The 

TSSBI' iveiglit atid the b'\. c'iIJo\iire I c \ ~ s  in J O i i ~ ~ S / C i l l ~  The 

.. 
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REMOTE OPTICAL TECHNIQUES FOR LIQUID FLOW AND TE', IPERATURE MEASUREMENT FOR SPACELAB EXPERIMENTS 

0 5 W I 6  20 

T Y t  UII*"T€lI 
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rm 1 

I I A v l L l  W T H  lY IC1CUSl  

Figure 3 The transmittance o f  unexposed solutions of TNSBP in 
Dow Corning 200 Series 0 65 cent istoke silicone oil as a funct ion of 
wavelength for various dye concentrations a t  30 C. 

Figure 4. The transmittance of an  exposed 00251/0 solution as a 
funct ion o f  wavelength for various exposure levels 

The transmittance o f  solutions exposed t o  0 035 joule'cm' 2 '1;ction of wavalengt l i  for various dye Concentrations 

"Y 
10 2 

5 10 

18°C YI*".tSI 

ab-----: 

Figure 7 Time relaxation curves for various concentrations and ex- 
posures a t  45 C The transmittance was  measured a t  0 6 micron. The 
reference transmittance data for  the unexposed solutions are also 
shown. 
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CONTAINER 
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L 1 
Figure 8. A schematic drawing showing the essential geometry of 
the dual-scatter LDV system. 

Model 120) is first split into tu-o parallel beams of equal intensity 
A lens then foerises these twains to a point v i thin the fluid The 
crossover point of tho beanis ctctirics the location of the nieawre- 
ment ancl the \oluinc of interwction of the Iwanis dtfirivs the 
spatial rcdution Clcarl? bccaiise of thr- focu\inz dotvn ex 
cellent rrdrit ion can he obtaincd On twicrging from thc test 
volunir ttic Ix*:iiiis iirc ttmiindtcd 0 1 1  ari iri\  I.ieht scattcrd I)! 
particlo o r  cc4l\ in  t l ir  I)cui i iq p s w s  ttiroiigli t l i v  irk to a w w i d  

lens \\hicli focu\r\ the scattc-rcd light I n t o  a piii l iolc* I%\ adjri\tinp 
the distance tx txwn this Ictis and the piiiholc anti ttic pinhole 
dianictLr. oiil\ scattcwd light f r o m  thy crosso\ cr \ olrirnti p s w s  
through tlic pinhole and reaches the photomultiplier (Centronic. 
Typc P4283R) 

A particlc pw,ciiic ttirorigh the scattcrir:g \olrimc scatters lipht 
from t,oth incirlrnt beanis Bwause of the .inKlc between these 
beanis (e) the scattered licht from c.ncli brarn is 1)opplcr shiftrd 
by a different miount I ictwotiyninp of these t u o  frequencies by 
the pli~itoriiiilti~~li~~r prodticcs thc differeiice freciiicnc) 

where n is thc rcfracti\e iiidcs of the fluid. A is the \va\elength of 
the laser and V is tiie comp.ment of the flow \clocity perpen. 
diqiilar to the optic asis of the systeiii and in the plane of the laser 
beams. 

Tlic rornponent V was Jctcrniincd f r o m  a iiicasiircnicnt of  the 
frccjuciicy V I )  Tlic ~ ) l ~ o ~ i ~ ~ i i ~ i l t i ~ ) l i c r  o r i t p i t  was amplificcl and 
then piisred through a 1);indpass t i l tcr  t o  rciiio\ e rin\vantrd tlc 
high frt*clurnc> sicnals and noise i t  was tlicn xiiiplilied acaiii and 
elippcd nrid finally sdrnplcd b> a eoiiiitcr (fftw lett I'ackiird. 
hlotlcl X J l i L )  

Tlie capaliility of tliis 1,DV I ,  dcnionstratcd b y  tlie results 
presentcd in Figure 9 T l i t w  rcsiilts show the decay of a spin-tip 
flow in a rotating cylinder or \\ ater 1 2 * ' 3  Tlic LDC' arid a cylindcr 
of water \\'ere attachcrt to a tnriitiitile After a h u  ing sufficicnt 
timc. for the water to h e  adiic\rtI solid I)ocl! rotation thv rota. 
tion ratc o f  tlie table iva\ cliarigtd mipiilsit c.1) ;I wi.ill  aniount 
Figure 0 s1iows the iidjtistiiiwit ot thc azimuthnl flow to the rota. 
tiwi ra:c, ()iiaritituti\e I l t f o r l l l . m n  oii this cxpririient i t  b' r n i w  in 
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V 
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u) \ 
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u 
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-1 
W > 
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U z 
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N 

TIME (sec) - I 
Figure 9 Measurements of the azimuthal velocity during the spin. 
up of a homogeneous cylinder of watei Rotation rate change. from 
18"lsec to 20"/sec. cylinder dimensions, diameter 18.970 cm. depth 
5.987 cm; position of scattering volurna, radius 4.74 em, height abovq 
base 3.00 cm. . *  

1 

thc caption for Fiqure !1 'l'hc sicniticant aspects a r t  that a iio\\ oi 
less than 0 1 cniis can be accuratel! measured The "butlips" on 
the dwa! cline are real t h  re inertial standing \va\es cscited 
in the liquid h\ the impd change. Clearl>, the llow spcud 
resolution is close to 0.001 cni/scc 

I n  attcrnptiiip to calculate tlie I O U  y)cu.d limit of the LDZ the 
sources of Ireqiienc? t)roadening must be taken into account 
Thew sourccs are. (1) Bron nian inotirm of the zcnttcwrs. (2) Flow 
qradients across the scatterer 1 olurne (3) Turl)ulmt flow fluctua. 
tions Xvithin thc fcattcwrig x o l u m t .  ( 4 1  Tht. finite record i n  tirile 
froiii each sciiftcrer as i t  p ; i w s  :IirocipIi thc wattcrinc I oliirric 
Becausc of thc heterod! ning. tlie h e r  line u idth is not significant 
if the optical path differtmccs are less than the laser cnticwnce 
length For furthcr discussion of these sources of 1)roaclening s c r  
Fowlis and ;\lartinl* and the refcrmccs therein. 

For steady flou.5. Source 3 doe< not make a m  contribution. 
Sources I! ancl 4 pi\ e constant relati\ e broadenin< v hicli is iri. 
de~iendcrit of t l i c  niatgutiide of the I h  I'he loit !lot! s p v d  hJiiit 
is determined b! Brownian motion I)ro:itferiing. Tlie spectrum of 
the scattered radiation for a laser Doppler teni tias I w n  derived 
b\ Edwards et al I4 I n  that p:iper tlic sp a1 casr cif at) iiitinite 

d u m c  \ \ i t t i  no yxitiaI or teriipord jiraditsnts of tIic flow is 
l'hc only remaining soiircv of trcqtienej 1)roattcning is 

f3rowniLin niqlion o f  tliv wattrrcrs. 'I'hc scattcrim art' i i w i i i i t d  to 
be sniall spheres i n  Iou citiiccntratrons m t t  t h v  StiiLii.s-l.:irist~.i~i 
relation \vas u s d  Is ?'he rvsrilt 15 a 1,orcnt;tian sliqicd \pwtriiin 
for which thc center frccltie~ic~ i3 ttic I h p p l t * r  frrqwiiey Tlir 
derivation b> Ettu ards c b t  nl" IS fcr ii reference-scatter SystctTl. The 
author niodificd tliis derivation for a dual-bcattcr system Th 
nioctifird rtwi l t  is acain a Lorentzian a d  the half-width of t l i t  
voltage spectrtirii is gitcri t)?. 

1 
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Figure 10. Single pass. double grid schlieren system. 
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Figure 11 Double pass, reflecting, double grid schlieren system. 
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Fiyure 72 Undisturbed motre fringe pattern observed using rho con. 
figuration shown in Figure 11 
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Figure 13 
were observed using the configuration shown in Figure 11 

for this to be achic\ c d  I s i th  s i~ in l l  distortion\ for  the q h r e  (radius 
4.0 cni) and for the angular ficld rcqtiired (90") four aplanatic 
lenses had to bc added bct\stun the sphere and the focusing lcns 

Acknowledgmcn ts 
The author \sizhc.s to acknou lcdgc* the  ad\ iec arid a 
Peter 1) Potilwn and Charles L Dimrnore of Scirricc Applies. 
tions, Incorporated of IIiintsvillc. Alabania hlr  Poulscn's con- 

Moire fringes disturbed by convection. These fringes 
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I *CLASS. LTR. OPERATION PROGRAM SEQUENCE NO. REV LTR. 

6/19/81 
SUBJECT 

LABORATORY ASSESSMENT OF CANDIDATE DIELECTRIC SOLVENT/PHOTOCHROMIC DYE SOLUTIONS 

INFORMATION REQUESTED/RELEASED 

I 1.0 SUMMARY 

Qualitative laboratory tests were performed t o  assess several photochromic 
dye/fluid combinations i n  terms of ( 1 )  the so lubi l i ty  of the dye, ( 2 )  the response o f  
the solution t o  exposure w i t h  U V  l i g h t  and ( 3 )  the fade time of the solution. Two 
combinations which exhibited behavior consistent w i t h  the requirements of the AGCE 
were a spiropyran photochromic dissolved i n  m-tolunitrile and a triarylmethane photo- 
chromic dissolved i n  dimethylsulfoxide (DMSO). 
t o  UV l i g h t  and returned t o  t h e i r  original,  nearly transparent s t a t e s  w i t h i n  a few 
minutes. 

Both solutions darkened when exposed 

The compatibility of the triarylmethane/DMSO combination was also verified 
'r 

-.'by Dr. Francis of the Rochester Ins t i tu te  of Technology (PIR No, 1254-AGCE-025). 

2.0 TEST PROCEDURES AND RESULTS 

The laboratory t e s t s  were qual i ta t ive i n  nature and consisted of exposing a 
solvent/photochromic dye solution t o  UV l i g h t  and then measuring the transmission as 
a function of wavelength. The concentration of photochromic dye was 0.5-1.0 mg per cc 
of solvent or 0.05-0.1% by weight. 

For each solution which demonstrated photochromism upon exposure to  UV l igh t  
the following se t s  of data were taken: 

1 )  Transmittance vs. wavelength of the unattenuated 1 i g h t  source t o  characterize 
the detector/source combination and provide a base1 ine value. 

2 )  Transmittance of an empty t e s t  tube  t o  quantify the decrease i n  transmittance 
due to  the glass tube.  
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PIR U-1254-AGCE-032 -2- 6/ 1 9/81 

3) Transmittance of the test tube and the unactivated solution to assess 
the transmittance of the clear solution. 

4) Transmittance of the solution immediately after activation to record the 
decrease in transmittance due to fluid darkening as a function of 
wavelength. 

5) A second transmittance run 3-4 minutes after activation to assess fade 
time as a function of wavelength. 

Transmittance at a single wavelength as a function of time from activa- 
tion to more quantitatively assess thd fade time. 

6) 

Transmittance measurements were made using an EG&G Model 585-22 Monochromator with 
a motor drive attachment. 
used to sample the EG&G analog output, store the data and generate the plots at 
the end of each scan. 

A Hewlett-Packard 3052A data acquisition system was 

Transmission curves of the above data sets are given in Figures 1 to 4 for 
two solvent/photochromic dye solutions: m-tolunitrile/spiropyran (TNSB) and 
dimethylsulfoxide (DMS0)ltriarylmethane (malachite green leucocyanide, MGCN) . 

As shown, although the maximum absorption regions of the two solutions differ 
slightly (see Figure 5 also), both combinations are capable of reducing the trans- 
mittance by up to 75%. 
mittance by Equation (1) 

If the fade time (T) is defined as a function of trans- 

where To and TF are the initial (t = 0) and final transmittances, then from Figures 
2 and 4 fade times o f  %110 sec and 70 sec are calculated for the m-tolunitrile and 
DMSO solutions respectively. Therefore, both solutions appear acceptable from the 
standpoint of transmi ttance change when activated and fade time. 

The effects of aging are shown in Figure 6 for a DMSO/MGCN solution where an 
old and a fresh mixture are compared. 
solution is markedly lower, a significant decrease in transmittance was observed 
when the solution was activated. Four additional solvent/photochromic dye combina- 
tions were investigated with negative results and are summarized below: 

Althought the transmittance of the old 
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Sol vent & Result 
DMSO Spi ropyran (TNSB) Spontaneous activation (see Figure 7) .  
m-to1 uni tri le MGCN Did not exhibit photochromism. 
dimethyl f ormamide Spiropyran (TNSB) Spontaneous activation. 
dimethylformamide MGCN Did not exhibit photochromi sm. 

3.0 CONCLUSIONS AND RECOMMENDATIONS 

The above results, and the preliminary results of Dr. Francis at the Rochester 
Institute of Technology (PIR No. U-1254-AGCE-025), indicate that suitable combina- 
tions of high dielectric constant solvents and photochromic dyes can be found to 
satisfy the optical requirements of the flow visualization concept used for the 
AGCE. As pointed out in previous PIR's (e.g. 1254-AGCE-O14A), the electrical 
properties of the high dielectric constant fluids may be more difficult to achieve. 
Consequently, the following recommendations are given: 

1) Perform a fluid purification and electrical properties assessment of the 
most promising solvents identified (e.g. DMSO and m-tolunitrile). 

2) Identify fluids with lower dielectric constants (5-10) which are com- 
patible with photochromic dyes and can be easily purified and hence 
provide the required electrical properties. 

Although implementation of the first item above iS beyond the scope of the present 
study, a general procedure for conducting a fluid purification and electrical proper- 
ties assessment has been defined (PIR No. 1254-AGCE-021). 
is being investigated by Dr. Francis of the Rochester Institute of Technology. 

The second item above 



_______ Empty test tube 
- - - -- Test tube with m-tolunitrile/photochromic 

dye solution (unactivated) 
_ _ _ _ _  Test tube with m-tolunitrile/photochromic 

dye solution (activated); t=O seconds 
- - - Test tube with m-tolunitrile/photochromic 

dye solution (activated); t=225 seconds 
1TTl-fV-l-V~ 

1.0 -- 

Diel ec tri c 
Constant IL_ 40 

Gt. 8 

HIELENGTH (ncnomters) 
Relative transmittance of m-tolunitrile with a 
photochromic dye (spiropyran, TNSE) in solution. 

.- / Transmittance curves in the activated state were 
obtained immediately after and - 225 seconds 
after activation. 

Figure 1 
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Figure 2 
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- Unattenuated 1 ight source 
------- Empty test tube 
- - - - - Test tube with DMSO/photochromic dye 

solution (unactivated) 
_ _ _ _ _ _  Test tube with DMSO/photochromic dye 

solutioti (activated); t=O seconds 
- -- Test tube with DMSO/phbtochromic dye 

solution (activated); k=200 seconds 

3% 4 5c3 58D 5 T l  6BD 650 750 

~ ~ ~ ' ~ L E ~ ~ G T H  (nanoaeter s! 
Relative transmittance o f  DMSO with a photochromic 
dye (triarylmethane, malachite green leucocyanide) 
in solution. Transmittance curves in the activated 
state were obtained immediately after and -200 seconds 
after activation. 
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Figure 3 
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Unattenuated light source 
--- ---_ m-tolunitri le/TNSB solution (unactivated) 
- - - -- m-to1 unitri le/TNSB solution (activated) 
- - - DMSO/triarylmethane solution (unactivated) 
- - - - - - DMSO/triarylmethdne solution (activated) 

1.0 , I I I Im I I I I I I I I I I I I I I , ,  I I I I I , ,  I I I I I I I I I I I I I I I I I I I I I I I I ,  I I I I I I ,  

~AVELENGTH (nanometers) 
Absorption regions of two dielectric fluid/photochromic 
dye solutions. 
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Figure 5 
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1.0 

0.8 

Unattenuated light source 
- - - - -  Fresh solution o f  DMSO/triarylmethane 

photochromic dye (unactivated) 
- -  - - Old solution o f  DMSO/triarylmethane 

photochromic dye (unactivated) 
------Old solutiorl o f  DMSO/triarylmethane 

photochromic dye (activated) 
r l l l l 1 1 1 1 1 1 1 1 l 1 1 1 l l 1 1 1 1 1 1 l l l 1 ( l l l I l l l l l l l l l l l l ~ l l l l l l l l l l l l l l l l 1 1 l l l 1 1 1 1 1 l 1 l 1 1 1 1 1 l 1 l l l l l h  

0.2 

0.0 

IJAVELENGTH (nanometers) 
Relative transmittance of a fresh mixture of DMSO/ 
photochromic dye compared to a mixture -1 year 
o ld .  The old mixture was stored in a closed 
container in the laboratory (not in darkness) and 
has been activated -50 times during that period 
of time. 

s Figure 6 
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Unattenuated light source 

Test tube with DMSO only 
Test tube with DMSO/photochromic dye 
solution (unactivated) 
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SUBJECT: PHOTOCHROMIC DYES FOR FLOW VISUALIZATION IN 
HIGH DIELECTRIC SOLVENTS 

Attached please find a plot of re la t ive  maximum density achieved upon 
exposure vs. re la t ive time t o  fade t o  one-half maximum density for BMS spiro- 
pyran dissolved i n  32 solvents. 
would plot i n  the upper r i g h t  hand corner of the page. 

High optical densfties and long dye fade times 

Best compromise between h i g h  densi t ies  and long fade times appeal. t o  be: 

Dielectr’l’c 
Constant 

m-to1 unitri l e  4 0’ 
cyclohexanone 18.3 
c h l  oroform 4.8 

values are re la t ive  densit ies and should not be construed as absolute Dinax 
densit ies,  a d i f f i c u l t  measurement a t  a single wavelength. 
indications of the ht’gh performance spiropyrans can give. 

They are ,  however, 

3 
To convert the fl,2 values t o  seconds, the numbers on the f axis should 

Thus ,  the par t icular  spiropyran fades rapidly compared 
1 /2 

be multiplied by 0.532. 
t o  others. 
different  application, where i t  was required that  the BMS solutton fade from 
maximum density upon exposure back t o  a transparent solution i n  3 seconds. 
is, therefore, the wrong spiropyran for  the General Electric application, b u t  
i t  has been found t o  be the only one, i n  checking many, what now prove t o  be 
out-of-date sources, tha t  was available to  this study, 

I t  was designed and synthesized t o  do so, specffically,  fo r  a t o t a l ly  

I t  

I t  has, however, served well as a model system to demonstrate: 

1 ,  Tfie Broad range o f  photochromic response ava-tlable. 
2. The compromise between Dmax and fl,2 given by solvent classes.  
3. Exceptions t o  this compromise. 
4. The  control parameters of: 

a) solvent and solvent mixtures 
b) 
6) 

photochromic compound concentration i n  sol vent 
photochromic structure as dictated by Hamnett sigma functions 

5. Direction i n  the selection of photochromic compound solvent pair. 



I 

I 
I 
I 

I 
i 

I 

: 
I , 
I 

I 
I 

I 

i 

! 

I 

I 

I 
I 

I 

i 
I 

! 

I 

I 

i 

I i 

i 

i 

I 

I 





I 'CLASS LTR. OPERATION PROGRAM SEQUENCE NO. REV. LTR. 

SPACE DIVISION 
PHILADELPHIA 

PHOTOCHROMIC DYES FOR FLOW VISUALIZATION IN HIGH DIELECTRIC SOLVENTS-11 

IN FORMATI ON RE QUE STE D/R E LE AS ED 

The attached document is the second report from Dr. Ronald Francis of the 
Rochester Ins t i tu te  of  Technology on the above subject. 

PAGE NO. 1 RETENTION REQUIREMENTS 

COPIES FOR MASTERS FOR 

1 MO. 3 M O S .  

3 M O S .  6 M O S .  

6 MOS.  12  M O S .  

MOS.  M O S .  

G. Fogal 
R. Homsey 
S. Neste 

I O O N O T  DESTRO 

FORM 1020B REV (970) 



Further Search fo r  Co.njmercially Avai-lable Phptochromic Compounds 

Search f o r  commercially available photochromii has consisted of contacting 
companies, having previously searched what is probably a1 1 the chemical catalogs 
available i n  the U.S., known t o  have been i n  photochromic research. 
possible tha t  some spiropyrans may be available from the National Cash Register 
Co., b u t  no other companies had anything to  offer ,  with the except’ion of Eastman 
Kodak previously mentioned, i t  being approximately 10 years since photochromism 
was being commercially researched t o  any degree. 
National Cash Register. 

I t  is  

Contact will  be maintained w i t h  

During the reporting period, two compounds l i s t ed  i n  Kodak’s general organic 
chemical catalog, and i n  previous separate 1 istings being c i ted as  photochromic 
materials, have been received and evaluated. 

1 The compounds are: 

2-(2,4 - dinitrobenzyl) pyridine 
Ethyl b i t  (2,4 - d i n i  trophenyl ) acetate 

These compounds are  manufactured by Eastman Kodak Co. and sold through Fisher 
Sci ent i  f i  c. 

These compounds have been tested i n  eight different  solvents of in te res t  
and found - not t o  be photochromic i n  any solvent tested. In most cases, when 
dissolved they produced highly colored solutions i n  which no change could be 
detected upon exposure. 

Sol vent-Photochromic Dye Evaluation 

Some three hundred evaluations have been performed i n  the following w i t h  
a spiropyran (the only apparently currently available) and five trianylmethane 
ieucocyanide and one leucohydroxide compound. 
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The solvents, w i t h  approximate d ie lec t r ic  constants, and the photochromic 
materials are l i s t ed  below: 

Solvents: E( approx. 1 
Formami de 
Water 
m- To 1 un f t r i 1 e 
Dimethyl sul foxide 
Glycerin 
Nitromethane 
Ethylene glycol 
Dimethyl formamide 
Acetronitrile 
Ethyl alcohol 
methyl alcohol 

Acetone 
Isopropyl a1 coho1 
Tri c h 1 o roe t ha ne 
Chloroform 
Benzene 
To1 uene 

MDW (70% M20H-28% H20-2% DMSO) 

110 
80 
40 
47 
43 
40 
38 
38 
38 
24 
33 

21 
18 

7.5 
4.8 
2.8 
2.4 

Photochromic Compounds: BMS 
Malachite green leucocyanide 
Malachite green leucohydroxide 
New Fuchsine leucocyanide 
Fuchsine leucocyanide 
Crystal violet  leucocyanide 
Br i l l i an t  blue leucocyanide 
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O f  the l i terally thousands o f  compounds w h i o h  show photochromic behavior, 
the past hundred years of research has revealed the spiropyrans t o  be the most 
responsive i n  terms o f  optical densities obtainable and the rate, upon exposure, 
w i t h  w h i c h  i t  i s  achieved. 

I t  was also recognized some years ago, on the basis of Beer's law predictions, 
t h a t  the triarylmethanes were capable in theory of producing even greater densities. 
In accord w i t h  Beer's law, 

D = ECR 
D = optical density (o r  absorbance) 
E = extinction coefficient 
c = concentration of absorbeu' 
R = p a t h  length through which the density i s  measured. 

The triarylmethanes are believed t o  produce their colored form upon exposure 
w i t h  a quantum yield o f  1.00. 
range. 
for a triarylmethane, on the average, t h a n  a spiropyran. 
extinction coefficients for the triarylmethanes are twice a s  large as for the 
spiropyrans. 
- four times as much density as the spiropyrans. 

The spiropyrans show quantum yields more in the 0.5 
Thus, the "c" term i n  the Beer's law expression would be two times as large 

Further, representative 

Thus, f o r  a given p a t h  length, the triarylmethane should produce 

I t  i s  one of the more prominent questions of photochromism as t o  why this 
has never been achieved i n  practice and the best triarylmethanes have - not  been 
found t o  outperform the better spiropyrans. 
by f a r ,  the major focus of interest i n  photochromic research for  their qeneral 
properties . 

These two classes of compounds remain, 
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The wide variety of solvents and photochromic compounds have been chosen 
to  provide both a broad data base and t o  be assured more than adequate experience 
to  search for  Hammett substituent coefficients and Brownstein solvent constant 
correlations i n  the prediction of the behavior of the photochromic systems i n  
th is  design work. 

i i 

I t  i s  understood tha t  the present objectives are: 

a )  a h i g h  d i e l ec t r i c  solvent system 
b )  a low d ie lec t r ic  solvent recommendation as  back-up 
c )  density which  decreases transmittance by 10% 
d )  fade times of bne-two minutes 
e)  as low a viscosity solvent as possible 
f )  a solvent which may be easi ly  purified and will retain 

i ts  purity i n  the system 
9) a solvent which i s  readily available i n  200 cc lots. 

O f  par t icular  in te res t  i n  this study are  the properties of m-tolunitriles. 
The three commercially available "so-called" photochromic compounds, the t r i a ry l -  
methanes available, and the BMS spiropyrans were each tested. 
compound was found to  g ive  any s ignif icant  response i n  the m-tolunitrile solvent, 
and this proved t o  be one of the most responsive combinations t h u s  f a r  achieved. 
For example, malachite green and new fuchsine leucocyanide gave no photochromic 
response i n  m-tolunitrile; crystal violet  leucocyanide immediately turned deep 
purple (which possibly could be controlled by radium cyanide additives and then 
found t o  be photochromic) ; and bril l  iant blue leucocyanide showed sl i g h t  negative 
photochromi sm. m-tolunitrile i s  t h u s  found to  not support triarylmethane photo- 
chromism generally and i s  concluded t o  be a h i g h  risk direction for  the program. 

Only the BMS 

I 

BMS i n  t o lun t r i l e  i s  very responsive, g i v i n g  a re la t ive density (defined i n  
previous communications) of 1.2 which ranks i t  very h i g h  among the dye-solvent 
systems tested. The fade time of this par t icular  spiropyran is  however rapid. 
I t  fades t o  half i t s  original density i n  10 seconds and to  zero density i n  forty 
seconds. There are  three comments on this however. 

First, this par t icular  spiropyran was designed to  fade rapidly, and recall  
i t  i s  being used i n  this project only as a benchmark and because i t  i s  the only 
photochromic spiropyran presently available. Secondly, attached to  this report 
is  the journal a r t i c l e  by Beman, Fox and Thomson appearing i n  the Journal of 
the American Chemical Society - 81, 5605 (1959) i n  which the density and fading ,I 
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character is t ics  of the spiropyrans were correlated to  the spiropyran's molecular 
structure by Hammett sigma functions of substi tutions of halogen, methoxy and 
n i t ro  groups into the spiropyran r i n g  system. Although the Ca value of BMS has 
not been calculated as yet ,  Berman, e t  a1 were able t o  change the fade rates  by 
four orders o f  magnitude by appropriate substi tutions.  
l ike ly  tha t  a spiropyran i s  available tha t  will s a t i s fy  the fade time requikements 
of this task, and tha t  the synthesis procedure, once the correct spiropyran is  
predicted from the approach represented i n  Figure 2 of the Berman e t  a l ,  is  
available or could be prescribed. 

I t  , therefore, seems 

And, t h i r d l y ,  i n  order to  conserve limited BMS spiropyran, dilute solutions 
have been used i n  the testing. 
density which may be achieved has not been approached and more concentrated dye 
solution probably will produce more density and longer fade times. 

Undoubtedly, saturation i n  solubi l i ty  and i n  

The preferred systems a t  this time are: 

1. BMS i n  m-tolunitri le (TN) 
2. BMS i n  2-(2-Ethoxyethoxy) ethanol (2-2) 
3. Malachite green leucocyanide i n  DMSO 
4. 
5. 
6. 

Malachite green 1 eucocyani de i n  dimethyl formami de (DMF) 
Malachite green leucocyanide i n  ace toni t r i le  ( A N )  
Malachite green leucocyanide i n  2-(2-ethoxyethoxy) ethanol 

Dil. Conc. (lmg/lOml ) Probable 
Dielectric Hal f-Fade Max. Rel. Ease of 

Dye Solvent Constant Viscosity T i  me Density P u r i  f i ca t  i on 

BMS TN 
B MS 2-2 
MGCN DMSO 47 
MGCN DMF 38 
MGCN AN 38 
MGCN 2-2 

5 sec 1.2 High 
9 sec . 3  Moderate 
110 sec .9 Low 
25 sec .6 High 
See bel ow .6 High 
~3600 sec 1.3 Moderate 

O f  the systems listed, perhaps the most a t t rac t ive  is malachite green 
leucocyanide-dimethylsulfoxide w i t h  a high re la t ive density, a 110 second half- 
fade time, and a d ie lec t r ic  constant of 47 is  the most a t t ract ive.  
dimethylsulfoxide i s  not an easy solvent to  purify. 
and i t  boils a t  a very h i g h  temperature (189°C) w i t h  considerable decomposition 
into a complex mixture of by-products. 

However, 
I t  holds water tenaciously, 

Dist i l la t ion a t  lower temperatures under 
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vacuum al leviates  this problem somewhat, and chemical methods have been proposed 
t o  remove the water. Dimethylsulfoxide's extraordinary solvent properties a1 so 
p u t  limitations on materials which a re  t o  be used i n  the apparatus i n  which i t  
will be used. 

1 i 

DMSO's viscosity i s  also somewhat h i g h .  

Malachite green leucocyani de and 2-( 2-ethoxyethoxy) ethanol a1 so suggest 
another favored combination although a value for  i t s  d ie lec t r ic  constant has not 
been found. Otheralcohols show values i n  the 20 t o  35 range. Their viscosi t ies  
a re  low. 
density achieved w i t h  malachite green leucocyanide i s  quite a t t r ac t ive  and, 
although the fade time i s  quite long, presumably this can be shortened by the 
addition of sodium cyanide, and the mix ing  o f  the solution where only a small 
fraction of i t  is  exposed also lessens this problem. 

The  ease w i t h  which alcohols may be pur i f i ed  vary considerably. The 

Malachite green leucocyanide i n  ace toni t r i le  requires a special note. In 
previously unpublished work by the author, i t  has been noted tha t ,  i n  the case 
of some triarylmethane photochromic - solvent pairs,  carbon dioxide, oxygen or 
water from the a i r  influence response. 
density a f t e r  exposure is  terminated and very long fade times. Precipitations 
have been noted. 
less  s t a t e ,  repeating many times can also be observed. 
solutions has not been completely elucidated. 

One resu l t  i s  the continued increase i n  

A spontaneous switching of the solution from the colored to  color- 
b The nature of these complex 

Malachite green leucocyanide i n  ace toni t r i le  represents one such case, and  
while exposure produces significant density, the cohplex behavior described above 
lessens the attractiveness of this system. 
stirring of the solution diminishes the effect  of any long-fade time density. 
malachi t e  green 1 eucocyanjde-acetoni tri l e  system can be returned t o  normal fading 
behavior immediately upon termination of exposure i f  the acetonitri ' le i s  purged 
with nitrogen (approx. 4 minutes fo r  10 m l  of ace toni t r i le ) .  Air m u s t  be scru- 
pulously excluded subsequently. 

The solution eventually fades, and 
The 

T h i s  behavior i s  n o t  observed w i t h  a l l  triarylmethane-solvent pairs and i t  
has not been observed i n  any case w i t h  the spiropyrans. 

Fatigue Study 

I t  i s  anticipated tha t  fatigue behavior encountered w i t h  photochromism will 
not be a major factor i n  the design of h i g h  d ie lec t r ic  constant photochromic marking 
systems since only a small percent of the solution will be exposed i n  each use of 
the solution. 
s u l t i n g  i n  longer fade times, lower maximum densit ies,  and/or coloration of the 
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solution are not the simple result of the destruction of the photochromic molecule, 
but also result in the formation of inhibitors to photochromism in the solution. 
In one citation, it is reported, for example, that a solution was no longer capable 
of producing density upon exposure, even though 99% of the photochromic molecule 
was still present in the solution undestroyed. 

Fatigue tests are being performed and are prdving not to be of concern. The 
worst case thus far encountered is with malachite green leucohydroxide in the 
methanol-water-dimethylsulfoxide solvent systerh wWere full solution exposure (not 
a small dot pattern) cut the solution density in half in twenty-eight exposures, 
with an equal decrease in fade time, although density was still achieved with one- 
hundred exposures. 

Influence of Anion Concentration on Triarylmethane Photochromic Behavior 

If the densities produced in triarylmethane solutions do not significantly 
exceed that produced in spiropyran solutions, and, as stated above the prediction 
in this regard made originally some sixty years ago, in other solvent systems has 
- not been realized, then the remaining advantage of the triarylmethane is the ability 
to adjust fading characteristics, principally time, by adjustment o f  the concentrati 
o f  the triarylmethane-dye anion in the solution. This does, however, raise the 
concern as to the effect of the salt concentration', required to obtain the anion, 
on the electrical properties of the solvent. 

Several investigations have been performed to gauge the general level of anion 
required to influence fading rates. These tests have been on triarylmethane 
hydroxide photochromic compounds in order to avoid using sodium cyanide in the work, 
at least at this time. The following is representative: 

Fade Time 
Rel. Density t o D = O  

MGOH in 10 ml MDW solvent 
MGOH in 10 ml MDW solvent + .03 ml 1M NaOH .35 10.6 sec 
MGOH in 10 ml MDW solvent + .06 ml 1M NaOH I .29 5.3 sec 
MGOH in 10 ml MDW solvent + .15 ml 1M NaOH .16 3.2 sec 
MGOH in 10 ml MDW solvent + .90 ml 1M NaOH . 00 - 

off-scale ( 1.0) Possibly 1 hour 

, 
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Current Conclusions 

a) Significant photochromic response is achieved in some triarylmethane 
leucocyanide - high dielectric constant solvents. The triarylmethanes 
offer the advantage that structural changes in the cationic portion of 
the molecule and, more easily, in anionic concentration in the solvent 
both may be utilized to modify the optical density achieved upon ultra- 
violet exposure and to modify fade times. There is, however, a concern 
about the amount of anion that is needed to regulate a given property, 
and the effect that concentrations of this ion would have on the elec- 
trical, particularly the dielectric properties of the solvent. 
some triarylmethane-solvent pairs are found to form complex solutions 
upon simultaneous exposure to ultraviolet and to atmosphere gases. 
result is continued increase in density after exposure and very long fade 
times. Precipitations and spontaneous switching of the solution from 
the colorless to the colored form through many cycles. 
attrhctive from the view of the proposed use of triarylmethane photo- 
chromism for flow visualization. 
cases by excluding atmospheric gases by a nitrogen purge. 

Further, 

One 

None of this is 

The problem has been resolved in many 

b) At this writing, as the triarylmethanes have not offered a particular 
advantage in density and fade characteristics, wlth the exception of the 
mal achi te green leucocyanide-dimethyl sulfoxide pair, and are reveal i ng 
some complicating factors, it is favored that photochromic marking solutions 
be based on the spiropyrans. BMS spiropyran has shown strong photochromic 
response in a number of solvents including m-tolunitrile, although the 
fade time in this solvent, predictably, is much too short. 
strates feasibility, however, using the only available spiropyran, and 
Hammett sigma coefficients and Brownstein solvent values would assist in 
predicting spiropyrans and solvent pairs of longer fade times. 

This demon- 

The spiropyrans are predicted to offer less complex photochromic behavior 
in high dielectric solvents, more optical density upon exposure and less 
fatigue. 
a substantial literature on their synthesis exists and would assist in 
the preparation of the compounds, 

Such compounds are not commercially available, however, but 
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c) Specific photochromic behavior as to optical density achieved and 
fade times in a low viscosity, high dielectric solvent which may be 
easily purified represent a demanding set of conditions. The eval- 
uations will continue. 
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1 All metal parts recessed and endosed for 
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for covers or additional base insulation. 

2 Flexible Polyamid 6 
insulabng body can be cut to 
any pole configuration. 

3. Screw damp type 
ressure connector. k on-ferrous. nickel-plated, 

stress relieved brass to 
resist corrosion. 
Supplied with clamp in 
open position for solid or 
stranded wire. 

@ Available at Authorized Distnbutors 

0 

399 Executive Blvd Elmsford. N.Y 10523 
Atlanta (404) 451-9366 Dallas (214) 241-5696 

Chicago (312) 678-5557 Elmsford (914) 592-7322 I Santa Ana (714) 6352033 

and only 

WID POWER continued 

Jp until now, the only published mate- 
ial dealing with fluid filtration on any 
ort of a scientific basis was the work 
If Dr. E.C. Fitch and his co-workers a t  
Iklahoma State Univ. (Stillwater). 

A sequel to this research was an- 
iounced by J.A. Tichy, a professor at 
tensselaer Polytechnic Institute 
Troy, NY) during the recent ASME 
:entury I I  conference. Tichy points out 
,hat Fitch's beta ratio concept (ex- 
dained following) is based on only one 
;ype particle: AC test dust. 

Not included are variables such as 
iifferent shaped particles, different 
rinds of contamination, varying flow 
rates, wide ranges of temperature, vw- 
ious particle trajectories, adhesion and 
geometrical parameters. 

The beta ratio (DE-Mar'80p47) is 
bhe number of particles greater than 
xpm upstream divided by the number 
of particles greater than xpm down- 
stream where xpm is contaminant par- 

cle size in micrometers. 
Tichy proposes and has worked out 

reliminary math for an improved 
ieory that considers effecta of viscosi- 
7, van der Waals forces, Stokes 
umber, fluid flaw patterns (velocity 
lelds), force and torque balance on 

'he unit cell fbr filter t h e m  

ach particle, particle trajectories, 
ilter length, porosity, temperature 
ind particle shapes. 
The research, supported by the Of- 

ice of Naval Research (ONR), has pro- 
ressed to the point now where lubri- 
ation engineers can predict trends and 
lerform sealing experiments. Tichy's 
laper is available from ASME, 846 E. 
M St., New York, NY 10017. Ask for 

1 
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Hydraulic and pneum 

Filter users and suppliers speak 
For over adecade, researchers have been gathering proof 
that contaminants cause most ofthedowntime in fluid 
power systems. NowtheOEMusersseem to 

A filtration manual recently issued by 
Purolator (Newbury Park, CA) sums up 
the problem well for hydraulics: “Particles 
greater than 25 ym can jam pumps, valves 
and motors. Particles less than 25 pm, and 
more specifically between 0.5 ym and 5 
ym, cause degradation failure. These fine 
abrasive particles, called ‘silt,’ can enter 
the clearances between moving parts, 
where they score and abrade the surfaces. 
Such wear generates more contaminants, 
increases the leakage clearances, lowers 
efficiency, and generates a considerable 
amount of excess heat.” 

That sounds like a clarion call for super- 
filtration, and more and more OEMs are 
sounding it. But the cry has been generally 
ignored because of the difficulty and ex- 
yense of accomplishing it. 

Who wants to assemble a system undet 
clean-room conditions? Pre-filter all oil? 
Demand pure, dry air in shop systems? 
Never add new oil to a sensitive hydraulic 
system directly? Specify system flushing at 
high Reynolds Number? Monitor and 
maintain the system frequently? Yet that’s 
what is required if you want to get rid of 

wear and failure. You might as well write 
it into the specifications. 

Advice from SAE. Nothing can hap- 
pen until users demand clean air and oil. 
Fortunately, that seems to be the trend. 
The SAE (Society of Automotive Engi- 
neers) recently approved Recommended 
Practice SAE-J1227 for hydraulic systems, 
which concurs with the above and adds a 
lot of specifics: 

“There is strong evidence that start-up 
failures of both new and overhariled sps- 
tems often are contaminant-chused 
catastrophic failures. Contaminants built 
into each component making up an 
hydraulic system, and contaminants gener- 
ated in assembling the componentd and 
systems, are significant contributors to 
these failures.” 

Reynolds number has been rediscovered 
as an important key to flushing dirty 
systems after they’re assembled. Extensive 
tests prove that it is not just velocity, or 
just temperature or just low viscosity that 
insures good flushing; but it’s Reynolds 
number. (velocity) X (pipe I.D.)/(absolute 
viscosity). If Reynolds number during 

Drum of clean oil 

Threaded fitting 

f. A drum of clean oil can contain 
1.5 billion particles; afitting 60,000 

ioints 

’Pump 
I 

2. Contaminants are generated by 
piston rings and gearswearing in 

flushing is over 4000, and higher than the 
maximum expected in the delivered sys- 
tem, most of contaminants will be flushed 
out. If not, danger lurks. 

John Farris, corporate director, aero- 
space and fluid power, Pall Corp., (Glen 
Cove, NY) offers this typical example: SAE 
10 engine oil; normal operating tem- 
perature, 180 F; normal flushing tem- 
perature, 75 F; max pump flow, 100 gpm; 
pipe I.D., 1.5 in., system fluid volume, 200 
gal; viscositk at 75 F, 420 SUS; and 
viscosity at 180, 54 SUS 

With these figures, Reynolds number is 
2325 at 75 F and 18,081 at 180 F And 
there lies the problem Even with ten 
turnovers of the tank volume at 75 F 
(contaminant level by then will be very 
stable), enormous additional amounts of 
contamination will be dislodged when the 
system runs at 180 F, because the Reynolds 
number is 7.8 times higher! 

One answer, exploited by the military 
for critical components and systems, is to 
substitute a low viscosity fluid for flushing, 
then drain and refill with the correct fluid 
before shipping. Great care must be taken 

A major source of 7 I ingested dirt 

3. Ingested dirt is a major source of 
contamination, such as at rod seals 
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in choice of flushing fluid, because adverse 
chemical reactions could occur 

The SAE recommended practice points 
out another danger area: vibration and 
shock. If the system or vehicle is shipped 
after final flush, contaminants can be 
dislodged by mechanical abuse in the ship- 
ping process itself, Field operation can 
have the same effect, and for a safe flushing 
procedure, you should vibrate the system 
at least as vigorously as you expect it to 
shake in operation. 

C ~ ~ S ~ P U ~ ~ I  Pall Corpo- 
ration has singled this industry out for a 
special newdletter, and sent us a copy of 

the first one. Off-highway equipment takes 
a brutal beating, so we figure if a filter 
works there, it should work almost any- 
place. 

“Don’t try to clean components or sys- 
tems after they are fully assembled,” they 
warn “‘That’s like trying to wash your 
underwear by taking a shower with all your 
clothes on.” They further note that “there 
are five sources of dirt in hydraulic sys- 
tems: built-in dirt, generated dirt, drawn 
in (ingested) dirt, repair or rework dirt and 
escaped dirt.” Here are design tips for all 
of them: 

Avoid components with built-in dirt 

4. 
seems to accept as worthwhile, even though not all have rigs 

developed at OSU is one teblthat every company and country 

m or replacement of 
oil cleanly for large macMnes. Viable al~ern~~ives are few (Pall) 

traps-you’ll never win. 
m Clean the components beforehand in 

one or several of those ways: soap and 
water, acid cleaner, alkaline cloanor, sob 
vent, ultrasonics, and mechanical cleania 

m Use rust preventative for steel or iron 
parts, but make sure it’s clean 

rn Flex the hoses to release dirt that 
might be trapped. One manufacturer uses 
50 flex cycles 

Don’t trust that a new barrel has 
clean oil (Fig 1). Even a clean 55 gal barrel 
of oil can add 1- Yz billion particles 10 p M  
or larger to your system. Filter the oil 
before usine it 

0 Do y& think straight-thread O-ring 
fittings are clean? Not so. Tests at Pall 
show that it is not unusual to add 60,OOO 
particles greater than 5 pm each time you 
assemble one. Pipethreads are worse, and 
sometimes they add a little Teflon tape as 
well. 

There is a way to get all that dirt out: 
hook up a filter cart (“kidney machine”) 
with high performance fine filters. In fif- 
teen minutes or less, a good flush is 
possible. Also, it’s a good way to fill the 
reservoir See drawing at left. 

Another warning: remember that some 
gear pump manufacturers achieve close 
clearances by machining the pump housing 1 J 

undersize, and letting the gears cut the 
housing during startup! It’s a neat trick, 
but generates metal particles. Piston rings 
also generate particles as they wear in (Fig 
2). 

If a repair mechanic replaces a compo- 
nent, make sure he or she has been given 
detailed instructions on all of the preceding 
dangers. If a rod seal is worn, it can ingest 
dirt (Fig 3). Even new seals have greatly 
varying ingestion characteristics, and tests 
at OSU (Oklahoma State University) show 
10 to 1 spread. 

Escaped dirt is dirt that was caught at 
one time by the filter, but gets knocked 
off by a flow surge. €le sure to choose the 
right filter to prevent this. 

st. There are national 
and international standards for classifying 
and measuring contaminants (size or 
weight), acid content, flow, collapse pras- 
sure, structural integrity, filtering capacity, 
and pressure drop. 

Wayne Conner, project engineer &r 
Facet Enterprises, Filter Products Db. 
(Madison Heights, MI) just completed 
Engineering Report #745, in which he 
summarizes the latest tests and standards. 
Here are the highlights: 

Particles can be either counted or 
weighed, but counting is preferred because 
of the availability of accurate automatic 
particle counters. The counted sizes can be 
classified per existing standards, such as: 
National Fluid Power Association 

i 
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(NFPA) recommended standard T2.9.3 
R1 1979; American National Standards In- 

tute (ANSI) 893.30.1973; National Aero- 
ace Standard (NAS) 1638; Military 

Standard (MIL-STD) 1246A; and Interna- 
tional Standards Organization (ISO) 4402 

Measurement and test of liquid con- 
tamination is more difficult. Water content 
may be found by a distillation technique 
issued by American Society for Testing 
and Materials: ASTM 0-95-62 Acid content 
is measured in terms of neutralization 
number using ASTM D974. 

Then there are a whole series of older 
tests that Conner does not recommend: 
permeability of AC test dust measured in 
s;eeonds/ 1000 cc of reference fluid; bubble 
point to measure max pore size; mean flow 
pore size; DOP (dioctylphthalate) efficien- 
cy; filter capacity; and air flow resistance. 
These tests have never correlated well with 
actual filter performance. 

Instead, he recommends the Multi-pass 
method for evaluating the filtration per- 
formance of a fine hydraulic jluid power 
filter element (Fig 4). It was developed a 
decade ago under the direction of Dr E. 
C Fitch at the Fluid Power Research 
Center, Oklahoma State University 
(OSU), and now is an accepted national 
and international standard NFPA 
T3.10.8.8-1973; ANSI 893.31 1973; and IS0 
TIS 4572 Pall Corporation was the first 
h e r  manufacturer to build a multi-pass 

rig. 
Now this multi-pass test method is the 

only industrially accepted means for filter 
element evaluation It measures contami- 
nant separation, retention and pressure 
loss. In essence, the same contaminated 
fluid is circulated continuously through 
the test filter, and additional contaminant 
is added continuously to the stream to 
maintain the original concentration. 

Pressure drop across the filter vs time 
is recorded, At a predetermined drop, fluid 
samples are taken upstream and down- 
stream of the filter Using an automatic 
particle counter calibrated per ANSI 
893-28-1 973, the samples are analyzed for 
the number of particles per milliliter 
greater than selected sizes. These counts 
are uwd to calculate the “filtration ratios” 
(WUGd Beta ratios): 

number of particles > xpm upstream 
ax,, = 

number of particles > xpm downotream 
where xpm is particle size in micrometres. 

The Beta ratios are plotted and manipu- 
lated in many ways to show separation 
efficiency, apparent capacity, actual capac- 
ity, and filter life profileall  for any 
chosed particle sizes within the capability 
of the instruments. 

All the experts we contacted agree that 
Lta ratios are practical, and are using 

tLem or plan to. One warning: the values 

measured with a clean filter are nbt always 
the same as those measured with a dirty 
filter Be sure to ask for Beta values taken 
at flows and pressure losses expected in 
actual service. Don’t accept data taken at 
10 psid if your system will experience 
surges to 150 psid-or 1500 psid. 

The latest interest is in plotting Beta 
ratios for numerous particle sizes. You 
then can write specs like these: minimum 
Beta ratio is 1.8 at p,,, 28 at p, and 80 

Radloact~ve wear tracer. Spot meas- 
urement of wear during operation is a great 
way to measure how your filters are doifig, 
but how do you sense wear? Gordon Jones, 
Fram Corp (Providence, RI) has adapted 
an aerospace technique to industrial 
hydraulics. Called the SPI-wear methdd, 
developed by Spire Corp (Bedford, MA), 
it irradiates the surface of interest-say a 
spool valve land-and monitors that spot 
with an external radiation detector (Fig 6). 
As the irradiated spot wears, the intensity 
of radiation is measurably less. 

Alternate methods involve meysuriqg 
the contaminants generated by the weak, 
but not the wear point itself. Ultracen- 
trifuging techniques developed by Mobil 
Corp. (New York, NY) are able to isolate 
wear particles too small to be sensed. 

nd structure. With the 
advent of synthetic fluids, water-based 
fluids, and other chemical combinations, 
filter materials become touchy Cellulose, 
for example, swells in water and closes off 
pores. Here are some other observations 
i m p o r t a m &  

MEro fiber g r a s s a r e  state-of-the- 
,art and doing very w&n regular and fine 

at 6 0  

filtration. They include fine enough fibers 
for silt control (5  pm and smaller partiples), 
are not too expensive, and are made to be 
disposable. The disadvantage is low 
strength, but with epoxy bonding the $rob- 
lem is eliminated. The epoxy withstands 
synthetic fluids well. 

Gaskets are not as good as O-rings in 
filter assemblies that experience flow 
surges and other abuse. An O-ring seals 
better as pressure is increased. A gasket 
is more likely to leak or bypass. 

Five international test standards, d e  
veloped at OSU, evaluate structural inte- 
grity of the filter itself: fabrication integrity 
I S 0  2942; collapse-burst I S 0  2941 material 
compatibility IS0 2943; end load IS0 3723 
and flow fatigue IS0 3724. 

Fabrication integrity is a bubble point 
test that searches for defects, not for pore 
size. Collapse-burst applies high differen- 
tial pressures such as those caused by 
contaminant loading, cold startups and 
flow surges. The test is run by adding 
contaminant upstream of the elements at 
rated flow until the required pressure drop 
is exceeded, or rupture occurs. 

To test for material compatibility, the 
element is immersed for 72 hours in system 
fluid 15 C higher than rated q a x  tem- 
perature. This test is followed by an end 
load test and a collapseburst test. Flow 
fatigue is performed on an element that 
is loaded with contaminant to yield d 
specified pressure drop. Flow is cycled 
between zero and rated flow 

Another fatigue test, though not an 
international standard, is NFPA recom- 
mended standard T2.6.1 1974 It’s a 
statistical method for estimating probabili- 

\ k J  

6. ~ r K a d ~ a ~ e ~  Spot on any 60 ponent can be monitored externally, and the amount 
of wear detected continuously. Method is based on missile research (Fram) 
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ty of failure caused by pressure cycling, 
based on actual data for the materials of 
construction, but not based on finished 
components. It’s controversial (PE- 
June’73p26), but probably is the best way 
to predict fatigue failure without testing 
to destruction, 

Falls . Many filter manufac- 
turers offer built-in valves and special 
safety features that protect the system in 
the event of careless maintenance or some 
unusual failure upstream of the filter 

The “dirt fuse” offered by Pall is one 
example. It is designed to continue func- 
tioning until the entire system pressure- 
up to 6000 psi-appears as pressure loss 
across the filter element. The filter will not 
fail, but merely stops the flow 

Internal check valves, reliefs, bypasses, 
reverse-flow valves and shutoffs are avail- 
able in many filter models from various 
manufacturers. Some are designed to pre- 
vent backflushing filter dirt into the main- 
stream when flow reversal or bypass oc- 
curs. Others automatically close off flow 
ports when the filter element is removed, 
to prevent loss of fluid or ingestion of dirt 
during routine maintenance. Still others 
offer differential pressure indication- 
even remotely-to warn that filter life is 
nearing its end. 

One warning: the built-in valves are not 
precision instruments and have reasonabie 
tolerances on operating points. If you rely 
on them, incorporate a safety margin. 

Another warning: don’t overdo the op- 
erating differential pressure hjss. A dif- 
ferential of 85 psid at 20 gpm wastes 1 hp 
at the pump. 

There is intelse 

IS, vapors and aefosols. 
0, NY) just introduced 

ing with a compressor of your choice, plus 
dryers, aftercoolers, filters, bypassed, elec. 
tric wiring and piping. The company says 
it is first to offer the total package, pre- 
engineered, ready to run (Fig 7). 

There should be a ready market, jttdgind 
from the constant pressure on plant engi- 
neers to purify the exhaust air, keep oil 
out of close-clearance air logic spool 
valves, and get rid of water in airlines- 
all a source of trouble. 

Pneumatics is becoming favored over 
hydraulics in instances where oil leaks (or 
fear of leaks) will compromise the applica- 
tion Improved filtering practices-partic- 
ularly the more universal acceptance of 
coalescing type media that take out aero- 
sols as small as bacteria-are cleaning up 

creased research at university and govern- 

7. Thl 
any plant. It contains compressors, filters, dryers, and conlrols(Fargo Air) 

is designed to plug in and operate in 

50 

~I For more information 

All NFPA, ANSI and IS0 standards are 
available from National Fluld Power 
Assoc., 3333 N. Mayfair Rd., Mllwau- 
kee, Wl 53222. SAE recommended 
practices may be obtained from Socl- 
ety of Automotive Engineers, Inc., 
400 Commonwealth Or., Warrendale, 
PA 15096. 

I 1 

ment levels to provide the design tools for 
making right filter decisions. He says: 

“Contamination itself must be even bet- 
ter defined. Repeatable tests must be per- 
fected. We need to identify contaminant 
sensitivities of basic parts and components 
such as a spool-and-bore, poppet-and- 
seat, shaft-in-bushing, sliding valve plates, 
and even orifices. It is impractical to run 
contaminant tolerance tests in sufficient 
numbers on every design of hydraulic 
component so that meaningful predictions 
can be made. More basic research is the 
answer ” 

Furthermore, he points out that the 
greatest source of contamination is “built 
in” during manufacture. Better cleaning 
methods are needed. Don’t overlook de 
gaussing as a way of reducing accumula- 
tion of metal particles. 

Finally, filter manufacturers should 
label their product with complete per- 
formance specifications. Statements such 
as “interchangeable with original equip- 
ment specifications” or “will interchange 
with XY1234 filter element” doesn’t tell 
customer what he is buying. 

Ed Askey, vp, Snap-Tite (Union City, 
PA) suggests some good ways to reduce 
installation-injected contaminants. For 
one, improve deburring and cleaning of 
parts before final assembly Eliminate seal- 
ing compounds. Initiate the new “thermal 
deburring” techniques on critical parts 
such as seats, small pilot orifices, and pipe 
threads. Avoid getting lapping compounds 
into reservoir fluids. Remember that high 
humidity from the air can condense in 
bench fluids, and sweaty palms can start 
corrosion spots on parts. He also suggesk 

Don’t neglect filtering of case drains on 
pumps, motors and valves. There are too 
many instances where all proper filtering 
steps elsewhere are taken, but dirty oil 
from case drains goes right back to the 
reservoirr 

When sizing filters, be sure to include 
surge flows from accumulators, differen- 
tial cylinder areas, pump full strokihg. 
Remember the nature and quantity of the 
contaminants. For example, when testing 

products, filters load up fast. 
apls 

! 
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CLASSIFIED AND "U" FOR UNCLASSIFIED 

1.0 SUMMARY 

A procedure for  evaluating f lu ids  for  use i n  the AGCE i s  outlined based on per- 

sonal communication w i t h  experts i n  the area of f l u i d  purification and evaluation, 

together w i t h  a review of pertinent published papers. These sources a l l  indicated 

tha t  special f a c i l i t i e s  were required to  accurately measure e lec t r ica l  properties such 

as d i e l ec t r i c  constant and dissipation factor  of h i g h  d i e l ec t r i c  f luids .  

purified f luids  are  required i t  i s  almost essential  t ha t  the purification and character- 

ization be performed i n  the same laboratory. 

Department appears t o  have this combined capability. 

f u n d i n g  available for  the present AGCE f ea s ib i l i t y  study do not permit laboratory eval- 

uation of candidate f lu ids  t o  be conducted a t  this tjme. 

When highly 

A t  present only the GE Capacitor Products 

Unfortunately, the time and 

In l ieu o f  such t e s t  data, methods for  pu r i fy ing  and measuring the e lec t r ica l  

properties o f  die lec t r ic  f l u i d s  were investigated and  a general approach recommended. 

The procedures outlined herein have been informally approved by the GE Capacitor Products 

Department and will form the basis for  evaluating candidate AGCE f l u i d s  d u r i n g  a sub- 

sequent study phase and for  determining specific h a n d l i n g  procedures which must be 

observed. 

A tabulation of available data for candidate f l u i d s  i s  presented t o  give an 

indication of achievable values. 

PAGE N O  1 RETENTtOL ?EQUtREMENTS 

MASTERS F O R  

3 M O S  

e M O S .  

12 M O S .  

OONOTOESTROY 
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2.0 BACKGROUND 

As identified i n  PIR 1254-AGCE-014A a cri t ical  element i n  obtaining fluids 

which have bo th  h i g h  dielectric constant and low dissipation factor ( h i g h  resis- 

t i v i t y )  l i e s  in the purification of the fluid. The abi l i ty  of high dielectric 

constant fluids t o  efficiently dissolve and dissdciate fmpuritfes ;not only makes 

i t  difficult  t o  achieve a h igh  state of puri ty  for  these fluids, b u t  i t  greatly 

complicates the process o f  measuring their  eleqtrical properties and requires 

special fac i l i t i es  t o  make these measurement4 accurately. 

The problem of measuring electrical properties associated w i t h  dielectric 

fluids has long been recognized by the ASTM and attempts t o  establish reliable 

methods for their  measurement has been outlined i n  Methods 0924 and D1169. In 

spite of these procedures, highly erratic results are often obtained for measure- 

ment o f  the dissipation factor and resistivity. 

are greatly increased when working w i t h  highly purified fluids and fluids of h i g h  

! 

In addition, the difficult ies 

dielectric constant. 

difficult  fluids, a program for purifying, characterizing and handling these 

fluids must be established. 

Since the AGCE will most likely require use of these more 

3 . 0  FLUID PURIFICATION 

There are three objectives which must be achieved by the fluid purification 

process. 

be reduced t o  levels which do not disturb the photochromic dye patterns used t o  

assess the f l u i d  moti‘ons, e,g,, fluid perturbation due t o  the oscillation o f  the 

d u s t  particles in the applied AC field. 

strength sufficient t o  withstat’ld an electric field of 20 Kv over a distance of 

%l cm. T h i r d ,  the dissipation ( l e e . ,  f l u i d  heating due t o  the applied voltage) 

First, the concentration of particulates of size 0.5 t o  1 .0  micron must 

Second, the fluid must have a dielectric 
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must be minimized so tha t  observation of other thermally generated flow patterns 

are not obscured. The l a t t e r  two properties will be determined primarily by the 

1 

concentration of gaseous and colloidal impurities. 

A summary of various purification techniques and their efficiency for  

removing various classes of contaminants i s  given i n  Figure 1. 

some cases the type of contaminant i s  harmful t o  the efficiency of a treatment 

method. For example, water and solids a f fec t  the Ful ler ' s  earth efficiency, 

Figure 1 a lso i l l u s t r a t e s  t ha t  a def ini te  sequence of treatments i s  required to  

achieve the greatest  f l u i d  purity. Based on discussions w i t h  experts i n  the 

f i e ld  of f luid purification and a survey of recent pertinent l i t e r a tu re ,  the 

following general steps were identified as  the best AGCE f luid purification 

Note that  i n  

procedure. 

1 )  Fluid f i l t r a t i o n  t o  remove non-colloidal solid 1 

particulates (>O.l micron) 

Dehydration and deaeration t o  remove dissolved 
water and gases 

2) 

3) Final purification to  remove colloidal sol i d s  
( ~ 0 . 1  micron) molecules and ions. 

The specifics of implementing each o f  these steps can vary depending on f luid 

character is t ics  such as viscosity, density and d ie lec t r ic  constant, and i n  some 

cases the procedures are proprietary. For example, a1 though the Monsanto Chemical 

Company and Crown-Zellerbach have what they consider t o  be good purification pro- 

cedures, neither would divulge any de ta i l s  of their processes. 

An additional d i f f icu l ty  associated w i t h  the AGCE application fo r  these 

f l u i d s  i s  tha t  the dissolved photochromic material must be a component of the 



TREATHENT METHOD 
AND EFF I C 1 ENCY P - Partial 

N - None 

TYPE OF 

CONTAM I NAT 1 ON 

WATER U4ULS I F I ED E 

WATER D 1 SOLVED E 

E AIR t. GAS 

SOLIbS - Non Colloidal E 

P I E  E C O t i G i 3 A i i  - 
P a r t i c a l s  & Sludqe 

A C I D I T Y  E 

E WATER & GAS - 
For EHV Application 

TRANSFORMER DRY OUT 

TEMPERATURE OF TREATMENT 

OPT. RECOMMENDED 

- 
Var. 0-95 

Vsr. 25-5c 

Substantial contamination is harmful to the efficiency o f  treatme 4 rt 

a FIGURE 1 .  SUMMARY OF TRANSFORMER 01L TREATMENT METHODS 
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*’ f l u i d .  T h i s  requirement raises a t  least  two Additional questions: 

1)  Will the purification process remove the photochromic dye? 

2 )  How much will the photochromic dye contaminate the purified 
f l u i d  ( i .e. ,  increase dissipation) i f  i t  survives the 
purification process o r  i f  i t  m u s t  be added la ter?  

In order t o  answer the f i r s t  question, the Candidate fluids should have the 

proper concentration of photochromic dye dissolved i n  them prior t o  beginning 

the purification process. 

throughout the cleaning sequence t o  determine i f  the dye survives the purifi- 

cation process o r  a t  w h a t  p o i n t  the dye i s  removed along w i t h  other contaminants. 

This information i s  essential f o r  determining when the fluid and dye can be mixed, 

and what type of  on-line fluid processing can be implemented. The second question 

requires purifying and characterizing the f l u i d  prior t o  adding the photochromic 

dye. 

provide data on the effect of  the dye. 

This will permit periodic activation of the dye 

I 

Subsequent a d d i t i o n  of  the dye and a recharacterization of the fluid will 

3.1 F l u i d  Filtration 

Solids in the size range from a . 1  micron and larger are commonly removed 

These f i l t e r s  are available from f l u i d s  using membrane o r  depth type f i l t e rs .  

i n  a range of  pore sizes or porosities as discussed i n  PIR No. 1254-AGCE-016. 

Selection of the proper f i l t e r  media should be relatively straightforward. 

3 .2  Dehydration and Deaeration 

Removal of dissolved water and gases from the dielectric fluid can be per- 

formed as  a two-step process using a molecular sieve t o  adsorb the water 

followed by a vacuum treatment, i .e.,  exposing the fluid surface t o  a vacuum 

t o  allow the escape of  trapped gases. 

vacuum treatment, involves exposing the heated f l u i d  t o  a vacuum which allows 

A single step approach, called the thermo- 
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release of both gases and dissolved water from the liquid. 

cedures require maximizing the exposed surfage atea t o  permit effective removal 

of dissolved water/gas. 

Department, i t  i s  recommended that the two-step procedure be implemented. The 

GE group and Crown-Zellerbach have bo th  used the Linde Molecular Sieve Type 4A 

t o  dry tolunitri le and DMSO respectively w i t h  good results. 

Both  vacuum pro- 

However, based on tfie experience o f  the GE Capacitor 

3 . 3  Final Purification 

The l a s t  step i n  the fluid purification must remove any remaining submicron 

particles, as well as molecules and ions which will contribute to  dissipation. 

The most efficient method for performing this final purification u t i 1  izes an 

adsorbent such as Fuller's earth which involves the following processes: 

1 )  f i l t ra t ion - physical entanglement of small solid particles, 

2 )  adsorbtion - adherence o f  molecules o r  ions t o  the surface 
of the adsorbent, 

3) catalytic activity - causing reactions whose products are 
more readily adsorbed. 

There are two potential methods of  implementing the Fuller's earth purification 

process : 

Contact Method - A batch type process i n  which a slurry of colloidal 

Fuller's earth and the liquid are agitated a t  elevated temperatures t o  

achieve good contact and adsorbtion. 

(1-2 hours) the slurry i s  f i l tered and the Fuller's earth is  removed from 

After equilibrium has been reached 

the purified fluid. The process is  repeated u n t i l  the desired purity i s  

achieved. 
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Fixed Bed Method - The liquid i s  passed through a packed layer of 

Fuller's earth via a gravity feed o r  a pressurized system. The final 

pur i ty  will be determined by contact time, velocity of  f l u i d  flow and 

the size and type of Fuller's earth. 

implemented by usi'ng disposable cartridges o r  re-fillable canisters as 

applicable. 

This basic method can also be 

For laboratory purification of fluids the contact method i s  recommended by 

the GE group while an on-line process ( f i l ter ing i n  o r b i t )  will require a 

var ia t ion of the fixed bed method. 

4.0 FLUID CHARACTERIZATION 

Candidate fluids chosen for the AGCE application must be characterized t o  

establish their electrical parameters and t o  assess their  Contamination potential. 

Electrical property measurements should be made a t  several points in the p u r i -  

fication process t o  establish the effectiveness of each step and t o  determine the 

optimum pur i ty  achievable, i .e. ,  the p o i n t  a t  which further processing i s  of no 

value. 

I 

Assessment of contamination potential requires that the same set  of fluid 

property measurements be made periodically af ter  the purification i s  completed. 

During th i s  post purification time, the fluid will be placed i n  contact with 

candidate materials t o  be used i n  the AGCE fluid system and exposed t o  various 

l i g h t  sources. Typical materials include stainless steel ( tub ing ,  f i t t ings 

and valves) , SnO (outer sphere coating) , fluorocarbon (gaskets and seals) 

glass fibers ( f i l t e r  material) and gases ( a i r ,  dry nitrogen, etc.) .  

photochromic response of  the f l u i d  was l o s t  o r  greatly diminished d u r i n g  the 

refining process, the photochromic dye must also be mixed w i t h  the purified 

I f  the 



-8- 

fluid a t  this time and i t s  effects on the fluid properties assessed. Periodic 

measurements will also be made on a control sample o f  the pur i f i ed  fluid which 

is maintained i n  a dark place i n  a non-reactive container. 

will allow the effects of various materials t o  be compared with fluid degradation 

These measurements 

due t o  the normal agfng process. 

The care t o  be exercised dur ing  the measurement process cannot be over 

emphasized. 

cleaned with special care t o  insure t h a t  the measurement process i tself  does n o t  

The measuring electrodes and the glass vessel for the cell must be 

degrade the fluid. 

Chemical Co. (Much, 1970) i s  outlined below: 

A cleaning procedure which has been used by the Monsanto 

1 )  
2 )  
3)  
4) 
5) 

Xylene vapor clean for 15 minutes. 
Clean i n  boiling 29% NH40H for  10 minutes. 
Steam clean for 30 minutes. 
Acetone vapor clean fo r  15 minutes. 
Dry i n  100°C oven for 30 minutes, 

Even w i t h  this type of facil i ty preparation, several measurements per sample 

may be required t o  establish confidence i n  the results. 

5.0 FLUID HANDLING 

A logical conclusion of the preceding two sections i s  t h a t  al l  fluid handling 

procedures must be minimized. 

the fluids should be done f n  a single laboratory. 

For example, puri,fication and characterization of 

The recommended handling pro- 

cedure for  storage andlor transfer of the fluid from the purification apparatus 

t o  the AGCE assembly will be based on the results of the fluid characterization 

(i.e. contamination susceptibility), The major envlronmental parameters which 

are 1 i kely t o  require special consideration during the transfer process are: 

(1) exposure t o  a i r ,  (2)  contact materials, and ( 3 )  exposure t o  light. 
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6.0 FLU1 D PROPERTIES SURVEY 

The aforementioned difficulties associated w i t h  the purification and 

characterization of h i g h  d i e l ec t r i c  f l u i d s  has resulted i n  a paucity o f  data 

for  f l u i d s  of interest t o  the AGCE application, Although, scattered data a re  

available f o r  a few f l u i d s ,  the values depend strongly on the f l u i d  purity and 

the measurement techniques, making i t  d i f f jcu l  t t o  establ i sR trends. The results 

presented i'n Table 1 should 6e interpreted a s  inaicati've o f  what may be feasible  

i n  terms of dissipation factor and/or resistivity. 

Table 1. Data for a Range of Dielectric Fluids 

FLUID (DIELECTRIC 

*m-toluni t r i  l e  (40) 

CONSTANT) 

*DMSO ('48) 

Aroclor 1242 (5) 

MCS 1489 (6.5) 

Nitrobenzene (G5) 

Nitrobenzene (G5) 

PURIFICATION 
PROCESS 

Molecular Sieve & 
Fuller's Earth 

Proprietary 

Proprietary 

Proprietary 

Not specified 

Fractional Distill- 
ation & Freezlng 
followed by 
Electrodialysis 

LABORATORY 
~ 

GE Capacftor Products 
Department 

Crown Zellerbach 

Monsanto Company 

Monsanto Company 

NBS 

<0.01 

(*lo8 n cm) 

4.0015 

0.05 

( 7.5~1 O1 3nCm) 

COMMENTS 

A t a n  6 o f  
=0.001 may be 
achievable. 

Very viscous 

Oeveloped as a 
substitute for 
Aroclor fluids 

This sample 
probably was not 
highly purlfled 

This  value was re- 
ported in a paper 
'by Pearmain, e t  a l i  

*These fluids are k n m  to  be compatible with photochromic dye material. 
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7.0 CONCLUSIONS & RECOMMENDATIONS 

The difficulties associated w i t h  the purification, characterization and 

hand l ing  of the high dielectric constant f luids  which may be required for the 

AGCE p o i n t  out the need for  a specific effort directed t o  this area. The work 

should  be confined t o  a study of  only those fluids shown t o  be compatible w i t h  

photochromic material and which  exhibit other desirable qualtties for the AGCE 

such as low viscosity, h i g h  thermal coefficient bf dielectric constant ( i  .e., 

l/k dK/dT) and good optical transmission. The two or  three f l u i d s  w i t h  highest 

potential s h o u l d  then be purified and characterized using the basic procedures 

outlined i n  Sections 3 and 4. The specific objectives of this effort would 

include : 

1 )  Define a specific purification procedure t o  be used for 
refining dielectric f l u i d s  for the AGCE. 

2) Determine the lifetime ( o r  degradatron as a function of time) 
of the purified f l u i d s  as  a function of storage environment 
(e.g., contact materials, lighting, temperature, etc.). 

Determine wha t  level o f  i n  o r b i t  f l u i d  purifi’cation i s  required. 3) 

4) Determine i f  i n  o r b i t  monitoring of f l u i d  diss ipat ion factor 
should be considered. This assessment will depend on the 
results of item 2. 

5) Define f l u i d  h a n d l i n g  procedure whtch  includes f l u i d  purifi-  
catton, photochromiclfluid mixing, storage and transfer t o  
the AGCE f l u i d  flow cell. 

Since the results of this effort may impact the selection of materials for the 

AGCE (e.g., sphere coating, plumbing, f i l t e r  material, etc.) ,  the work should  

be completed as a precursor t o  the hardware development program. 
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1 .O SUMflARY I 
T h e  object ive of TAS!: 3 i s  t o  determine the  f e a s i b i l i t y  of incorporating a hardware 

capabi l i ty  for  programmed c i rcu la t ion  and f i l t r a t i o n  of the d i e l e c t r i c  f l u i d  a f t e r  

assembly of the A X E  system. 

removal capabi l i ty  can be readi ly  accomodated; the corresponding weight and peak power 

penalty a r e  1.7 kg  and 35 watts respectively.  Sui table  hardware elements a r e  

avai lable  for incorporating t h e  capabi l i ty  into the  ACCE. Pref l igh t  and periodic 

rncl i g h t  operation of t h i s  RGCE capabi l i ty  i s  recommended. 

Results of the TASK 3 e f f o r t  indicate  t h a t  a d u s t  

Dur ing  laboratory development studies conducted by Dr. W .  Fowlis, i t  was found t h a t  

dust p a r t i c l e s  i n  the d i e l e c t r i c  f l u i d  o s c i l l a t e  due t o  the  implied e l e c t r i c  f i e l d .  

T h i s  o s c i l l a t i o n  can d i s t r u b  the act ivated photochronic dye markers used t o  assess  

d i e l e c t r i c  f l u i d  flow ( w i t h i n  the spherical capacitor t e s t  c e l l )  d u r i n g  an experiment. 

The amplitude excursion of the d u s t  and consequently the d i s t u r b i n g  e f f e c t  i s  reduced 

by increasing the  frequency of the e l e c f r i c  f i e l d .  

the  square o f  the frequency, the d i s t u r b i n g  e f f e c t  being much reduced f o r  frequencies 

Amplitude decreases inversely a s  

I 
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over about 300 Hz. 

2 )  and f i l t r a t i o n  o f  the d i e l ec t r i c  f l u i d  shou ld  eliminate the problem. 

Thus a combination of a h i g h  frequency voltage source (see TASK 

The source of the offending particulates is  twofold based on the experience of 

Dr. Fowlis. 

as received s t a t e  or inadvertantly introduced d u r i n g  the assembly of the AGCE system. 

Second, the particulates may be attached to  internal surfaces due to  inadequate 

cleaning d u r i n g  the manufacturing and assembly process and are  subsequently detached 

by the action o f  the e l ec t r i c  f i e ld  or by mechanical vibration/shock d u r i n g  ground 

handling and d u r i n g  launch. 

s t ra ted tha t  one equatorial entrance port can provide an effective f l u s h  of the 

spherical capacitor d i e l ec t r i c  volume, provided suff ic ient  time is allowed. 

t e s t s ,  Dr. Fowlis used a flow rate  of 200 cm / m i n i  about 15 minutes were required 

to  purge the d ie lec t r ic  f l u i d  volume of most par t ic les  over about 1.0 micron diameter, 

When f i l t e r ing  w i t h o u t  the e l ec t r i c  f ie ld  was followed by f i l t e r ing  w i t h  the e l ec t r i c  

f i e ld  applied (20KV a t  60Hz), additional par t ic les  were immediately detected i n  the 

d i e l ec t r i c  f l u i d  (and f i l t e r ed  out ) .  Subsequent applications of the e l ec t r i c  f i e ld  

d i d  not generate more part ic les .  

First, the particulates may be i n  the  d i e l ec t r i c  f l u i d  e i ther  i n  the 

Laboratory development t e s t s  by Dr. Fowlis have demon- 

In his 
3 

i 

The d u s t  removal capabili ty diseussed below is  based on this background experience 

of Dr. Fowlis. 

3.0 TASK IMPLEMENTATION 

Key design requirements related to  the d u s t  removal capabili ty were generated and 

are  included i n  section 5.1. 

ment experience, the Spacelab Payloads Accomodation Handbook SLP/2104 and an estimate 

o f  the AGCE f l i gh t  design, a r e  intended as guidelines for the f eas ib i l i t y  study only. 

These design requirements, based on previous develop- 
/ 

, .* 



Based on the laboratory development experience of br. Fowlis, p u r g i n g  the internal 

vol ume of the spherical capacitor assembly can be readily accompl ished. 

the preferred approach i s  that  shown i n  figure 1.  

required, the configuration shown i n  Figure 2 can be used. 

entrance/exit ports a re  provided to improve the efficiency of the purge flow over 

that  for a s ingle  entrance/exit port arrangement. 

reduce purge time requirements, an important consideration for  on-orbit operations, 

The three in/out ports shown can be sized such that  the center pair flow i s  somewhat 

Mechanically, 

I f  an equatorial baffle i s  

In e i ther  case, multiple 

A more e f f i c i en t  purge flow can 

larger  that  e i ther  of the two s ide flows ( to  compensate for  the larger swept volume 

of the center pair flow). 

ports labeled "A" can provide a clockwise rotation of the d ie lec t r ic  f lu id  during 

In the figure 1 arranqement, leaving o u t  the  entrance/exit 

the purge cycle, further improving pu rg ing  efficiency and t h u s  min imiz ing  the purge 

time required. 

The arrangement shown i n  Figure 2(a) features a baffle which ,  i n  addition t o  the equatorial 

portion also includes two meridian segments. 

below the equator into entrance and exit  plenums. 

the baffle m u s t  make a good f i t  w i t h  mating elements t o  prevent excessive leakage 

between t h e  two plenums and second the baffle material d i e l ec t r i c  constant should 

match that  of the d i e l ec t r i c  f l u i d  t o  minimize dis tor t ion of  the e l ec t r i c  f i e ld .  

These segments divide the f lu id  volume 

First Two problems are  apparent. 

Such a match may not be possible considering the h i g h  d ie lec t r ic  constant desired 

for the f luid (see TASK 1 ) .  

construct the baffle of a porous material such as sintered teflon. 

i s  available w i t h  pore volumes up  to  90% (see section 5.2, Porex catalog).  

molding may be necessary if  this material is  used. An a l ternate  baffle arrangement i s  

One possible solution to this potential mismatch i s  t o  

T h i s  type material 

A custom 

shown i n  Figure 2 (b ) .  
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b 3.2 C i r c u l a t i o n  Pump 

F igure  3 shows t h e  c i r c u l a t i o n  l o o p  b lock  diagram. 

f l u i d  volume i s  est imated a t  2x5 cm . This assumes t h a t  t h e  f l u i d  volume does n o t  

extend below 10 S l a t i t u d e .  

f l o w  r a t e  cond i t i ons .  

t o  t h e  pressure budget. 

As shown i n  Table 1, d i e l e c t r i c  
3 

0 
Table 2 shows an est imated pressure budget f o r  t h r e e  

As would be an t i c ipa ted ,  t he  f i l t e r  i s  t h e  major  c o n t r i b u t o r  

Actual  pump s e l e c t i o n  should a l s o  take  i n t o  account t h e  coo lan t  f l o w  requirements 

o f  t h e  thermal subsystem (see TASK 6) .  

assembly should be se lec ted  fo r  a l l  a p p l i c a t i o n s .  One p o t e n t i a l  candidate i s  a 

pump assembly be ing used i n  the  S h u t t l e  Gal ley c u r r e n t l y  under development by GE 

f o r  NASA-JSC: T h i s  pumd i s  a magne t i ca l l y  coupled gear pump suppl i .ed by Micropump, 

Concord, Ca. *An o u t l i n e  dwg. i s  shown i n  t h e  Appendix, Sect ion 5.3. 

From a programmatic v iewpo in t ,  t h e  same pump 

B 

As shown i n  F igure 4, use o f  t h i s  s p e c i f i c  pump w i l l  r e s u l t  i n  a c i r c u l a t i o n  f l o w  

r a t e  o f  1420 cm /min. (0.375 gpm) and a system opera t i ng  pressure o f  1 5  p s i .  

t h i s  f l o w  r a t e  and an est imated d i e l e c t r i c  f l u i d  volume o f  275 cm 

volume purge can be accomplished d u r i n g  t h e  5 minute pe r iod  assumed a v a i l a b l e  

between each i n d i v i d u a l  AGCE experiment. 

3 A t  
3 (Table 1 ) ,  a 26 

-9 

Th is  should be more than ample t o  ma in ta in  

t h e  d i e l e c t r i c  f l u i d  i n  a dus t  f r e e  cond i t i on .  Note t h a t  pump capac i t y  can be 

increased/decreased by s e l e c t i n g  a h igher / lower  rpm pump motor.  

3.3 P a r t i c u l a t e  F i l t e r  

The task  gu ide l ines ,  Sec t ion  5.1, s p e c i f y  t h a t  t h e  dus t  removal c a p a b i l i t y  must 

ma in ta in  p a r t i c u l a t e  concent ra t ions  i n  t h e  d i e l e c t r i c  f l u i d  t o  l e s s  than 10 

par t i c les /cm3 f o r  p a r t i c l e s  exceeding 0.5 micron i n  diameter w i t h  t h e  maximum 

p a r t i c l e  s i z e  n o t  t o  exceed 1 .O micron. 

a v a i l a b l e  from Bals ton,  Inc., Lexington, Ma. appears t o  be a s u i t a b l e  candidate.  

A d isposable depth t ype  f i l t e r  tube 
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TABLE 1 DIELECTRIC FLUID VOLUME 

FILTER 

CAPACITOR 

ITEM 

0.1 gpm 0.2 gpm 0.3 gpm 

3.57 p s i  7.14 p s i  10.71 p s i  

0.01 0.06 0.1 3 

CAPACITOR* 

PLUMBING 

PUMP 

ACCUPIULATOR 

FILTER 

TOTAL 

TOTAL 

EST. FLUID  VOLUME 

0.77 0 e82 - 0.12 

3.70 p s i  7.97 p s i  11.55 p s i  

- 

*From N Pole t o  10's l a t i t u d e  

224 crn3 

14 

5 

17 

5 - 
275 cm3 

I 
TABLE 2 PRESSURE BUDGET 

ITEM I ESTIHATED PRESSURE LOSS* 

PLUM6 ING 

i 

~~ ~ ~ 

*Assuming f l u i d  v i s c o s i t y  = 1 .O cen t ipo i se .  
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Ba ls ton  standard f i l t e r  tube, type  AAQ, 1/2 i n c h  dia.meter by 2 1/4 i n c h  l ong  i s  

r a t e d  a t  99.9% e f f i c i e n c y  f o r  removing p a r t i c l e s  0.5 micron and l a r g e r .  F i l t e r  

ma te r ia l  i s  f lourocarbon bonded g lass f i b e r s ,  See Sect ion 5.4. 

Sect ion 5.3), and 

as a1 t e r n a t e  candidate f i l t e r  media, 

S in te red  t e f l o n  (See 

s i n t e r e d  o r  woven s t a i n l e s s  s t e e l  f i b e r  media a r e  a l so  a v a i l a b l e  

F igure 5 shows t y p i c a l  cons t ruc t i on  d e t a i l s  f o r  t he  f i l t e r  assembly. 

3.4 Accumul a t o r  

The func t i on  o f  t h e  accumulator i s  t o  compensate f o r  t h e  change i n  d i e l e c t r i c  

f l u i d  volume due t o  changes i n  f l u i d  temperature occur ing  du r ing  AGCE a c t i v i t y .  

As shown i n  Table 3, t h e  maximum temperature range occurs du r ing  t r a n s p o r t a t i o n  

cond i t i ons .  Thus, assuming an i n t e r n a l  d i l e l e c t r i c  f l u i d  volume o f  275 cm3 and 

assuming a c o e f f i c i e n t  o f  expansion equ iva len t  t o  t h a t  f o r  DFlSO (0,00088%/°C~), 

the accumulator must accomodate a thermal expansion o f  0.18 cm . Assuming an 3 

accumulator design as shown i n  F igure 6, v a r i a t i o n  i n  system opera t ing  pressure 

due t o  t h i s  expansion w i l l  be a minimal - +4.1 p s i .  

3 .5 We i g h t / Power 

Table 4 shows an est imated weight  breakdown f o r  t h e  dus t  removal c a p a b i l i t y .  

Est imated t o t a l  weight  i s  1.7 Kg. 

appear t o  have a s i g n i f i c a n t  impact. 

Power i s  est imated a t  35 wat ts .  Ne i ther  would 

3.6 R a t e r i a l s  C o m p a t i b i l i t y  

No m a t e r i a l s  c o m p a t i b i l i t y  problem i s  an t i c ipa ted .  

con tac t  w i t h  t h e  d i e l e c t r i c  f l u i d  w i l l  probably be s t a i n l e s s  s tee l ,  f luorocarbons 

and g lass (See Table 5), a l l  very  t o l e r a n t  o f  most f l u i d s .  

Expected ma te r ia l s  i n  d i r e c t  
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TABLE 3 ESTIMATED OPERATING/NQN-OPERATING TEMPERATURE 

Component 

d i e l e c t r i c  f luid* 

f i l t e r  

Pump 

EXTREMES FOR AGCE DIELECTRIC FLU1 D 

Estimated Weight 

(2.04 kg 

0.16 

0.68 

I 
Condition f Temperature Extremes 

I 

Non-Operating 

launch s i t e  environment integration* 

t rans  portat  ion 

factory environment 

* 
18 t o  25OC 

-10 t o  55% 

15 t o  25OC 

15 t o  35oc I Operating 

*From SLP/2104, Section 5.0 

TABLE 4 WEIGHT BREAKDOWN 

accumulator 

pl umbi ng 

Sub- t o t a l  

Growth Contingency 

0.1 9 

0.43 

1.50 kg 

- 

0.21 - 
TOTAL 1.71 kg 

*Extra f l u i d  required t o  accomodate d u s t  removal capabi l i ty  hardware 



> 
TABLE 5 COMPONENT HATERIAL USAGE 

DUST REMOVAL HARDWARE ELEMENT I MATERIAL* 

Fi 1 t e r  

Accumulator 

Pump 

P I  umbi ng 

G1 ass fibers ( f l  uorocarbon binder), 
Stainless steel  

Stain1 ess Steel 

Stainless Steel ,  teflon 

Stainless Steel (fluorocarbon seals)  

*In contact w i t h  d ie lec t r ic  f l u i d  

i 

i 

I 



3.7 Leakage 

Leakage o f  d i e l e c t r i c  f l u i d  from t h e  dust removal hardware i s  n o t  expected t o  be -1 
a problem. 

e l i m i n a t i n g  a r o t a t i n g  pump seal. O-seal tube f i t t i n g s ,  tube t o  male s t r a i g h t  

thread, such as supp l ied  by Combination Pump Valve Company, Phi ladelph ia,  Pa., 

a re  r e l i a b l y  l e a k  t i g h t  and reusable, see Sect ion 5.5 

The suggested pump assembly i s  a magnet ica l l y  coupled type, thus 

4.0 CONCLUSIONS/RECOMMENDATIONS 

I nco rpo ra t i ng  a hardware capabi l  i t y  f o r  removal o f  p a r t i c u l a t e  contaminates from 

the  d i e l e c t r i c  f l u i d  a f t e r  assembly of  t h e  AGCE system appears feas ib le .  

a d d i t i o n  has a minor impact on the  design o f  system and the  spher ica l  capac i to r  

assembly i n  p a r t i c u l a r .  

impact on the  system a re  minor. 

should no t  be a problem bu t  must be re-evaluated against  t he  d i e l e c t r i c  f l u i d  

The 

Su i tab le  hardware elements a re  ava i l ab le ;  weight and power 

Ma te r ia l s  compa t ib4 l i t y  w i t h  t h e  d i e l e c t r i c  f l u i d  

f i nal 1 y se l  ec t e d  . ! 

Operation o f  t h e  dust  removal c a p a b i l i t y  du r ing  AGCE f i n a l  assembly, acceptance t e s t ,  

pre-launch checkout and on-orbi t operat ions i s  recommended as fol lows: 

a) F ina l  Assembly 

A f t e r  vacuum f i l l i n g  t h e  system w i t h  precleaned and deaerated d i e l e c t r i c  

f l u i d ,  operate t h e  dus t  removal pump, w i t h  e l e c t r i c  f i e l d  app l i ed  a t  f u l l  voltage, 

f o r  TBD minutes (ac tua l  t ime based on l abo ra to ry  development t e s t s ) .  

b) Acceptance Test 

As p a r t  o f  acceptance t e s t  a c t i v i t y ,  operate dust  removal pump, w i t h  e l e c t r i c  

f i e l d  appl ied,  f o r  T3D minutes. 

c )  Pre-1 aunch checkout 

As p a r t  o f  pre-launch checkout t e s t i n g ,  operate dust  removal pump, w i t h  e l e c t r i c  

f i e l d  appl ied,  f o r  TBD minutes. 



d) On-Orbit 

A t  on-orb i t  AGCE i n i t i a l i z a t i o n ,  operate dust removal pump, w i t h  e l e c t r i c  

f i e l d  appl ied f o r  TBD minutes. 

removal pump could be operated f o r  a shor t  per iod between each ind i v idua l  AGCE 

!Also as a f i n a l  precautionary measure, the dust 

experiment sequency. 

Note t h a t  the purge t ime can be r e l a t i v e l y  short,  e.g. a 50 volume p r g e  can be 

accomplished w i t h i n  10 minutes. 

spherical capaci tor  f l u i d  volume, by the t ime on -o rb i t  t e s t i n g  i s  started, the 

f l u i d  should be "squeaky" clean. 

Even w i t h  a poor f l u s h  flow pa t te r#  i n  the 

5.0 APPENDIX 

The fol lowing are attached hereto as supplemental informat ion.  

5.1 P I R  1254-AGCE-005, "Dust Removal Design kequirements". 

5.2 Porex Porous P las t i cs  B u l l e t i n .  

1 5.3 Pump o u t l i n e  dwg. from GE spec i f i ca t i on  47A231867. 

5.4 Balston, Inc.  I - l ic ro f ibre F i l t e r  tube b u l l e t i n .  

5.5 Combination Pump Valve Company B u l l e t i n .  

5.6 Master Products Metal Bellows B u l l e t i n .  

J 
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27 January 1981 

TASK 3 - DUST REMEVAL DESIGN REQUIREMENTS 
F - -  

i? 

1.0 SCOPE 

The dust removal design requirements are intended as guidelines to be u.sed in 
the assessment of the feasibility of incorporating a hardware capability into 
the AGCE for programmed circulation and filtration of the dielectric fluid. 

2.0 GENERAL 
4 

The dust removal design requirements are based on GFFC experience, Spacelab 
Payloads Accomodation Handbook SLP/2104 and a aurrent estimate of the AGCE 
flight design. 

3.0 PERFORMANCE REQUIREMENTS 

3.1 General 

Provide programmed circulation and filtration between experimental sequence as a' 
means of codtrolling particulate concentration in the dielectric fluid. 

3.2 

a 

Part i cu 1 at e Con ce n t r a  ti on 
?I 

Maintain particulate concentration in the dielectric fluid to less than 10 
particles/cm for particles exceeding 0.5 micron in diameter with the maximum 
particle size not to exceed 1.0 micron in diameter. 

3 

4.0 INTERFACES 

4.1 - Mechanical 

The dust removal hardware shall be compatible with a 5.0 I + 1.0 cm inner sphere 
radius and a 1.0 cm spacing, for the dielectric fluid, between the inner and 
outer spheres. 

4.2 Electrical 

The dust removal hardware shall operate on Spacelab DC power supplied via the AGCE 
controller in accordance with stored timeline commands. 

2 



4.3 Thermal 

The thermal load generated by the d u s t  removal hardware shal l  be dissipated t o  
the rotating platform. 

4.4 Dielectric F l u i d  

The d u s t  removal hardware shal l  be compatible w i t h  a d i e l ec t r i c  f luid of specif ic  
gravity range o f  1.0 t o  1.5 and a viscosi ty  range of 0.8 t o  2.0 centipoise. 

5.0 FLIGHT OPERATIONS _I_ 

The d u s t  removal hardware shal l  be operated on a preprogrammed basis between 
experimental sequences. Each f i l t r a t i o n  operational period shal l  not exceed 5.0 
minutes (shorter time desired).  

6.0 SAFETY 

The d u s t  removal hardware shall  be located w i t h i n  the confines of the gaseous 
nitrogen f i l l e d  outer sealed enclosure. 

7-0 LIFE - 
The d u s t  removal hardware shall  have a min imum useful operating l i f e  o f  120 h 
(ground t e s t  p l u s  mission operations). 

I rs 

Approved by : /fZ& - 
AGGE Program Manager 

/amb 

. 
3 
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A porous Teflon* membrane of unique properties 
having a wi e range of applications in industry and medicine. 

GENERAL CHARACTERISTICS 
m Pliable white sheet of varying degrees of softness. 

Lightweight Specific gravity from 0.2 to 0.8, approximately 
0.4 oz per sq. ft 
Chemically inert. 
Heat stable. Withstands temperatures from -4OOO to 550° for 
extended periods. 

Excellent dielectric. 
Highly hydrophobic. 
Permanently fire retardent 
Low co-efficient of friction. 
Heat sealable. 

STANDARD SIZES 
Porex PTFE membrane No. P2500 is available in 12" strips up to 100' long, Standard dimensions for all other 
membranes are 12"x 48:' 

INDUSTRIAL AND SCIE TlFlC APPLICATIONS 

Manufacturing chemicals requiring inert material in hostile 

Chemical processing 
m Filtering concentrated acids, bases, solvents, and hazardous 

m Filter media for laboratory apparatus. 
m Cable wrap and wire insulation. 

Liquid and gas chromatography. 
Fuel cells. 
Battery separators. 

m Catalyst matrices. 

environment 

chemicals. 

m High temperature air sampling. 
Vacuum dust bag for spacecraft. 
Protective clothing. 
Liquid gas separation. 
Aeration for bubbling or air agitation. 
Insulation and cushioning in cryogenic applications. 
Oxygenators. 

m Bandages. 
Air venting. 
Any medical sheet application where strong solutionsor 
autoclaving is necessary. 

FE material is also being manufactured with 
illers to obtain electrical conductivity, wettability, 

er specific traits. Possibilities for its use are con- 
tly developing, not only in new areas, but in the re- 

placement of other materials which may cost more, have 
a shorter life, or perform less satisfactorily. Glasrock has 
worked in numerous areas of application and may have 
the answer you need for your problem. 

srac~  
GLASROCK PRODUCTS, INC. 

PLASTICS GROUP 
Fairburn. Georgia 3021 3 404-964-1421 

TWX 810-766-1505 



PORE WATER METHANOL TER INITIATION 
THICKNESS PORE SIZE VOLUME AIR FLOW FLOW"' BUBBLE POINT"' PRESSURE'" 

MATERIAL (Mils) ( w l  (%I Q@cs"' Secs I*' [mi) (PSI) (Worn ' )  (pal) (1 chm')  

P 8000 10 8 80 29 45 275 0.75 0.052 2.0 0.14 
P 1200 15 12 90 16 25 430 0.7 0.049 1.44 0.10 
P 2500 '1 5 25 85 8 12 1.100 0.33 0.023 1 .o 0.07 

- 

P 1000 25 10 80 83 125 Qb 0.60 0.042 1.4 0.098 
P 800 10 .8 70 74@' 1 1.5"' 1 . 1 51ai 8.36 0.587 23.0 1.60 

Notes: 
(1 1 Time required for 100 milliliters of air to flow through 1 sq. cm. filter area at 2OoC with a differential pressure of 3.1 cm. water (0.043 psi). 
(21 Using a Gurley Densometer, time required for 100 milliliters of air to flow through aO.l sq. in. orifice with a 5 oz. cylinder. Pressure 

(33 Water flow rates are milliliters per min. per cm2 with a differential pressure of 52 cm Hg ( I  0 psi). 
differential of 3.1 cm water (0.043 psi). 

ure required to force air through a methanol-wet membrane. . 
ure required to force water through the membrane. 
required for 10 milliliters of air to pass through 1 sq. cm filter area at 2OoC with a differential pressure of 31 em water (0.44 psi). 

(7) Using a High Pressure Gurley Densometer, time required for 10 milliliters of air to flow through 1 sq. in.orifice with adifferential pressui 

(81 Filter was initially wetted with methanol prior to water flow. 
of 31 cm water (0.44 psi). 
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Balston Micro fibre Filter 
Tubes are available 

in a variety of 
diameters and lengths. 

GENERAL PROPERTIES (Detailed Properties are given on Pages 2,3 and 4) 
BaIston@ Microfibre Filter Tubes are high efficiency dispos- 0 Excellent resistance to virtually a l l  chemicals except hy. 
able cartridge filters. Each Microfibre Filter Tube is  com drofluoric acid 
posed of borosilicate glass microfibers, bonded into a e They are unaffected by water or oil, and will remove 011 
cylinder with 1/8-inch thick walls. Fluorocarbon resin or and water droplets from air with the same efficiency as 
other binders provide resistance to the most severe corrosion solid contaminants. 
and temperature conditions. Used for either liquid or gas 
filtrations, Balston Microfibre Filters provide an unusual Microfibre Filter Tubes are self-gasketing, they are s e a i d  
combination of fine filtration and high flow rate' into place simply by compression against any flat surface. 

No resilient gaskets or end caps are required for the filter 
0 Retention Efficiencies - Five grades of filters in Liquld The Microfibre ~ i l ~ ~ ~  Tubes are self-supporting 
Filtration from 25 micron to 0.3 micron retention; in Gas in applications in which the pressure drop the filter is 
Filtration from 90% to 99.9999+% of 0.6 micron particles moderate, most gas filtrations. when a high pres- 
(the two finer grades are gas-sterilizing f i l ters)  sure drop is anticipated, a permanent support core IS used. 

Flow - One 2-inch diameter by long When the filter tube i s  changed, only the filter medium and 
Microfibre Filter Tube can filter UP to 38 GPM of water. or repfaced. Therefore, the Microfibre 
up to 885 SCFM of air Filter Tubes are much more economical than any other 
Other advantages of Microfibre Filter Tubes include cartridge filter with comparable performance, and their 
0 Temperature resistance to 1000 F in dry gas or up to 310 simple design results in a remarkably rugged and convenient 
F in steam (60 psig steam.) high efficiency filter system. 

APP L I CAT I ONS 
Gas Filtration Liquid Filtration 

e Removal of dirt, oil, and water from plant air supplies, a t  
flow rates to 45,000 SCFM (A-I 1" 
0 Essentially complete coalescing of oil from air for critical 
applications, such as instrument air, air to fluidic control 
systems, breathing air  (A 1 

Removal of suspended solids and liquid droplets from gas 
samples to analyzers, such as automobile emission analyzers 
or stack gas analyzers (A-2) 
0 Sterilization of air and other gases - and the filter tubes 
may be repeatedly steam-sterilized (TI-63) 
e Filtration of vacuum pump exhaust to remove oil mist, 
smoke, haze (A-3) 
0 Removal from room air of oil mist being generated by 
spray lubricators or flood coolants on metal fabricating 
machines (A-3) 
0 Filtration of steam to autoclaves (A-5) 
'The numbers in parentheses refer to a detailed Barston Technical 

of the hardware 

e Protection of reverse osmosis and dialysis membranes 
and membrane filters. (A-4) * 
e Final filtration of 18 meg-ohm deionized water (A41 
e Clarification of solvents and corrosive solutions used in 
chemical processes, plating, manufacture of electronic com- 
ponents. 
e Recovery of trace quantities of precious metals and other 
valuable solids from liquids. 
e Final filtration of high performance hydraulic fluids, lub- 
ricants, and fuels 
e High efficiency separation of small quantities of water 
from organic liquids, or small quantities of organic liquids 
from water 
e Removal of suspended solids and immiscible liquids from 
liquid samples to analyzers, such as boiler feedwater analyz- 
ers or effluent analyzers. (A-2) 
* Recovery Of bacteria Or VirUSeS from water Samples for 
quantitative analysis. (A-2) 

(,, 

Information Bulletin on the application. 



FILTRATION EFFICIENCIES 
Microfibre Filter Tubes are manufactured in five retention 
efficiencies. Since f low resistance increases with increasing 
retention efficiency, it is a good practice to specify the 
coarsest f i l ter which wil l  satisfy the requirements, rather 
than overspecify to be "safe." Detailed recommendations 
on f i l ter tube selection for  specific applications may be 

obtained from the Balston Technical Information sheets or 
by contacting Balston Technical Representatives. 
A given grade o f  Microfibre Filter Tube is more efficient in 
gas (or ah-) filtration than in liquid filtration. Therefore, 
each gratfe of f i l ter tube has two retention ratings, one for 
gas filtration and one for liquid filtration. 

LIQUID FILTRATION 
The retention charakteristics o f  Balston Microfibre Filters 
in liquids are shown on the chart, which plots percent 
retention efficiency for a given size particle versus particle 
size. For example, Balston Grade B Filters wi l l  retain about 
90% of 1 micron particles, 98% of 2 micron particles, and 
99.9% of 3.3 micron particles. For liquid filtration, Balston 
Filters are rated at the particle size corresponding t o  98% 
retention, and therefore the rating for  Grade B is 2 microns. 
When comparing retention ratings o f  filters o f  different 
manufacturers, it i s  important to note the efficiency at 
which the filter is rated. Many manufacturers rate filters at 
their 90% retention efficiency particle size. If Grade B were 
rated a t  i t s  90% efficiency point, it would be a "1 micron" 
f i l ter In fact, as shown by the curve, Grade B, rated at 2 
microns, is a finer f i l ter than another type o f  cartridge filter 
which is rated by the manufacturer at "1 micron." Since 
there i s  no accepted industry-wide standard rating method, 
comparison of published ratings between different manu- 
facturers can be misleading. The safest method for selecting 
the proper filter tube grade is to test under actual use 
conditions. Balston Representatives wi l l  be happy to supply 
sample filter tubes for test. 
Balston Filters, particularly Grades A and AA, have 
relatively sharp particle cut-off characteristics compared 
with other types o f  cartridge filters. The Balston Grade AA 
Filter, although a depth filter, approaches the retention 
characteristics of an "absolute" filter and may be used for 
bacteria filtration in manv aadications. 

RETENTION VS. PARTICLE SIZE (IN WATER) 

PARTICLE SIZE (MICRONS) 

(NOTE: See page 4 for Microfibre Filter Tube Retention 
Efficibncy Ratings.) 

GAS FILTRATION 
In gas filtration, as in liquid filtration, a particle is captured 
by a Balston Filter when the particle collides with a fiber 
The forces holding the particle to  the fiber are intermolecu 
lar (Van der Waals) forces and are essentially independent 
o f  the particle composition or o f  external conditions, such 
as relative humidity or temperature. The filter is designed 
to maximize the chance for a particle t o  collide w i th  a 
fiber The exact sizes or shapes o f  the spaces between fibers 
is not significant, and therefore it is n o t  meaningful to 
characterize the f i l ter by "pore size." 
In liquid filtration, particle capture is entirely by the 
inertial or interception mechanisms, which are less effective 
as the contaminant particle size decreases. In contrast w i th  
liquid filtration, gas f i l t rat ion also benefits f rom the 
Brownian motion capture mechanism, which i s  most 
effective for particles in the 0.05 t o  0.1 micron range. As 
shown on the chart, these mechanisms for particle capture 
in gases result in a minimum retention efficiency fo r  0.3 to 
0.6 micron particles, wi th higher retention efficiencies for  
both larger and smaller particles. 

Standard test methods for high efficiency filters (DOP Test 
and Sodium Flame Test) are designed t o  rate filters under 
the most severe conditions-capture of particles in the 0.3 
to 0.6 micron range. The ratings for the Balston Microfibre 
Filters for gas f i l t rat ion are shown on the right. 

The filters wi l l  be more efficient than the rating for  both 
larger and smaller particles. Grades A and AA are sterile 
filters for gases. 

RETENTION EFFICIENCY VS. PARTICLE SIZE 
FbR HIGH EFFICIENCY COALESCING FILTER 

NOTE GENERALIZED REPRESENTATION 

0.01 0.05 0.1 05 1 5 10 

PARTICLE SIZE, MICRONS (Log Scale) 

Gas Filtration Efficiency 
(Retention of 0.6 micron particles) Filter Tube 

Grades D & DX 
Grades C & CX 
Grades B & BX 
Grade A 
Grade AA 

90% 
95% 
99.99% 
99.9999+% 
99.9999+0? 



DJFFERENT TYPES OF MICROFIBRE FILTER TUBES 

Balston Microfibre Filter Tubes are composed of borosilicate 
glass microfibers with a resinous binder Four different 
binder types are available: 

BINDER RESIN TUBE TYPE DESIGNATION c, Epoxy No Suffix letter ' Fluorocarbon Q-Type 

Inorganic H-Type 
The Q-Type tubes are an important recent Balston develop- 
ment. They are resistant to: essentially all solvents (in- 
cluding fluorinated solvents), al l  acids except hydrofluoric 
acid, sodium hydroxide and potassiutri hydroxide up to about 
45% concentration, steam to 60 psig, liquid or gaseous am- 
monia. liquid or gaseous chlorine, liquid or gaseous ethylene 
oxide, hydrogen peroxide, and virtually any other chemical 
that does not attack borosilicate glass. in addition, the Q- 
Type tubes have higher burst strengths than the other types 
of Microfibre Filter Tubes (please refer to detailed data on 
next page) and also have better field handling characteristics. 
Q-Type filter tubes are now recommended for all compressed 
air and gas filtrations below 300F, all sample filtrations be- 
low 300F. and al l  liquid filtrations. 

BALSTON FILTER HOUSINGS 

High temperature organic L-TY pe 

Balston Filter Housings are designed to take advantage of 
the unique properties of Balston Microfibre Filter Tubes, 
with minimum field maintenance. 
Housings are available for liquid or gas filtrations in pressure 
ranges to 5000 psig, in a wide range of sizes, from single 
cartridge miniature units to multiple cartridge, heavy-duty 
filters, and in a variety of materials, including: anodized 
aluminum, stainless steel, polycarbonate, polypropylene, 

1 Teflon, Pyrex glass, carbon steel and epoxy-coated steel. 

For air or gas fi4trations a t  temperatures above 300F. L-Type 
tubes are recommended for the 300F to 600F range, and H- 
Type tubes are recommended for the 600F to lOOOF range. 
In Ijarticular, H-Type tubes are recommended for high 
temperature stack gas sample filtration. 

The epoxy-binder tubes, which are less expensive than the 
other typp of filter tubes, should be used in all existing 
applications in which they have proven satisfactory. In 
adtlitioh, epoxy-binder tubes are recommended for new 
applications in which the superior physical properties of the 
higher cott Q-Type tubes are not required; for example, in 
removing visible smoke from air a t  atmospheric pressure. 

Special-de,sign f i l ter tubes are continually being developed 
for specific applications. Examples include a two-stage filter 
tube, designated -X, for coalescing and removing large quanti- 
ties of suspended liquids from compressed air; and filter 
tubes with integral prefilters for certain applications in 
which high solids loadings are expected (such as filtration 
of welding fumes). Detailed information and recommenda- 
tions'on the special-design filter tubes may be found in the 
literatye pack for each specific application. 

Flow c4pacities range from a few gallons per hour to hun- 
dreds of gallons per minute and thousands of CFM. 
Balstbn ako offers selected accessories, including pressure 
regulators and gages, adaptors for using Balston Microfibre 
Filter Tubes in non-Balston housings, and a full array of 
manual and automatic drain valves. 

Please refer to the section below for instructions on ob- 
taining detailed information on Balston Filter Housings for 
each application area of interest. 

f 

USE OF BALSTON MICROFIBRE FILTER TUBES IN FILTER HOUSINGS 
OF OTHER MANUFACTURERS 
With the use of Balston 10233 or 20233 support cores, facturers for incorporation into f i l ter  cartridges of their 
Balston Filtec Tubes may be installed in almost all cartridge own design. Balston will provide, on a confidential basis, 
filter housings designed for nominal 10-inch or 20-inch-long any technical assistance requested to ensure that the 
f i l ter tubes, without any modification to the housing. particle retention and flow properties of the Microfibre 

Filter Tubes are efficiently utilized in the new ,designs. 
Balston supplies special filter tubes to other filter manu Please contact the Balston office for information. 

PATENTS 

Microfibre Filter Tubes are the exclusive development of 
Balston, Inc., (Lexington, Mass.) and Balston, Ltd. (Maid- 

WOULD YOU LIKE ADDITIONAL INFORMATION? 

i 

stone, England), and are protected by numerous patents 
issued in the U.S., Canada, U.K., and other countries. 

Balston technical information is organized in Application 
Packs, each of which contains: complete product data on 
the filter housings used in that application, flow rate charts, 
technical information on selection of the proper filter sys- 
tem, and prices. Please request the appropriate Application 
Pack for each filter application area of interest. 

Pack #1 - Coalescing filters for compressed air and 
other gases 

0 Pack #2 - Filtration of samples to analyzers 
0 Pack #3 - Oil mist removal from low pressure air 

Pack #4 - High efficiency filtration of liquids 
0 Pack #5 - Filtration of steam to autoclaves 

c 
A 

Complete catalogs, which combine the information of the 
five Application Packs, are also available on request, 
Balston publishes "Filter Forum." a quarterly technical 
newsletter which describes solutions to specific filtration 

requirements and also discusses in detail filtration topics of 
general interest, such as removal of oil from compressed air 
To obtain "Filter Forum" and Balston new product infor- 
mation as it is issued, please request that your name be 
placed on our mailing list. Your local Balston Technical 
Representative can provide copies of all the technical infor- 
mation listed above and can arrange for your name to be 
placed on our mailing list. 

Your Balston Technical Representative can give you a 
working demonstration in your office of the Balston filter 
in an actual test in comparison with your present filter or 
any other filter. He is factory-trained to make specific 
recommendations on your filter requirements, and he main- 
tains a complete local stock of Balston filter housings and 
Microfibre Filter Tubes. Please contact our office for the 
namefof your nearest Technical Representative. 



Recommended 

Chemical and Solvent Resistance, Q-Type and X Type 
Excellent - All solvents, all oxidizing and non-oxidizing acids 

except hydrofluoric, sodium hydroxide and potassium hydroxide to 
about 45% concentration, liquid or gaseous ammonia, liquid and 
gaseous chlorine, liquid or gaseous ethylene oxide. 

Not Recommended - Concentrated fluoride salt solutions, hy. 
drofluoric acid, sodium hydroxide and potassium hydroxide above 
about 50% concentration. 

Inside Diameter and Length Order No. 
%" x 1%" 050-05 
%" x 2%" 050-1 1 
1" x 2%" 100-12 
1" x 7" 100-25 
1 %" x 6 '  150-19 recommended pressure differential with support core, 
2" x 3%" 200-16 -inside flow, all diameters, except %", = 70 psi, for %" 
2" x 9" 200-35 = 150 psi. 
2" x 18%" 200-80 2 For Grades DX, CX and BX, maximum recommended pressure 

f i l t e r  Tube Grade 
C B A AA 

885 149 67 17.2 
50 psig 499 84 38 9.7 
0 psig 113 19 9 2.2 

Air Flow, SCFM at 2 psi   drop^ 
100 psig line pressure 

Water Flow, gal per min. a t  
5 ps i  drop 38.0 6.9 4.3 2,l 

OTHER TUBE TYPES Q-TYPE TUBE 

%" 
%" 

1 %" 

NOTES 
1 Maximum 

STANDARD SIZES OF BALSTON FILTER TUBES 

outside-to 

differential for insideto-outside flow is 100 psi. 

FILTER TUBE ORDERlNG 
When ordering Microf ibre Filter Tubes, please specify, The designation for 1" x 2%", Grade A, 

Size - The Order NO. code for standard sizes is shown above. o EXAMPLE The designation for 2" x g", Grade B, 
For example, 1" diameter x 2%" long IS code 100-12. 

Retention Efficiency Grade - For example, Grade A. Standard packing is ten tubes per box Please order 
complete boxes whenever possible. For less than one box 

Type of Filter Tube - If the epoxy binder is wanted, no quantities, an additional charge of 40% IS made to the tube 
type designation IS used. I f  the Q, L, or H-Type is wanted, price. 
the appropriate letter should follow the grade designation. A range of special sizes can be supplied on request Please 

EXAMPLE 
Q-Type, i s  100-1 2-AQ. 

epoxy binder is 200-35-8. 

Standard Balston Filter Tubes and filter housings are on any catalog item. 
stocked at  more than thirty locations in the U.S. and 
Canada by Balston Technical Representatives. Please re- Balston manufactures Microfibre Filter Tubes a t  plants in 
quest the name of the nearest stocking Representative. In Andover, Massachusetts, and Maidstone, England. For price 
addition, all Microfibre Filter Tubes and Balston f i l ter and delivery information in locations outside North Ameri- 
housings are stocked in Andover, Massachusetts and Mis- ca and South America, please contact. Balston, Ltd., 
sissauga, Ontario. Off-the-shelf delivery usually can be made Springfield Mill, Maidstone, England. 

Bulletin 101-H 
OBalston, Inc., 1975, 1977, 1979 

Printed in U.S.A 





CPV has developed the closest thing to the perfect line of 
tube fittings yet: Mark V l l l  0-SEAL. These unique compo- 
nents combine the most desirable, most important char- 
acteristics of any tube fittings: totally leakproof reliability 
in liquid or gas service from vacuum to  3000 psi 
maximum resistance t o  vibration (they won't loosen even 
with extreme system vibration or line pressure fluctua- 
tions) . no maintenance (they never have to be retight- 
ened) unlimited break-remake flexibility (you can break 
and remake connections at will and slip components in 
and out of the system without springing or cutting the 
line) and complete design freedom (wide choice of 
fittings to connect components to any system). 

The Big Difference 
Unlike Mark V l l l  0-SEAL, ordinary tube fittings-com- 
pression, flareless, flared tube, etc.-rely on external 
force or torquing of the nut to seal. This force must be 
sufficient to deform the tube wall to achieve even a pass- 
able seal, Consequently, the sealing area is actually the 
weakest portion of these fittings. Any vibration or pressure 
fluctuation loosens the seal and makes it necessary to 
retighten the nut again and again unti l the fitting fails or 
the tube collapses. And when these fittings do fail, the 
entire tube section, not just the fitting, must be replaced, 
greatly increasing downtime and operating costs. 

The Mark Will 0-SEAL System 
The basic Mark V l l l  0-SEAL conhector comprises a body 
and a tailpiece, with a resilient O-ring recessed in a close 
tolerance groove in the body. These two flat-faced com- 
ponents are joined by a union nut, which compresses the 
captive O-ring to form an initial, leaktight seal, Light 
wrenching completes the installation to assure a leak- 
proof connection that will not vibrate loose. The flat-faced 
construction of Mark V l l l  0-SEAL fittings eliminates any 
concern about critical torque or positioning of the nut. 
Internal line pressure actually increases the sealing ef- 
fectiveness of these unique fittings. 

. 

Low Tofque Assembly 
Unlike conventional fittings which require a great deal of 
torque to effect a seal, Mark V I l l  0-SEAL fittings require 
a minimal amount of torque to achieve a seal that never 
needs to be retightened. A typical Y2" Mark Vlll 0-SEAL 
fitting, for example, requires just 36 in.-lbs. of torque for 
proper assembly, while a conventional bite-type fitting of 
the same size requires more than 500 in.-lbs. 

Heat-Sealed Tube Connection -Welded or Brazed 
All Mark V l l l  0-SEAL fittings are furnished complete, 
ready for installation. Tube end conhections are perma- 
nently heat sealed (either welded or brazed) and are not 
subject to failure when breaking or remaking connections. 
See page 18 for methods of installation. This complete 
system of engineered fittings-including unions, con- 
nectors, tees, elbows and crosses in O.D. tube sizes from 
%" to 2" and reducers down to %"-is ideal for any fluid 
system at pressures from vacuum to 3000 psi. Tempera- 
ture rating and fluid compatibility are limited only by the 
O-ring material employed. 

Vibration Resistance 
The unique construction of Mark V l l l  0-SEAL fittings as- 
sures maximum resistance to the effects of vibration, 
flexural stresses or pressure surges. Essentially, the Mark 
V l l l  system is a compact, lightweight version of the famed 
CPV 0-SEAL fittings which have been providing leakproof 
connections for more than 25 years-even in systems with 
severe vibration and other cyclic stresses. Like the 
0-SEAL SYSTEM, Mark Vll l 0-SEAL fittings employ a 
resilient O-ring that maintains its positive sealing regard- 
less of system pressure fluctuations or vibration. 

Uniquely Superior 
If you want to build a "dry machine" with inherent vibra- 
tion resistance and complete flexibility, put the unrivaled 
capabilities of Mark V l l l  0-SEAL fittings to work for you. 
They'll never let you down. 

Typical Mark VIll  Male Connector (H854) 

3 



I 

H859-24-24 1% 1%-12 2% % 2’3C6 -63 2% 
H859-32-32 2 2%-12 3% % 3% .63 3 

Tube Male 
O.D. Sir. Thd. 

Part No. A B C-Hex. D E F G-Hex. 

FEMALE CONNECTOR - H864 
Tube to Female Straight Thread 

The A dimension can be 
reduced to any line si=. 
See page 17 for details. 

\. >* I. ‘ 
la“ I $1 

h+t.G 

Tube Female 
.D. Str. Thd. 

H864-4-4 !4 ~ ~ - 2 0  % 1% % 
H864-4-6 

I H864-4-8 %-16 ’% 8 6  1% 

H 864 -8 -8 % %-16 %6 2 1 x 6  

H864-8- 10 % %-14 1% %6 2% 1% 

H864-8-12 % ix6-12 1% %6 2% 1% 

I H864-10.10 5/s %-14 1% % 2% 1% 
H864-10-12 5/s l % - l 2  1% % 2% 1% 

H864-12-12 % 1x6-12 1% % 2% 1% 

”) H864-16-16 1 1 ~ - 1 2  1% x 2% 1% 

H864-12-16 % 1366-12 1% 2%6 1% 

H864-20-20 1% 1%-12 2 %6 3 2 

H864-24-24 1% 1g-12 2% % 3x6 2% 

For ordering information, see page 4. 

The A dimension can be 
reduced toany line size. 
See page 17 tor details. 

851 Preston St. 
b 





FORMED BELL 

INSIDE 

(Inches) 
REFERENCE 

NUMBER 

STACKED BELLOWS [WELDED) 

OUTSIDE PITCH SPRING 1 DEFLECTION ’ MAXIMUM 
RATE PER P.S.I. INTERNAL 

(Inches) 
fP.S.1.) 

Shown is a two ply lap seam welded bellows made A cutaway illustration of a stacked bellows or one 
from 321 stainless steel ,003 wall thickness. Spring where discs are welded around the inner and outer 
rate is 40 IbsL per inch. The flange is heliarc welded to periphery of each convolution. Made of AM 350 single 
the open end. The cap is seam welded to the closed ply .002 wall thickness Spring rate 14 Ibs. per inch. 
end I All welding is heliarc. Flange and cap are 321 stainless. 

DIMENSIONS & CHA ACTERISTCS - FORMED STAINLESS STEEL BELLOWS 

15-61 

1 2 3 4 5 6 7 8 Q 

5/8 / 7/8 

1 , .  
300 SERIES STAINLESS ( I  PLY) LAP-WELDED, BUTT-WELDED OR SEAMLESS 

15-67 I 11/16 I 29/32 I .093 .023 .487 480 I .00101 1 250 
15-72 3/4 3 1/32 I .125 I .031 I .567 1,000 .00056 460 

1-1/8 I .125 ] .031 .785 810 .00097 400 
1-5/32 I .125 .031 I .a41 700 ,0012 37 5 
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PIR NO. U - 1254 -AGCE - 019 MISSILE AND SPACE.DIVISION 
PHILADELPHIA 

PROGRAM INFOdMATlON REQUEST / RELEASE 'USE "C" FOR CLASSIFIED AN0 "U" FOR UNCLASSIFIED 

:Rot TO 
i 

S.L. Neste D i s t  r i b u t  i on 
IATE SENT DATE INFO. REQUIRED PROJECT AND REO. NO. REFERENCE DIR. NO. 

4/6/81 
SUBJECT 

DIELECTRIC MATERIAL FOR THE AGCE BAFFLE 
INFORMATION R EQUE STE D/R E LEASED 

1.0 SUMMARY 

A potential source of h i g h  d ie lec t r ic  constant material fo r  the baffle i n  the 
AGCE assembly has been identified.  Trans-Tech, Inc. of Gaithersburg, MD can provide 
ceramic d ie lec t r ic  material w i t h  any value of d ie lec t r ic  constant between 14 and 140 
on request. They will also machine the material t o  customer specified configurations. 
The person to  contact fo r  information beyond tha t  provided below is  Russell G. West 
(301 ) 948-3800, Senior Staff  Engineer a t  Trans-Tech, Inc. 

2.0 BACKGROUND 

In the construction of the AGCE assembly, an equatorial baffle may be required 
i n  the lower hemispherical section of the convection cel l  t o  prevent f luid circulation 
in tha t  region (PIR 1254-AGCE-016). The dielectr-ic constant of the baffle material 
$hould match tha t  of the d ie lec t r ic  f lu id  t o  minimize dis tor t ion of the e l ec t r i c  f ie ld .  
For the GFFC assembly, teflon w i t h  a d ie lec t r ic  constant of 2.2 was used which con- 
veniently matched tha t  of the DC Silicone Oil ( i . e . ,  2.18). 
f luids  w i t h  d ie lec t r ic  constants of 40 o r  more may be used. 
review held a t  GE i n  early February, a question arose as t o  the ava i lab i l i ty  of material 
fo r  the baffle which had this large a d ie lec t r ic  constant. 
GE informally aqreed t o  investigate this potential prbblem and t o  identify sources of 
h i g h  d ie lec t r ic  constant material. 

In the case of the AGCE, 
During the AGCE Program 

As a result of that  concern 

3.0 RESULTS AND CONCLUSIONS 

Trans-Tech, Inc. a producer of ceramic d ie lec t r ics  was contacted and asked t o  
Data sheets 

Although the values of d i e l ec t r i c  constant given f o r  each compound were 

provide information on the ava i lab i l i ty  of h i g h  d ie lec t r ic  materials. 
g i v i n g  complete specifications fo r  several compounds were sent and are  given i n  the 
Appendix. 
measured a t  several GHz, the values a t  AGCE frequencies of ~ 3 0 0  Hz will not be appre- 
ciably different  (probably s l igh t ly  h igher ) .  

PAGE NO 1 RETENTION REQUIREMENTS 

G. Fogal 
R .  Homsey 
S. Neste 

MASTERS FOR COPIES FOR 

1 MO. 3 M O S .  In 
I I n 3 M O S .  I n 6 M O S .  

FORM 1020B REV (9-65) 
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Of particular interest  fo r  AGCE applications i s  the Magnesium Calcium 
T i  t an i te  (MCT) Series which are pure ceramic d ie lec t r ic  materials developed 
with the exacting requirements o f  the microwave industry i n  consideration. 
Any value of d ie lec t r ic  constant between 14 and 149 i s  available on request. 
A l i s t  of compositions representative of the MCT Series i s  given on the l a s t  
page of the AppendSx. 

Based on the information obtained t o  date, procurement o f  a d ie lec t r ic  
baffle material t o  match the d ie lec t r ic  constant,of the f l u i d  seems quite 
feasible. Additional information regarding chargcterist ics of  these materials 
and the i r  potential application t o  the AGCE can be obtained from Trans-Tech, Inc. 



APPEND1 X 

DIELECTRIC SPECIFICATION BULLETINS 



TRANSTECH rtL Brand Electronic Ceramic0 

TYPE D-4 
Cordierite 

DlELEGTRlC 
BULLETIN NO. 59-71 

CH CT 

Specific Gravity - g/cc ................................................. 2.30. 
Color .......................................................... White 
Thermal Conductivity - ca!lcm2/cm/sec.PC .................................... 0.007 
Hardness - Mohs’ Scale ................................................. 7 - 8 
Coefficient of Thermal Expansion - Per “C ..................................... 2 x 10-6 
Dielectric Strength - volts per mil ........................................... 40 - 230 
Dielectric Constant at: 10 GHz -E’  ..................... .................... 4.3 iO.3 
Dielectric Loss Tangent at: 10 GHz - E”/€’ .................................... .<O.O002 
Temperature Coef. of dielectric constantPC ..................................... +55 x 10-6 

04 is a single phase ceramic dielectric material developed and produced with the exacting requirements of the microwave 
industry in consideration. Every effort has been made t o  produce and keep the microwave losses to  a minimum. Very 
constant characteristics are 

D4 is intended to be used as a r.f. matching medium for ferrites and garnets when a dielectric constant of 4 is  needed, but 
this is not the limitation of use. Whenever a very low loss dielectric exhibiting a small coefficient of linear thermal expansion 
is required, D-4 is indicated. 

ured, both with frequency and temperature variations. 

5pecificationr subject to change without 
Unless otherwise indicated, all data is n 

’ !  

AUGUST 1,1972 



+kANSTECH ,,,,Brand Electronic Ceramics 

TYPE DS-6 
Forsterite-Hig h Purity 

DIELECTRIC 
BULLETIN NO. 60-67 

0 ........................... 
CHARtAcTERISTICS 
Water Absorption - % .................................................. 0.6 
Specific Gravity - g/cc ................................................ 2.89 
Color ........................................................... Cream 
Thermal Conductivity - cal./cm2/crn/secfC .................................... 0.009 
Hardness - Mohs' Scale ................................................ 7.5 
Tensile Strength - PSI ................................................. 9OOO 
Compressive Strength - PSI .............................................. 85,000 
Flexural Strength -PSI ................................................. 20,000 
Resistance t o  Impact - Inch-Pounds ......................................... 5.1 
Coefficient o f  Thermal Expansion - Per OC ..................................... 1 x 10-5 
Dielectric Strength - volts per mi l  ........................................... 200 

Dielectric Constant at: 10 GHz - E' ......................................... 6.5 + 0.3 
Dielectric Loss Tangent at: 10 GHz - E"/€* 

Temperature Coef. of dielectric constantPC ..................................... +lo7 x 10-6 
OS-6 i s  a single phase ceramic dielectric material developed and produced with the exacting requirements of  the microwave 
industry in consideration. Every effort has been made to produce and keep the microwave losses to a minimum. Very 
constant characteristics are assured, both wi th  frequency and temperature variations. 

DS-6 is intended t o  be used as a r.f matching medium for ferrites and garnets when a dielectric constant of  6 is needed, but 
this is not a limitation of use. Whenever a very low loss and stable dielkctric material is required, OS-6 i s  indicated. 

r Te-OC .......................................................... lo00 

' I ,  
.<0.0002 ................................... 

Specifications subject to change without notice. 
)ss otherwise indicated, 011 data is  nominal AUGUST 1,1972 

. * c x p r ~  -- .- L - c -.* .-F .(.I- -*.n - -, -Fr-PmTyr.*mS--- *1".-*.~*--p-wm-.- T "my.mpwA*'r- -"-rW-+wrr..- -or, - ' t - - ~ n . n + -  n- I . - -", "pv 3) . 
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TRANSTECH ,,Brand Electronic Ceramics 
DIELECTRIC 

BULLETIN NO. 61-67 

c 

Water Absorption - % . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .O.OQQ Impervious 
Specific Gravity - g/cc ............................................... 3.85 tQ 3.89 
Color . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Pink 
Thermal Conductivity - cal./cmz/cm/sec.PC . .................................. 0.045 

ardness - Mohs' Scale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9 
Tensile Strength - PSI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  30,000 
Compressive Strength - PSI . . ........................................... 375,000 
Flexural Strength - PSI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  60,000 
Resistance to Impact - Inch-Pounds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.5 
Coefficient of Thermal Expansion - Per OC .................................. 5 x 1 0 4  
Dielectric Strength - volts per mil . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Te-OC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1100 / i !  

Dielectric Constant at 10 GHz E' . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9.5M.3 
Dielectric Loss Tangent at: 10 GHz E"/E' . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Ij.G(ioiji 

300 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  Temperature Coef of dielectric constantPC 

A-9 is a single phase ceramic dielectric material developed and produced w i th  the exacting requirements of the microwawe 
industry in consideration. Every effort has been made to produce and keep the microwave losses to a minimum. Very 
constant characteristics are assured, both w i th  Frequency and temperature variations. 

+113x 10-6 

A-9 is intended to be used as a r .f matching medium for ferrites and garnets when a dielectric constant of 9 is needed, but 
this is not a l imitat ion of use, Whenever a very l ow  loss and stable dielectric material is required, DA-9 is indicated. 

( Specifications subject to change without nofice. 
Unless otherwise indicated, all data i o  nominol UGUST 1,1972 

12 MEEM AVENUE. GAITHERSBURG. MARYLANOI(3011S48-38W TWX 710 828 0549 
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TRANSTECH r,,, Brand Electronic Ceramics 

TYPE 0-13 
Magnesium-Titanate 

DIELECTRIC 
BULLETIN NO. 62-67 

Water Absorption - 96 ............................................... 
Specific Gravity - g/cc ................................................. 3.40 
Color ........................................................... Ivory 
Thermal Conductivity - cal./cm2/cm/sec.PC .................................... 0.01 
Hardness - Mohs' Scale ................................................. 7 
Coefficient of Thermal Expansion - Per OC ..................................... 8 x 10-6 

300 
Dielectric Constant at: 10 GHt -E' .................... ! .................... 13.0Lto.5 
Dielectric Loss Tangent at: 10 GHz E''/€' ...................................... < 0.b002 
Temperature h e f .  of dielectric constantPC ..................................... 

Dielectric Strength - volts per mi l  ........................................... 

+135 x 10-6 

L i 

0-13 is a single phase ceramic dielectric material developed and produced with the exacting requirements of the microwave 
industry in consideration. Every effort has been made to produce and keep the microwave losses to a minimum. Very 
constant characteristics are assured, both wi th  frequency and temperature variations. 

0-13 is intended to be used as a r.f. matching medium for ferrites and garnets when a dielectric constant of 13 is needed, but 
this is not a limitation of use. Whenever a very low loss and stable dielectric material is required, 013 is indicated. 

Spe -rations subject to change without notice. 

Unr $thembe indicated, all data i s  nominal AUGUST 1,1972 
wmfwmFI'"e49.RIp-wp- - IC -* - v - ? r r - . . -  --Ty"sY- .-- --=-F--P 
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YPE D-16 
e 
e .BULLETIN NO. 63-67 

'Water Absorption - % 
Specific Gravity - g/cc 3.60 
Color Ivory 

0.01 Thermal Conductivity - cal./cm2/cm/sec.PC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
7 

Coefficient o f  Thermal Expansion - Per OC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7-5 x 10-6 

300 
16.0 i0.5 

Dielectric Loss Tangent at 10 GHz - e"/€' . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  < 0.0002 . 
3 

Temperature Coef. of dielectric constantPC 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  O.OO0 Impervious 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Hardness - Mohs' Scale . . . .  ....................................... 

Dielectric Strength - volts per mi l  
Qielectric Constant at 10 GHz - E' . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

+ 9 8 x l t  a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

D-16 is  a single phase ceramic dielectric material developed and produced with the exacting requirements o f  the microwave 
industry in consideration. Every effort has been made to produce and keep the microwave losses t o  a minimum. Very 
constant characteristics are assured, both wi th frequency and temperature variations. 

0-16 is intended t o  be used as a r.f. matching medium for ferrites and garnets when a dielectric constant of 16 is needed, but 
this is not a limitation of use. Whenever a very low loss and stable dielectric material is  required, 0-16 i s  indicated. 

Spasiticotionr subject lo change without notice. 
Untau cdhamirs indicated, all data is nominal AUGUST' 1,1972 



/ANST EC H ,M 'B ra nd Electronic @ram icr 

TYPE 0 - 3 0  
Nickel-Aluminum-Titana t e 

DIELECTRIC 
BU.LLETlN NO. 64-70 

0 ........................... 
CHARACTERISTICS 

Water Absorption - % ................................................. 0.8 
Specific Gravity - g/cc ................................................. 3.9 - 4.0 
Color . . ......................................................... Green 
Dielectric Constant at 10 GHz - e' ........................................ 31 .0 25% 

Dielectric Loss Tangent at . 10 GHz - E"/E' ................................... < 0.0002 
Temperature Coef, of dielectric constant/"C . .................................. -387 x 10-6 

Coefficient of Thermal Expansion - Per "C ................................... 9 x 10-6 

4 

L- * 
% . ;  

I 

0-30 is a ceramic dielectric material developed and produced with the exacting requirements of the microwave industry in 
consideration. Every effort has been made to  produce and keep the microwave losses to  a minimum. Very constant character- 
istics are assured, both with frequency and temperature variations. 

0-30 is intended to  be used as a phaser toroid loading and a r.f. matching medium for ferrites and garnets when a dielectric 
constant of 30 is  needed, but this is not a limitation of use. Whenever an extremely low loss moderately high permittivity 
dielectric material is required, D-30 is indicated. 

Spacificatians subject to change withaut notice. 
as otherwise indicated, all data i s  nominal AUGUST 1,1972 
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TRANSTECH ,y Brand Electronic Ceramics 

TYPE D-100 
Titania 

E 
DIELECTRIC I BULLEflN NO. 6570 i 

$ 

WaterAbsorption-% ................................................. 0.1 
Specific Gravity - g/cc ................................................. 3.9 - 4.0 
Color . . ........................................................ Cream 
Thermal Conductivity - cal./cm2/cm/sec./% ................................... 0.01 
Hardness - Mohs' Scale ................................................ 6 
Coefficient of Thermal Expansion - Per "C ..................................... 7.5 x 10-6 
Dielectric Strength - volts per mil . . ..................................... 150 
Dielectric Constant at' 6 GHz - E' . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  96+5% 
Dielectric Loss Tangent at 6 GHz - E"/€' ..................................... Less than 0.001 

e- Temperature Coef of dielectric constantPC ................................... -575 x 10-6 '1 
1 u.' 

D-100 is a single phase ceramic dielectric material developed and produced wi th  the exacting requirements o f  the microwave 
industry in consideration. Every effort has been made t o  produce and keep the microwave losses to a minimum. Very 
constant characteristics are assured, both with frequency and temperature variations. 

0-100 is intended to be used as a r.f. matching medium for ferrites and garnets when a high dielectric constant is needed, but 
this is not a limitation of use. Whenever a low loss high dielectric material is required, 0-100 is indicated. 

a 

Spscificationr subject to change without notice. 
Unlesr otherwise indicated, all data i s  nominal AUGUST I ,  1972 
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JANS-TECH ,,Brand Elaaronic Caremiu 

TYPE 0-38 
Barium Tetra tit a n a te 

DIELECTRIC 
BULLETIN NO. 66-70 

Water Absorption - % . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0,30 
Specific Gravity - g/cc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.40 
Color . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  tan 

Hardness - Mohs' Scale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 
Coefficient of Thermal Expansion - Per "C 
Dielectric Constant at 6 GHz - E' . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  37.0 f5% 
Dielectric Loss Tangent at 6 GHz - E"/E' 

Temperature Coef o f  dielectric constant/°C . ........................... -25x 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9.4 x 10-6 

. . . . . . . . . . . . . . . .  , . . . . . . . . . . . . . .< 0.0005 

0-38 is a single phase ceramic dielectric material developed and produced with the exacting requirements of  the microwave 
industty in consideration. Every effort has been made to  produce and keep the microwave losses to  a minimum. Very 
condant characteristits are assbred, both with frequency and temperature variations. 

0-38 is  intended to be used as a phaser toroid loading and a r f. matching medium for ferrites and garnets when a dielectric 
constant o f  37 is needed, but this is not a limitation of use. Whenever a low loss moderately high permittivity dielectric 
material, exhibiting a small temperature coefficient o f  dielectric constant is required, 0-38 is indicated. 

A 
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TYPE D-15 
Mag n esiu m-Tita nate 

CHARACTERISTICS 

Water Absorption - % 
Specific Gravity - g/cc ............................................... 3.50 
Color . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Ivory 
Thermal Conductivity - cal./cm2/cm/sec./"C .................................. 0.009 
Hardness - Mohs' Scale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Coefficient of Thermal Expansion - Per OC ..................................... 
Dielectric Strength - volts per mil . . ....................................... 300 
Dielectric Constant at' 10 G H t  - E' , ...................................... 15.OH.5 

............................................... O.OO0 Impervious 

7 
7.5 x 10-6 

Dielectric Loss Tangsnt at 10 GHz - ,"/E' ................................. .< 0.0002 
< '  Temperature Coef. of dielectric constantPC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  +98 x 10- 
L 

D-15 is a single phase ceramic dielectric material developed and produced with the exacting requirements o f  the microwave 
industry in consideration Every effort has been made to  produce and keep the microwave losses to a minimum. Very 
constant characteristics are assured, both with frequency and temperature variations. 

0-15 is intended to be used as a r.f. matching medium for ferrites and garnets when a dielectric constant o f  15 is needed, but 
this is not a limitation of use. Whenever a very low loss and stable dielectric material is required, D-15 i s  indicated. 

Specifications subject to chonga without notice. 
Unleu otherwise indicated, all data i s  nominol 

i 
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TYPE s-71 
0 ~ ~ ~ 1 ~ ~ ~  PAGE IS 
OF POOR QUALIW SPINEL 

I 

D I EL ECTR 1 C 
0 
0 

0 
0 

0 BULLETIN NO. 91 - 76 ........................... 
Dielectric Constant a t  lOGHz - e '  .......................................... .8.0 * 5% 
Dielectric Loss Tangent a t  lOGHz - c * /  c ...................................... C0.0002 
Coefficient of Thermal Expansion - per OC ..................................... 7.1 x 1Cr6 ( ' I  
Specific Gravity - glcc .................................................. .3.53 

Water Absorption - % ..................................................... < 0.2% 
Temperature Coefficient of dielectric constant - per OC ............................. +lo0 x 10s 

Color . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . W h i t e  

( ' I  Range 25OC - 3OO0C., see reverse side for broader temperature range. 

( 5 7 1  i s  one of a series of pure ceramic dielectric materials 
devebped with the axxzc?ing requiremants of the micrct- 
wave industry in consideration. The temperature coefficient 
of linear thermal expansion has been adjusted within this 

series to match those of microwave ferrites and garnets. 
Whentiver 2~ extremely kw lo95 dielectric matsrisf of con- 
trollable thermal expansion is required, the spinel series 
is indicated. 

TYPJCAL THERMAL EXPANSION VALUES OF POLYGRYSTALLINE FERRITES AND GAR NETS'^) : 
Coefficient of expansion ( 0 ~ 1 )  

Composition Type 

YIG, YAlIG, YGdlG 

MgMn Ferrite, 
MgMnAl Ferrite 

Ni Ferrite, 
NiAl Ferrite 

20oc to 12ooc 2OoC to 72OOC 

8 . 0 ~  106 10 .5~  lC6 

8 . 2 ~  10-6 11.ox 10-6 

7.6 x la6 10.6 x la6 

(2)  F.G. Peters, IEEE Trans. on Mag. Vol. MAG-4, page 480, Sept. 1968 . 



CHARACTERISTICS 

Dielectric Constant at  lOGHz - e ........................................... .8.2 2 5% 
Dielectric Loss Tangent a t  lOGHz - e ' /  c ...................................... <O.0002 
Coefficient of Thermal Expansion - per OC 
Specific Gravity - g/cc 

Color ............................................................... White 
Water Absorption - % ..................................................... < 0.296 
Temperature Coefficient of dielectric constant - per OC ............................. +lo0 x 106 

..................................... 7.8 x la6 ( ' I  
.................................................. .3.52 

") Range 25OC - 300*C., see reverse side for broader temperature range. 

J 
/c 
L 578  i s  one of a series of pure ceramic dielectric materials 

deiiefoped with :ha exacting icqui:en;en:s of rhe c5xu 
wave industry in consideration. The temperature coefficient 
of linear thermal expansion has been adjusted within this 

series to match those of microwave ferrites and garnets. 
Whenear 30 extreme!y low loss dk!ec?rk mz?eria? of CQP- 

trollable thermal expansion is required, the spinel series 
is indicated. 

TYPICAL THERMAL EXPANSION VALUES OF POLYCRYSTALLINE FERRtTES AND GARNETS (21: 

Cumposition Type 

YIG, YAlIG, YGdiG 

MgMn Ferrite, 
MgMnAl Ferrite 

Ni Ferrite, 
NiAI Ferrite 

Coefficient of expansion 1 0 ~ 1 )  

20°C to 72OOC 
1 0 . 5 ~  l(r6 

2ooc to 120% 
8.0~ lo6 

8 . 2 ~  1W6 11.ox loa 

7.6 x 10-6 10.6x l o a  

(2 )  F.G. Peters, IEEE Trans. on Mag. Vol. MAG-4, page 480, Sept. 1968 

I 
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c. 

3 ' 7  . 

0 
0 

TYPE S-98 
SPINEL . 

0 ........................... 
CHARACTERISTICS 

Dielectric Constant a t  lOGHz - c ........................................... .8.8 5 5% 
Dielectric Loss Tangent a t  lOGHz - c"/c ...................................... <0.0002 
Coefficient of Thermal Expansion - per OC ..................................... 9.8 x 1Q6 ( ' I  
Specific Gravity - ~ c c  .................................................. .3.51 

Water Absorption - % ..................................................... < 0.2% 
Temperature Coefficient of dielectric constant - per°C ............................. +lo0 x l o 6  

Color . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W h i ~  

I '  ' Range 25OC. - 30O0C., 5ee reverse side for broader temperature range. 

S98 is  one of a series of pure ceramic dielectric materials 
developed with the exacting requirements of the zicre- 
Wave industry inconsideration. The temperature coefficient 
of linear thermal expansion has been adjusted within this 

series to match those of microwave fetrites and garnets. 
Y!'heheverff2n extremely low loss dielectric material of con- 
trollable thermal expansion i s  required, the spinel series 
is  indicated. 

J 

TYPICAL THERMAL EXPANSION VALUES OF POLYCRYSTALLINE FERRITES AND GAR NETS'^' : 
Coefficient of expansion ( 0 ~ 1 )  

Composition Type 

YIG, YAlIG, YGdlG 

MgMn Ferrite, 
MgMnAl Ferrite 

Ni Ferrite, 
NiAl Ferrite 

20% to 120% 20OC to 72OOC 

8.0 x 1Q6 1 0 . 5 ~  lQ6 

8.2 x lQ6 11.0 x 10-6 

7.6 x 10.6 10 .6~  lQ6 

F.G. Peters, IEEE Trans. on Mag. Vol. MAG-4, page 480, Sept. 1968 
a 
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DI ELECTRIC 
BULLETIN NO. 94-76 

Dielectric Constant a t  10 GHt - t ........................................... .9.0 5% 
Oielectric Loss  Tangent a t  10 GHt - E"/ ...................................... <0.0002 
Coefficient of Thermal Expansion - per OC ..................................... 11.0 x lo6 ( * 
Specific Gravity - g/cc .................................................. .3.49 

Water Absorption - % .................................................... .<Os% 
Temperature Coefficient of dielectric constant - per OC ............................. +lo0 x lo6 

Color . . . . . _ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . W h i t e  

"' Range 25OC - W C . ,  see reverse side for broader temperature range. 

,'a 
\ S110 is one of a series of pure ceramic dielectric materials 

developed with the exacting requirements of the micro- 
wave industry in consideration. The temperature coefficient 
of linear thermal expansion has been adjusted within this 

series to match those of microwave ferrites and garnets. 
Whenever an extremely low loss dielectric material of con- 
trollable thermal expansiorl is  required, the ;pinel =rii?s 
i s  indicated. 

TYPICAL THERMAL EXPANSION VALUES OF POLYCRYSTALLINE FERRITES AND GAR NETS'^) : 

Comrmsition Tvw 

YIG, YAIIG, YGdlG 

MgMn Fm-xe. 
MgMnAl Ferrite 

Ni, 
NAl Ferridc 

Coefficient of expansion (0~1) 

20% to 120oc 200C to 720% 

a o x  i(r6 1 0 . 5 ~  

8 . 2 ~  1C6 11.0 x 106 

7.6 x 1cT6 10.6 x 10-6 

'') F.G, Peters, IEEE Trans. on Mag. Vol. MAG-4, page 480, Sept. 1968 

AUGUST 1,1976 



TRANSTECH ,M Brand E(.cctronic Ceramics 

e 
e 

D li ELECTR IC 
BULLETIN NO. 75-71 thru 87-77 

Dielectric, Dielectric’ Density Water 

t‘ tan & (~%f  
Constant Loss Tangent ig/cm5) Absorption 

- 
75-71 
86-77 
07-77 
76-71 
77-71 
78-71 
79-71 
80-71 
81 -71 
82-71 

% 83-71 
84-71 
85-71 

2525% 
3025% 

k 5% 
2 5% 

55+5% 
70+5% 
85+5% 

100 2 5% 
11525% 

2 5% 
+ 10% 

<0.002 
<0.002 
<O.U32 
<om2 
(0.002 < 0.002 
(0.002 
<om2 
(0.002 
(0.002 
<0.002 
<n.m2 
(0.002 

3.47 
3.50 
3.54 
3.59 
3.62 
3.65 
3.63 
3.79 
3.75 
3.78 
3.80 
323 
3.85 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
9.1 
0.1 

?he MCT Ser’ks are ceramic dielectric materials developed with the exacting requirements of the microwave 
c constant between 14 and 140 is available on request. The above listed 
tative of the MCT Series and are available on a production basis. 

for use in microwave devices where moderate dielectric loss can be tolerated and the 
amic dielectric is beneficial. 

DIELECTRIC CONSTANT € ’ 
CoeffkiM of thermal axpnalon v8. dielectric Consunt 

for compoeitlonr In the MCT Sui.. 

JUNE 15, I977 
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PHILADELPHIA 

D i b t r i  bu t i on  

COST OF MATERIAL FOR THE AGCE BAFFLE 

INFORMATION REQUESTED/RELEASED 

The a v a i l a b i l i t y  o f  h igh  d i e l e c t r i c  constant ma te r ia l  f o r  the  AGCE b a f f l e  

was addressed i n  PIR No, 1254-AGCE-019. 

Inc. provides an est imate o f  cos t  and d e l i v e r y  t ime f o r  a r i n g  con f igu ra t i on  

(8  i n  OD x 6 i n  I D  x 1 i n  thichness) us ing ma te r ia l  having a d i e l e c t r i c  constant 

o f  20. Costs f o r  t h e  exact  con f igu ra t i on  and mater ia l  composition requ i red  by 

the  AGCE should n o t  d i f f e r  g r e a t l y  from these values. Although the  maximum 

thickness a v a i l a b l e  i n  l a r g e  diameters i s  approximately 1 inch, m u l t i p l e  pieces 

can be used t o  achieve any des i red  thickness. 

The at tached quo ta t i on  from Trans-Tech, 

; 
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GENERA ELECT8 I C  
SP VISION 
PHIUDELPHIA 

DR. S. L. NESTE 
I I .  

f 
DATE SENT DATE INFO. REOUIRED PROJECT AND REO. NO. REFERENCE DIR. NO. 

1-29-81 
h 

SUBJECT 

TASK 8 - REQUIREMENTS FOR OUTER SPHERE MATERIAL 

INFORMATION REQUESTEDfRELEASED 

The attached requirements f o r  the outer sphere a re  pkovided for use i n  determining 
the ava i lab i l i ty  of sui table material. 

TASK 8 - REQUIREMENTS FOR OUTER SPHERE MATERIAL 

1.0 SCOPE 

A survey of vendors will be performed to  determine the ava i lab i l i ty  of 
sui table  material for the outer sphere. 
as guidelines for  this e f for t .  

The requirements l i s t e d  below will be used 

2.0 GENERAL 
I 

The requirements for the outer sphere materia'l a r e  based on GFFC experience 
and the AGCE statement of work. 

3.0 REQUIREMENTS 

3.1 Size 

A nominal value of 12 cm will be assumed for  the inner diameter of the 
sphere. 
considerations and by the strength required for machining operations, 
diameters of 8 cm and 15 cm will also be considered to  bracket the nominal value. 

Thickness of the hemispherical shell will be determined by thermal 
Spherk 

3.2 Optical Axis 

Optical axis will be specified parallel to  the ax i s  of rotation t o  w i t h i n  
.I. 5' to minimize birefringent effects  ( refer  t o  Tasks 4 and 5). 

W .  Yager 

' u  - ' 1254 - ' AGCE; 09 
PIR NO. 

I DISTRIBUTION 



PIR NO. IJ-1254-AGCE 
Page Two 

3 .3  Surface Quality 

Fabrication to1 erances to be assumed are: 

Radii : f 0.1 mm for 60 mm diameter sphere 
0 

Surface Figure : 1 ring power, 1/2 ring irregularity over 25 mm a t  5899 A .  

Scratch and dig : 80/50 

AGCE Program Manager 



SPACE DIVISION 

1.,0 SUMMARY 

Crystal Systems, Inc. was identified as the only producer of large sapphire 

boules of the s ize  required fo r  the AGCE. 

hemispherical shells w i t h  up t o  4 cm inner radius can be provided w i t h  the optic 

axis and the centerline co-linear, while shells w i t h  inner radius of 7.5 cm can 

be made w i t h  the optic axis perpendicular t o  the centerline. 

boules may be available i n  the future,  and permit construction of larger shel ls  

w i t h  co-linear optic axis and centerline,  i t  i s  recommended that  the need fo r  co- 

l inear i ty  be assessed. Cost estimates for  the sapphire boules range from $6,000 

(4 cm inner radius) t o  $17,000 (7.5 cm inner radius). 

Presently, material t o  fabricate 

Although larger  

, 

Machining of the boules into hemispherical shells can be performed by e i the r  

Insaco, Inc. o r  Frank Cooke, Inc., although better surface quali ty is  guaranteed 

by Frank Cooke (+1 - fringe power and 1/2 fringe i r regular i ty  vs. - +5 fringe power 

and 2 fringe i r regular i ty) .  

(4  cm inner radius) are  $12,000 and $20,000 as  estimated by Insaco and Cooke, 

respectively. 

are  $20,000 and $30,000. 

requirements be performed and used as  the basis fo r  selection of the machinist. 

The  machining costs for  the smallest hemisphere 

For the largest  s ize  (7.5 cm inner radius) the respective costs 

I t  i s  recommended tha t  an assessment of surface quali ty 

-OF- 
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Delivery time for  the f i n i s h e d  hemispherioal shell will approach one year 

or  more, depending on the specified s ize  of the Ishell and the orientation of the 

optic axis. 

2.0 BACKGROUND 

The success of the AGCE experiment depends on being able t o  make flow 

velocity and temperature measurements i n  the relat ively small , confined volume 

of  f l u i d  between the two concentric spherical shells.  In the Geophysical Fluid 

Flow Cell (GFFC), which i s  conceptually similar to  the AGCE, the outer and inner 

radii  of the smaller and larger spheres were approximately 3.30 and 4.50 cm re- 

spectively. 

was confined. 

These dimensions provided a gap of 8bout 1.20 cm i n  which the f l u i d  

:r 
For AGCE applications i t  i s  desirable t o  increase the radii  of  the sphekes 

while keeping the gap constant. 

the e f fec t  of the radial variation of the e lec t ros ta t ic  gravity. 

vational and thermal requirements of the outer sphere will necessitate the use of 

a material such a s  sapphire, o r  spinel, the question a r i ses  a s  t o  whether o r  not 

such material i s  available i n  the dimensions required. 

for  the AGCE outer sphere, the limits on optical and surface quali ty and budgetary 

cost  estimates fo r  material and machining a re  provided i n  Section 3.0. 

T h i s  will f a c i l i t a t e  flow measurement and reduce 

Since the obser- 

The ava i lab i l i ty  of material 

3.0 TASK IMPLEMENTATION 

Letters were sent t o  Insaco, Inc. and Frank Cooke, Inc. who both specialize 

i n  machining of sapphire and are  familiar w i t h  potential sources of large sapphire 

boules. Copies o f  the l e t t e r s  and their responses a re  g i v e n  i n  Appendices A and B. 

T h i s  correspondence was also supplemented by telephone conversations w i t h  Mr. FranE 

Cooke and Mr. John Coleman (Insaco, Inc.). The s ize  and optical requirements 

I 
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specified t o  the vendors are  given i n  Figure 1. 

were intended t o  span the range of sizes desired fo r  the AGCE and to  provide a 

trend of cost versus size. The specified optical requirements were the same as  

those stated fo r  the GFFC outer hemispheres. Spinel was not considered as  a 

potential material for the AGCE since both Mr. Cboke and Mr. Coleman stated tha t  

i t  would not provide the optical quali ty of sapphire, nor was i t  available i n  

the large sizes required. 

The three hemisphere sizes 

The resul ts  obtained from Cooke and Insaco are  summarized i n  Table 1. Both 

stated tha t  the only known supplier of large sapphire boules is  Crystal Systems, 

Inc. (Appendix C ) .  Although this supplier has recently encountered d i f f i cu l t i e s  

in producing larger boules of "good" optical quality, both Cooke and Insaco feel 

that  i n  the future Crystal Systems may be able t o  produce the large sizes desired. 

The material costs i n  Table 1 a re  based on estimates obtained from Crystal Systems 

by Insaco, Inc. 

Table 1 

of the AGCE Outer Hemisphere 
Cost Estimates for  Material and Machining 

Hemi s p  hc 
Inner Radius 

4 cm 
6 cm 
7.5 cm 
5.35 cm 
6 cm 
6.6 cm 

'e Size 
Outer Rad i u s 

5 cm 
7 cm 
8.5 cm 
6.35 cm 
7 cm 
7.6 cm 

Cl 
Sapphi re Material 

Crystal Systems, Inc. 

$ 6,000 
$1 0,250 
$1 7,000 
$ 9,100 
$1 1,000 
$1 5,000 

it Quotes 
Mac~ 

Insaco, Inc. 

$1 2 , 000 

$20,000 
$13,750 

$1 3,900 
$1 5,000 
$19,000 

ning  
Frank Cooke, Inc. 

~~~~ 

$20,000 
$25 000 
$30,000 

- 
- 
- 
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Case 1. 
Case 2. 
Case 3. 

4.00 cm - + 0.01 cm 
6.00 cm - -E 0.01 cm 
7.50 cm I + 0.01 cm 

5.00 cm - + 0.01 cm 
7.00 cm - + 0.01 cm 
8.50 cm - + 0.01 cm 

REQUI REMENTS : 

1. 

2. 

3. 

4. 

5. 

Edges and bevels t o  be fine grind. 

Materials: synthetic sapphire, optical quality. No imperfections o r  
inclusions larger than .010 i n  diameter permitted. Crystal axis co- 
l inear w i t h  indicated centerline w i t h i n  5". 

Scratch and d i g  80-50. 
on optical surfaces. 

Surface3'of clear aperture shall be t e s t  p la te  f i t  w i t h i n  1 fringe power 
and 1/2 fringe irregularity over a one i n c h  diameter area us ing  a standard 
mercury source. 

There shal l  be no evidence of grayness o r  stain 

Clear aperture: I .D. and O.D. 

FGure 1. Hemisphere Size and Optical Requirements Used 
t o  Obtain Cost Estimates. 
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Based on the present capabi l i t i es  of Crystal Systems only the smallest s ize  

(Case #1) i n  Table 1 i s  re l iably expected to  be available w i t h  the ' I C t t  o r  

optical axis co-linear w i t h  the centerline. The other cases i n  Table 1 would 

have the C axis  perpendicular t o  the centerline.  

Nominal time required t o  produce these boules would be ~ ~ 2 4  weeks. 

future, material may be available t o  produce hemispheres up t o  7.6 cm outer radius 

i n  zero orientation ( C  axis parallel  t o  centerlihe),  b u t  the delivery time fo r  

these large boules would increase t o  as much as 48 weeks. The machining time, 

which i s  f a i r l y  independent of s ize  varies from 42-15  weeks (Insaco, Inc.) t o  

~ ~ 2 6  weeks (Frank Cooke, Inc.). 

In the 

Thus ,  the to ta l  Procurement time for the AGCE 

outer hemisphere may approach o r  exceed a year. 

fabrication, both machinists will absorb the cost of labor, b u t  the customer 

assumes the cost  of replacing the material. 

I f  the boule is  broken dur ing  

Mr. Cooke indicated t h a t  his machining costs could be reduced by ~~$5,000 i f  

the "hemisphere" was made i n  two parts,  a t rue  hemisphere and an "attachment 

r ing" ,  which could then be bonded together. 

was worthwhile t o  avoid the bonding requirement qnd any problems which could 

resul t. 

However, he felt  the additional cost 

Both Mr. Cooke and Mr. Coleman (Insaco) pointed out that  the changing crystal  

orientation and associated variation i n  material hardness around the circumference 

of the hemisphere make i t  diff icul t  t o  achieve uniform surface quali ty over the 

en t i r e  hemisphere. 

specification of - +5 fringes power and 2 fringe i r regular i ty ,  b u t  s ta ted tha t  the 

surface qual i ty  would vary i n  a predictable manner and selected areas would have 

much better surface quality. Mr. Cooke, stated tha t  although i t  would be 

d i f f i c u l t ,  he could meet the specifications of 1 fringe power and 1/2 fringe 

Mr. Coleman, therefore, would only agree t o  a surface quali ty 

1 
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i r regular i ty  as given i n  the letter request fo r  quote. 

4.0 CONCLUSIONS AND RECOMMENDATIONS 

Presently, the only source fo r  the large sapphire boules required for  the 

AGCE i s  Crystal Systems, Inc. of Salem, MA, (617)745-0088. T h i s  was confirmed 

by both firms which were contacted t o  provide quotes for  machining of the hemis- 

phere. 

co-linear cannot be firmly established a t  this  time. 

frinrlent 

t o  the centerline can be compensated by data processing, then obtaining the large 

hemispheres required i s  feasible. I t  is, therefore, recommended tha t  the impact 

of this orientation be assessed t o  establish i f  co-linear optic axis and center- 

line are  necessary. 

The ultimate s ize  available w i t h  the centerline and "C" o r  optic axis  

However, i f  the bire- 

effects  associated w i t h  material i n  which the C axis is  perpendicular 

1 

Fabrication of the sapphire hemisphere can be perfomed by e i the r  Insaco, 

Inc. of Quakertown, PA, (215)536-3500 or  Frabk Cbokd, Inc. of North Brookfield, 

MA, (617)867-2892. 

less, f inal  selection should be based on an evaluation of the surface quali ty 

requirements. I f  the optimum optical surface is required, then  Frank Cooke, Inc. 

should be selected. 

optical elements and was recommended by John Coleman of Insaco. 

A1 though machining costs submitted by Insaco are considerably 

Mr. Cooke has a very good reputation for  producing quality 

Delivery time for the finished hemispherical shell can be as  long as a year, 

o r  more. 

size requirements of the hemisphere so tha t  i t s  procurement can be in i t ia ted  

early i n  any instrument development program. 

Thus,  h i g h  pr ior i ty  should be given t o  establishing the optical and 
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CORRESPONDENCE WITH INSACO,  I N C .  



GENERAL ELECTRIC COMPANY VALLEY FORGE SPAdE CdNTER 
KING OF PRUSSlAPARK,P.O. BOX8661,PHILADELPHIA, PENNA. 19101. .TEL (215) 962-2000 

18 February 1981 

Mr. John Coleman 
Insaco, Inc. 
P.O. Box 422 
Quakertown, PA 18951 

Dear Mr. Coleman: 

As per our telephone conversation of 18 February 1981, I am requesting 
a budgetary estimate of the costs associated w i t h  material procurement and 
machining o f  a sapphire "hemispherical I' shell  meeting the nominal shape, 
dimensional and optical requirements specifi6d on the attached sketch. In 
addition, i t  would be most helpful to  us if  you could provide an indication 
of the cost impact o f  the following: 

assess increases and 
decreases re1 at ive t o  
nominal Val ues 1 

1 )  radi i  tolerance 

2 )  scratch and d i g  tolerance 

3)  surface i r regular i ty  

4)  shell thickness 

5) producing a hemispherical shell w i t h  
crystal  axis perpendicular t o  center1 ine. 

I f  a risk factor  associated w i t h  unacceptable boule, o r  accidental 
breakage dur ing  machining is  included, please specify. 
contact me for additional information o r  c la r i f ica t ion  i f  required. 

Do not hesi ta te  t o  

Sincerely, 

Sherman L. Neste 
Senior Scientist 
(21 5) 962-21 53 

SLNIjan 
Encl . 
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Case 1. 
Case 2. 
Case 3. 

4.00 cm - f 0.01 cm 
6.00 cm - + 0.01 cm 
7.50 cm - + 0.01 cm 

5.00 cm - + 0.01 cm 
7.00 cm - + 0.01 cm 
8.50 crn I + 0.01 cm 

REQUI REMENTS : 

1. 

2. 

3. 

4. 

5. 

Edges and bevels t o  be fine gr ind .  

Materials: synthetic sapphire, optical  quality. No imperfections or 
inclusions larger than ,010 i n  diameter permitted. 
l inear  w i t h  indicated centerline w i t h i n  5 O .  

Crystal axis co- 

Scratch and dig 80-50. 
on optical surfaces 

There shall be no evidence o f  grayness or  stain 

Surfaces of clear aperture shall be test plate  f i t  w i t h i n  1 fringe power 
and 1/2 fringe irregularity over a one inch diameter area using a standard 
mercury source. 

Clear aperture: I.D. and O.D. ! 

I 



P R I C E  Q U O T A T I O N  

Terms: Net 30 days - 

) 
P 0. 6 0 x  46O/Quakertown Pa. 18951 / Phone: 536-3500 (Area Code 215) 

F.O.B. Point: Quakertown. Pa. 

TWX Number: 510-661-5943 

To 
Date March 16, 1981 

Mr. Sherman L. Neste 
General Electric Co 
Valley Forge Space Center 
P. 0. Box 8555 

RFQ# Letter dated 2/18/81 

Philadelphia, Pa 19101 
QUOTE# 32688 

We are pleased to quote on the following, subject to the terms herein: 

QUANTITY 

1 ea 

1 ea 

1 ea 

1 ea 

1 ea 

1 ea 

DESCRIPTION UNIT PRICE 

Sapphire "Hemispherical" Shell 4 cm I . R .  x 5 cm O.R. - #1  (1.575" I . R .  x 1.9685'' O.R.) 

Sapphire "Hemispherical" Shell 6 cm I . R .  x 7 cm O.R. - #2 (2.362'' I . R .  x 2.756'' O.R.) 

Sapphire "Hemispherical" Shell 7.5 cm l i R .  x 8.5 cm O.R. 
- #3 (2.953" I . R .  x 3.346'' O . R . )  

Sapphire "Hemispherical" Shell 5.35 cm 1.R. x 6.35 cm 0 - R .  
#4 (2.106" I . R .  x 2.50" O.R.) 

Sapphire "Hemispherical" Shell 6 cm I . R .  x 7.00 cm O.R. 
- #5 
Sapphire "Hemipsherical" Shell 6.6 cm I . R .  x 7.60 cm O.R. - #6 (2.6'' I.R. x 2.992'' O.R.) 

(2.35" I . R .  x 2.756'' O.R.) 

Notes : 
1. Quote is Budgetary and will be firmed upon agreement of all 

requi rements. 

$18,000.00 ea 

$24,000.00 ea 
s 

$37,000.00 ea 

$23,000.00 ea 

$26,000.00 ea 

WE THANK YOU FOR YOUR INQUIRY, MAY WE HAVE THE PLEASURE OF SERVING YOU? 

Form: PQ-1 
Original A 

Title 

L 



P R I C E  Q U O T A T I O N  
I 

0 9  INSAC 
1. I 1 4  INCORPORATED 

P 0 Box 460/Quakertown Pa 18951 / Phone, 536-3500 (Area Code 215) 
TWX Number: 510-661-5943 

To 
Date March 16, 1981 

Sherman L. Neste 
General E l e c t r i c  Co 
Philadelphia, Pa 19101 RFQ # 

QUOTE# 32688 

We are pleased to quote on the following, subject to the terms herein: 1 

QUANTITY 

2. Mater ia l  w i l l  average q u a l i t y  which w i l l  have some l i g h t  
sca t te r  when viewed under po lar ized l i g h t .  Mater ia l  will be 
s ta te  o f  the a r t  
Only f o r  &e #I w i l l  mater ia l  be ava i l ab le  w i th  the "C" o r  
o p t i c  ax i s  co- l inear  w i t h  center l ine.  

q u a l i t y  and i s  avai1,able from only one source 

3. Quote is based on customer assuming cost o f  mater ia l  i v p a r t  
i s  broken dur ing fabr icat ion.  lnsaco w i l l  absorb cost o f  labor 
i f  loss occurs dur ing fabr icat ion.  

4. Del ivery  w i l l  be approx. 12 weeks AROM, mater ia l  w i l l  requi re  
approx 24 weeks from date o f  order. Therefore f i n a l  d e l i v e r y  
i s  expected t o  be 36 weeks ARO. 

Your Note #4 w i t h  respect 1 f r i n g e  power and 1/2 f r i n g e  
i r r e g u l a r i t y  w i l l  be held t o  .k 5 f r inges power (using norminal 
s i z e  t e s t  glass) and 2 f r i n g e  i r r e g u l a r i t y .  

Mater ia l  may be ava i l ab le  f o r  up t o  3.00" outside radius i n  
zero o r i e n t a t i o n  (C ax i s  p a r a l l e l  t o  o p t i c  ax i s  o f  lense). 
however d e l i v e r y  may be as long as 48 weeks f o r  mater ia l  p lus 

5. 

6 .  

The prices and terms on this auotation are not subject to verbal changes or other agreements unless approved in writing by the Home Ofece of the 
Seller. All auotationa and agreementa are contingent upon strikes. accidents. fir-, availability of materials and all other causa beyond our control. 
Prices are based on coats and conditions existing on data of quotation and are subject to change by the Seller before fins1 acceptance. 

Typographical and stenographic errors subject to correction. Purchaser agreea to accept either overage or shortage not in excess of tm percent to be 
charged for Pro-rata. Purchaser assumes liability for patent and copyright infringement when goods are made to Purchaser's specifications. When Quota- 
tion specifies material to be furnished by the purchaser, ample allowance must be made for reasonable spoilage and material must be of suftable quality 
to facilitate efecient production. 

Conditions not specifically atated herein shall be governed by established trade customs. Terms inconsistent with those statad herein which MY amear 
on Purchaser's formal order will not be binding on the Seller. 

WE THANK YOU FOR YOUR INQUIRY, MAY WE HAVE THE PLEASURE OF SERVING YOU? 

Form: PQ-1 
Original 

. 
I r  



APPENDIX B 

CORRESPONDENCE WITH FRANK COOKE INC.  



G 
SPACE D I V I S I O N  

GENERAL ELECTRIC COMPANY VALLEY FORGE SPACE CENTER 

KING OF PRUSSIA PARK, P.O. BOX 8661,PHILADELPHIA. PENNA. 19101. .TEL (215) 962-2000 

25 March 1981 

Frank Cooke, Inc. 
59 Summer Street  
North Brookfield, MA 01535 

Dear Mr. Cooke: 

As per our telephone conversation of 25 March 1981, I am requesting a 
budgetary estimate of the costs associated w i t h  material procurement and 
machining of  a sapphire "hemispherical I' shell meeting the nominal shape, 
dimensional and optical requirements specified on the attached sketch. In 
addition, i t  would be most h e l p f u l  t o  us i f  you could provide an indication 
of the cost  impact of the following: 

1 )  r a d i i  tolerance 

2 )  scratch and d i g  tolerance 

3) surface i r regular i ty  

4) shell thickness 

assess increases and 
decreases re la t ive  t o  
nominal values 

5) producing a hemispherical shell w i t h  
crystal  axis perpendicular t o  centerline.  

I f  a risk factor  associated w i t h  unacceptable boule, o r  accidental breakage 
d u r i n g  machining is  included, please specify. 

In addition, i f  you feel  there is a "reasonable" potential fo r  producing larger  
hemispheres b u i l t  up from segments, we would also be interested i n  your concepts 
and an ROM cost estimate fo r  that .  Do not hesi ta te  t o  contact me fo r  additional 
information o r  c la r i f ica t ion  i f  required. 

S i  ncerel y , 

/LjL&az&- 
Sherman L. Neste 
Senior 5c ien t i s t  
(21 5) 962-21 53 

SLN/jan 

Enclosure 
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Case 1. 4.00 cm + 0.01 cm 
Case 2. 6.00 cm - + 0.01 cm 

5.00 cm - + 0.01 cm 
7.00 dm - -I- 0.01 cm 
8.50 cm t 0.01 cm 

- 

Case 3. 7.50 cm - t 0.01 cm - 

REQUI REMENTS : 

1. Edges and bevels t o  be f ine  g r i n d .  

2. Materials: synthetic sapphire, optical quality. No imperfections or 
inclusions larger  than ,010 i n  diameter permitted. 
l i nea r  w i t h  indicated center l ine w i t h i n  5'. 

Crystal axis co- 

3. Scratch and d i g  80-50. 
on optical  surfaces. 

There shal l  be no evidence o f  grayness or s t a in  

4. Surfaces of c lear  aperture shal l  be tes t  plate  f i t  w i t h i n  1 fringe power 
and l / 2  fringe i r regular i ty  aver a one inch diameter area u s i n g  a standard 
mercury source. 

5. Clear aperture: I.D. and O.D. 



FRA COOKE, 
59 Summer Street 

North Brookfield, Massachusetts 01 535 

Optics for the Infrared 
Special Optical Elements 
Optical Machinery 

61 7-867-2892 
617-867-9210 

A p r i l  7, 1981 

Genera I E l  e c t r  i c-Company 
Val  ley Forge Space Center 
P.O. Box 8555 
Phi ladlephia, Pa. 19101 

A t t :  Sherman L. Neste -Senior S c i e n t i s t  

Dear Mr .  Neste: Re: Le t te r  o f  25 March 1981 

We are w i l l i n g  and able t o  make t h i s  sapphire dome covered by your 

above subject  l e t t e r .  

While not  poor we do not  have s u f f i c i e n t  cbp i ta l  t o  cover the  cost 

of t h i s  sapphire boule. 

By using a design s i m i l a r  t o  a modern geodesic dome almost any Sapphire 

Dome can be made. The problem of est imat ing the  cost  o f  t h i s  cons t ruc t ion  

i s  bqyond us bu t  we know it can be done. 

I t  would g rea t l y  f a c i l i t a t e  i f  the  dome stopped a t  the  equator instead 

o f  a hyper-hemisphere. Can- th is  be done? 

An ea r l y  rep l y  would be appreciated. 

FC/ s 

Sincerely, 
I’ 

/;’,r/ f ’ - i ,  G i 
Frank Cooke (L’/ 



SPACE D I V I S I O N  

GENERAL ELECTRIC COMPANY VALLEY FORGE SPACE 'CENTER 
(MAIL P 0 BOX 8555, PHILADELPHIA, PENNSYLVANIA 19101), Phone (215) 962-2000 

10 A p r i l  1981 

Frank Cooke, Inc .  
59 Summer S t r e e t  
North Brook f ie ld ,  MA 01535 

Dear M r .  Cooke: 

Re: L e t t e r  o f  7 A p r i l  1981 

We have considered your comments regard ing  te rm ina t ion  o f  t h e  sapphire dome 
a t  t h e  equator as opposed t o  extending i t  as i nd i ca ted  i n  t h e  sketch. The 
p o r t i o n  o f  t h e  dome below t h e  equator i s  requ i red  t o  p rov ide  an attachment 
sur face f o r  mat ing t h e  dome t o  t h e  main experiment, apparatus, b u t  i t  need 
no t  be o p t i c a l  q u a l i t y  ma te r ia l .  
i n  two pieces: 
s i m i l a r  t o  t h a t  p o r t i o n  o f  t h e  dome extending below the  equator. However, 
i t  must be poss ib le  t o  achieve a leak f r e e  bond between t h e  two pieces and 
main ta in  thermal c o n t i n u i t y  across the  boundary. 
t o  use a ma te r ia l  o the r  than sapphire f o r  t h e  attachment r i n g  i f  t h a t  i s  
s impler  from a machining s tandpoint  and i f  the  above cond i t ions  can be met. 

We would apprec iate a cos t  est imate f o r  both approaches as w e l l  as your 
assessment o f  t he  problems invo lved i n  ma te r ia l  procurement and machining, 
and t h e  q u a l i t y  o f  t h e  end product, i n  each case. Please c a l l  me i f  addi- 
t i o n a l  in fo rmat ion  i s  requi red.  

The p o s s i b i l i t y  e x i s t s  f o r  making the  dome 
(1)  a hemisphere and ( 2 )  an "attachment r i n g "  o f  a shape 

It may a l so  be poss ib le  

Sincere ly ,  

Sherman L. Neste 
Env i ronmen t a1 P hys i c i s t 
Room M9521, 215-962-2153 

SLN/grv 



FRANK COOK I N C .  
59 Summer Street 

North Brookfield, Massachusetts 01 535 

Optics for the Infrared 
Special Optical Elements 
Optical Machinery 

61 7-867-2892 
617-867-9210 

Apr i l  17, 1981 

General E l e c t r i c  Company 
P.O. Box 8555 
Phi ladelphia,  Pa. 19101 

A t t :  Sherman L. Neste - Environmental Phys i c i s t  

Dear M r .  Neste: Re: L e t t e r  o f  10 A P R I L  

I n  r e p l y  t o  your above sub jec t  l e t t e r  concerning sapphire 

domes, i f  t h e  dome i s  being used i n  a h igh  temperature environment 

what cement should we use f o r  t h e  attachment r i n g ?  3 

I f  G. E. would f u r n i s h  t h e  mater ia l  we would be w i l l i n g  t o  make 

a dome o f  Case I f o r  approximately ................... $ l5 ,00~ .00 .  

We note a f l a t  a t  t h e  apex o f  t h e  convex side. Is t h i s  

i n t e n t  i ona I ? 

The above p r i c e  i s  less coat ing.  

FC/ s 
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SlCAL 
Chemical formula 
Crystal structure 
Unit cell dimension 
Density 
Hardness 

Melting point 
Boiling point 

Hexagonal system (Rhombohedral) 
a = 4 758A, c =12 991A 
3.98 gm/cm3 
9 mohs 
1525-2000 Knoop 
204OOC 
298OOC 

NI 
Tensile strength 

at 25OC 
at 5OOOC 
at 1 OOO°C 

Bulk modulus 
Young's modulus ( 60' to c) 
Modulus of rigidity 
Modulus of rupture 
Poisson's ratio 

60,000 psi (design criterion) 
40,000 psi (design criterion) 
50,000 psi (design criterion) 
35x lo8 
50 x 1 OB psi 
21 5x108psi 
65,000 - 100,000 psi 
0.25 

L 
Thermal conductivity (60° to c)at 25OC 0.065 cal/cm-sec-°C 
Thermal expansion coefficient 8.40 x 10'' per OC 

Specific heat at 25OC 0.10 cal/gm 
Heat capacity at 25'6 18 6 cal/°C-mole 

(60' to C) 25' - 8OOOC 

Volume resistivity 
Dielectric strength 
Dielectric constant (E L c) 

Dissipation factor, tan 6 
E II c) 

1 014 ohm-cm 
48,000 volt/cm 
9.4 
11 5 
I 0-4 

Transmission is dependent on the reflection and absorption losses 
as shown: 

Reflection at one surface r = (n-1)2 , n refractive index (Table I)  
(n t 1 r  

mission through two surfaces without absorption 

For wavelengths and thickness x where absorption occurs 

WAVELENGTH 
(Microns) 

0.26520 
0.28035 
0.29673 
0.3130 
0.34662 
0.36501 5 
0.404656 
0.546071 
0.579066 
0.64385 
0.706519 
0.89440 
1.01398 
1,12866 
1.6932 
2.24929 
3.3026 
4.2553 
5.577 

~ e ~ r ~ c t i ~ e  Index, 

1 .a3360 
1 .a2427 
1.81 595 
1 .a0906 
1.79815 
1.79358 
1.78582 
1.77078 
1.76871 
1 76547 
1.76303 
1 75796 
1.75547 
1.75339 
1.74368 
1.73232 
1.70231 
1.65371 
1.58642 

TABLE 1 Index of Refraction n for 
avelength. Index of Extra- 

ordinary ray approximately 0.008 less 
than for ordinary ray 

I 1 1 1 1 1 I 

O M 1  

2 3  4 5 5  

WAVELENGTH (p) 

Figure 1 Absorption Coefficient 01 for 
Sapphire in the Infrared as a Function of 
Temperature. I 



needs. 

Sapphire's size availability with zero light 
scatter, coupled with its broad optical 
transmission band, high strength, hard- 
ness, and chemical stability even at high 
temperature, makes it an exceptional 
optical material. 

0.i5 1:O 2.0 310 4: 5:O 6'0 7.0 

It is a choice window material for high 
temperature and severe environments. 
A high melt point, good thermal conducti- 
vity and low expansion permit high 
temperature use and rapid temperature 
change. In addition, it is nearly insoluble 
in water and common acids, and has 
excellent rain erosion resistance Typical 
applications are IF!, visible, UV, high 
pressure and high temperature windows, 
optical lenses, prisms, filters, and beam- 
splitters. 

Sapphire is also an ideal material for This extremely hard material, third only to 
electronic substrates, having zero poros- diamond, can be polished to a pore- and 
ity, high dielectric strength and low loss. scratch-free surface for low friction wear 
Applications are SOS, MIC, and hybrid surfaces. Typical applications are jewel 
substrates. and precision bearings, nozzles and wear 

flats. 

Sapphire components custom fabricated 



Crystal Systems uses Its patented Heat 
Exchanger Method (HEM) to 
large crystals. By this unique motion- 
less crystal growth process, temperature 
fluctuations are minimized promoting 
highly uniform growth and high crystal- 
line perfection. 

Scatter-free crystals result from the unique ability to grow in a vacuum environment. 
In situ growth permits post-solidification anneal and controlled cool-down of very 
large crystals. 

‘%cause of HEM’S simplicity, higher quality crystals can now be grown to 
lger size at reduced cost. 

SHETLAND INDUSTRIAL PARK‘ 
35 C O N G R E S S  STREET, SALEM, M A  01970 

(61 7) 745-0088 



3.2 OPTICS FOR DATA RETRIEVAL 

Task 4 and 5: 

F ina l  Report: Task 4 and 5, AGCE F e a s i b i l i t y  Study 

E f f e c t  o f  Thermal Gradient i n  the Sapphire Shel l  

Effects o f  Birefr ingence i n  the Sapphire Shel l  

Futher Note on Sapphire Birefr ingence 

F l y ing  Spot Scanner Design Requirements 

PIR NO. 

-007 

-01 1 

-024 

-027 

-033 
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S PAC E b l  VI SI ON 
PHILADELPHIA 

U - 1254 - AGCE - 07 PIR NO. 

P 

TASK 4 and 5 :  FLYIKG SPCIT SCANN?R DESIGN REQJIREMEIiTS 
1 

INFORMATION REQUESTED/RELEASED 

See attached texto  

S. Neste 
W .  Yager 

FORM 10208 REV (g;?O) 

REQUIREMENTS 

M O S .  

O O N O T  D E S T R O Y  



TASK 4 AND 5 

ORlGINAL PAGE IS 
OF POOR QUALITY 

1.0 SCOPE - 
Thio document sets f o r t h  some preliminary specif icat ions 

for the op t i ca l  and electro-optical  design of the flying-spot 

scanner (BSS) subsystem of the ACCEo These are tentat ive,  and 

are intended only forc guidance i n  preliminary design and . 
f e a s i b i l i t y  assesantent. 

200 GENERAL 

Tke FSS io intended to scan the sumface of the AGCE test 

call, de tec t  the presence of d r i f t i n g  tparker dots, and measure 

the two non-radial components of thermal grisdient i n  the 

i n t e r s t i t i a l  fluid. 

s ignal  that, i n  combination with a test cell longitude encoder, 

locater the scanner spot on the surface of the test cell. 

FSS is intended to  de l iver  marker, gradient, and l a t i t ude  signale 

1 

The FSS also supplies a latitude encoder 
# 

The 

t o  a signal processor f o r  subsequent conditioning (which mery 

include d ig i t iza t ion)  and e lec t ronic  recording. 

1 



~ ~ ~ G ~ ~ A ~  PAGE 1s 
OF p o O R  

3.0 PERFORWCE SPECIFICATION 

3.1 Tes t  C e l l  Fabrication 

The geometry of the rotat ing tes t  C e l l  t h a t  must be 

scanned is  assumed to  be as shown i n  Figure L. Fabrication 

tolerances to be assumed are: 

r a d i i  L +/- 0.1 I M ~  .-- 
surface figure : 

scratch and d ig  8 80/50 

1 ring p o e r ,  4 ring i r regular i ty ,  over 
25 mm diameter at 5893A 

The o u t e r  shell of the test cell  shown i n  Figure L w i l l  be 

fabricated from synthetic sapphire. The opt ical  a x i s  w i l l  be 

assumed para l le l  to the ax i s  of rotat ion within 5O. Optical 

properties to be assumed fo r  sapphire are those tabulated i n  

the - 0% Handbook pf Optics. 

Ther inner sphere will be assumed t o  speeularly reflective 

and to exhibit  the r e f l ec t iv i ty  of aluminum (85%). 

The i n t e r s t i t i a l  f l u id  w i l l  be assumed to exhibit  a 

re f rac t ive  index of % 1,4711, 

The inner surface of the sapphire she l l  w i l l  be assumed 

to be coated with a transparent conductive coating. 

3.2 T e s t  C e l l  Rotation 

The maximum rate of test cell rotat ion w i l l  be assumed t o  

be 3,O radians/sec. The minimum rate will be assumed to 

0,25 radiandseco 

2 
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3.3 Scan Pat tern 

The FSS will be assumed to scan i n  meridional arcs from 

la t i t ude  82O to l a t i t ude  6O, covering most of a f u l l  herisZhere 

i n  one revolution, The scanner itself w i l l  provide only motion 

along the meridian. Motion transverse t o  the meridian w i l l  be 

provided by ro ta t ion  of the test cell. It is assumed the scan 

rate w i l l  be adjusted to the ro ta t ion  rate so as to provide a 

geometrical pa t te rn  of scan that is ipdependent of the cell 

ro ta t ion  rate. 

3.4 Scanner Spot Size 

The scanner w i l l  be designed t o  produce a spot of l i g h t  

on the i n n e r  r e f l ec t ive  sphere a nominal 1 mm i n  diameter. 

3.5 Scanner O p t i c a l  Design 

The scanner opt ics  w i l l  be designed f o r  a spectrum centered 

on the sodium D l ine ,  58938, 

w i l l  be glass, d l e c t e d  from among the preferred g lass  types of 

Insofar as possible, a l l  materials 

the Schott catalog. Constructional tolerances for the scanner 

op t i c s  w i l l  be ident ica l  t o  those for the test cell (301, above), 

3,6 Dynamic Range 

The FSS w i l l  be poten t ia l ly  able  t o  measure index gradients 

i n  the i n t e r s t i t i a l  f l u i d  from OoOO05 cm”’ to 0.00005 mol‘ 

Assuming a n  index thermal  coef f ic ien t  of O.OOOS/%, t h i s  w i l l  

represent a thermal gradient of from lo/cm to O.lo/cm. 

3.7 Gradient Sens i t iv i ty  

The design goal w i l l  be a noise-equivalent gradient of 

..- 

I: 

10% of the lower l i m i t  of the dynamic range, a b v e o  

4 
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3.8 Spot Detection S e n s i t i v i t y  

It w i l l  Le a deoign goal that the scanner be able  to detect 

the prCeence of 8 photochromic marker dot whose opacity is sufficient 

to reduce trancomittad l i g h t  to  80% of i ts  value i n  the absence of 

the dote 

4.0 IN'kRFACE REqUIREMENTS 

4.1 Mechanical Interface 

The minimum clearance between the ro ta t ing  sphere and 

4.2 Powdr Interface 

The power requirements of the FSS, including l i gh t  source, 

detectorlpreamplifier, motor and encoder, must be compatible 

with the AGCE power supply. 

4.3 Signal Interface 

The gradient dhgector s ignal  w i l l  be ao  analog voltage, 

l inear ly  proportional t o  gradient. 

w i l l  be a pulse. 

The marker dot  detector signal 

The l a t i tude  encoder signal w i l l  be dig i ta l .  

A l l  s ignal leve ls  w i l l  be compatible with AGCE control and 

data  handling electronicso 

Approved by: 
AGCE Program Manager 
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This study ha8 ahown t n a t  the measurement 

rsquirernenis of  t h e  sGCE can be mot by a r e l a t i v e l y  

simple instrument of t h e  f lying-spot  scanner type, 

H prel iminary design-by no means optimized-has been 

shovJn Capable of surveying me hemisphere of the 

r o t a t i n g  t e s t  c e l l  a t  1' resd ludion  over a 69' span 

of l a t i t a d e ,  Th i s  scanner can o b s e r v e  and aeasure 

the  %do non-radial corngon2nts of  t n 3 r m a l  grad ien t  

i n  ~ ' n a  tzst f lul id  -.?itn C , O ~ O C / C T E  r e j o l u t i g n  4t a 

3KR o f  a t  l s a v t  6 .  rhotochrarflic marksr dg tu  e m  

t3a o i x ~ r v a d  s i r n u l t i r i s o u d i y  ,,Ith a i L i  t h e  naniruud. 

T% S A ' U ~  3ctec tors  can lido feed LZ C:TV d isp lay  f o r  

t he  p s y l o a d  s p e c i a l i s t ,  wi th  ;1, s i m i l a r  YNR i n  t h e  

hmdr8dS. d i t h  f u r t h e r  design s f f o r t ,  oo th  scan 

angle and 3NR can be s i g n i f i c a n t l y  improved, 

This  f lying-spot  scanner instrument is fundamentally 

simple i n  design, and shodld be r e a l i z a b l e  a t  modest 

w s t ,  Volume and weight w i l l  be small i n  compr isor i  

d i t h  tin2 res t  of  the experimental apparatus ,  The 

j r z l imina ry  opt icgJ  393ign developed f o r  t h i s  s tudy  

has been stlawn through rtdgtricing t o  e x h i b i t  outstanding 

i r n q e  , J a l i t y  3n;i t o  diLald a sifnsl t h a t  i s  lin-.a,r .v i tn  

th..rmal g rad ian t  o v e r  w t  l e a s t  two decades of dynamic 

rsnga. The study has s l s o  ahown .ghat d i r e c t i o n  t o  

t2ke i n  f a r thc r  improving tha ciesicn, e d p 3 c i d l y  wi th  

m s p e c t  t o  i n c r e a s i a g  t h e  k t i t u d e  scan angle and 

%hs signal-to-noiae r n t i o ,  

1 
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A a  ~ 1 . t ~  lttir predeco~~or, t h e  GFFC, the general 

o b j g c t i v e s  of tho AO!X ?.PO t o  gemrate  time-sequential 

maps of both f l u i d  c i rculat ion and thermal gradient 

over  substantially a f u l l  hemisphere of a r o t a t i =  

t e s t  os11 that  models the ea r th ' s  atmosphere. Given 

t h a t  e lectronic  data recordirig i s  allowed t o  replaoe 

the photographic recording used i n  the GFFC, the 

General Elec t r ic  Company has argued that  both of these 

objectives can be real ized w i t h  a single small 

instrument, basically a f lying spot scannero c)eneral 

E lec t r i c  has  a lso argued tha t  the signals from t h l s  

same instrument can serve t o  feed a slow-scan TY 

system t h a t  can provide a payload spec ia l i s t  with 

a real-time syno2tic view of the rotatin@; model. 

A l l  these functions a re  p s s i b l s ,  i t  has fur ther  

been argued, while also providing be t te r  quality 

data and mador cost savings i n  data reduction. 

It i s  the purpose of t n i s  task (contract  

tasks 4 and 5 combined) t o  develop a prel iminary 

design of such a f l y i n g  spot  qcanner instrument and 

demonstrate analyt ical ly  tha t  i t  does indeed have 

the potent ia l  that has been claimed for it, 

2 
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3.1 ikaign Concenq 

d n s n  e l sc t ron ic  dsta recording; is considered 

as an a l t e rna t ive  t o  j?hotogrsphic data recording, 

the iqp l i ca t ions  a r e  rnuch mope general than simply 

mplac ing  one medium ,vith another, 

recarded e lec t ronica l ly  the data rnust be i n  the Form 

of e l e c t r i c s l  s ignals ,  i t  m k e s  sense t o  onq-iire 

whetlisr th,: basic  observ.-Ltiona,l Zata cHn ue gsnerated 

i n  e lect , r icxl  fo rn  o r i g i n s l l y .  If t h i s  i s  poss ib l e ,  

t h a  e n t i r e  i3 iperiserit.;tl s p p r a t u u  zright be draa t i c s l ly  

s i q p l i f i e d  3 r d  the  perTomlance itself inisroved by 

3inca t o  be 

t 

dliinintttire unnecessary s tages  of data conversion* 

I n  the GFFC ap?aratus, a fixed, extended source 

is brought t o  a focus  a t  t h e  r e f l e c t i v e  surface o f  

tne  inner  sghere, AS shown i n  g isure  1, an  index 

gradiant  i n  the enclossd f l d i d  w i l l  c w s e  the incident  

r a y 8  t o  be devicttsd. This deviat ion is rendered 

v i s i o l e  as a ( n o i r e )  pa t te rn  of geometrical interference 

between gratings, photographically re corded. T hema l  

gradient  and i t s  surface locus ara then det3mnined 

by decoding the photograph,, 

Photographic methods such as  tnis are needed 

whsn r a y  deviat ion and surface locus csnnot be 

determined d i rec t ly .  

admitted, nowever, the  way is open t o  determine both 

dhen e l ec t ron ic  recording is 

3 
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ANGULAR RAY DEVIATION DclE TO IEDEX GRADIENT 

F igure  1 
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d i r e c t l y  by r e l a t i v e l y  simple means, and the a r t i f i c e  

of s c h l i e r e n  photography becomes unn3ces3ary. A 

g r e a t  deal of data r edac t ion  e f f o r t  is avoided by 

e l imina t ing  the schl iaoen  photograph sta6eo 

A more d i r e c t  and accu ra t e  metnod of th3rmal 

mapping would employ a flyiw spot  sccznnsr, one 

poss ib le  fom. of which I s  i l l u s t r a t e d  i n  Figure 2. 
I n  t h i s  ag;tem the v l r tu t t l  image of the r e f l z c t i v s  

i n m r  sur face  i s  p ro jec t ed  t o  i n f i n i t y  by a 

second, concentr ic  mirror, It has been shown by Offner 

(see References E through g) t h a t  such a monocentric 

pair can image a target near  th.3 common cen te r  a t  

u n i t  magnif icat ion i n  a manner s u b s t a n t i a l l y  free 

of a l l  t h i rd  order  abe r ra t ions ,  If now t h i s  target 

i s  i l l umina ted  by a r o t a t i n g  co l l imator  sharing 

t h e  same v e r t i c a l  axis, the  l i g h t  pasvirg through 

the  target will be brought t o  a sharply focussed 

spot  on ths  iniier r e f l e c t i v e  sphere, then re tu rned  

t o  the t a r g e t  image, A s  the i l l u m i n a t o r  r o t a t e s ,  

the scanning s2ot w i l l  sweep out  a thin a r c  o f  

9 great c i r c l e  on the Sl l r faCe of  the inner sphare, 

If thermal g r a d i e n t s  (manifsatad as r e f r a c t i v e  index 

g r a d i e n t s )  a s re  present  i n  t h e  f l u i d ,  t h e  l i g h t  

g a s s i q  through the focussed spot will be s i g n i f i c a n t l y  

deviated i n  d i r e c t i o n ,  but the l o c a t i o n  of the spot  

5 
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M i l l  b s  only s l i g h t l y  a f f ec t ed .  The r e s u l t  is t h a t  

the  d i r e c t i o n  of t h e  r a y s  re tukning t o  t h e  target 

image w i l l  be al tered only very s l i g h t l y ,  but the 

t a r g e t  image i t se l f  w i l l  t r a n a l a t e  s i g n i f i c a n t l y ,  

This t r a n s l a t i o n  is two-dirn6nsfonal and d i r e c t l y  

r e l a t e d  t o  the index g rad ien t  vec tor  i n  the f l u i d ,  

For the changes expected here i t  is also d i r e c t l y  

propor t iona l  t o  the magnitude of t he  thermal 

g rad ien t  vec to ro  Two orthogonal components of the 

index g rad ien t  vec tor  can be ineasured d i r e c t l y ,  

i n  terms of image displacement, by a s u i t a b l e  

d e t e c t o r  a r r a y  placed a t  the target image pos i t ion .  

Since simultaneous encoder readings i d e n t i f y  the 

sur face  l o c a t i o n  of the f l y i n g  spot ,  a l l  information 

needed t o  develop a sur face  thermal map i s  available 

d i r e c t l y  i n  e l e c t r i c a l  form, s u i t a b l e  for e l e c t r o n i c  

recording;, 

A thermal m a p p i q  instrument like t h a t  of 

Figure ?- o f f e r s  many advantages t h a t  cnnnend i t  

for a g p l i c a t i o n  t o  t n i s  p o b l e m .  F i r s t  of a l l ,  it 

cornpletely bypasses the need f o r  in te rmadia te  coding 

of GraSient 2nd l o c u s ,  r!'nich dhotographic metnods are 

designad t o  achieve,  and conseqdently saves nuch 

time and s f f o r t  i n  data reduct ion,  A l l  magping 

information i s  i n  e l e c t r i c a l  form and can oe recorded 

7 



ORIGINAL PAGE IS 
OF POOR QUALITY 

d i r e c t l y  f o r  subsequent a u t m a t i c  p o c e s s i n g  or 

p l o t t i n g .  Second, derformance geasured i n  coverage, 

r e s o l u t i o n  and dynamic range w i l l  g ene ra l ly  exceed 

t h a t  available by s c h l i e r e n  photographic methods, 

F inz l ly ,  the l n s t r m e n t  I t s e l f  i u  V e r y  compact 

and li;ihtweight, and can be expected t o  use l i t t l e  

power 

s p x t  from these  a t t , r s c t i v e  f e a t u r a s  f o r  

thormal  mapping, this instrument has  the f u r t h e r  

very g r e a t  advantage t h a t  it can a l s o  perform the 

su r face  flow mapping a t  the same t i m e  i t  does the 

thermal mapping. It thus  o f f e r s  the a t t r a c t i v e  

p o s s i b i l i t y  of  dol% a l l  t h e  experimental  data 

gathering and recording with a single ve ry  small 

instrument  , 

In t h i s  eqer iment  sur face  flow i s  descr ibed 

entirely i n  terms of t h e  d r i f t  of photochroin3.c 

markers i n  the fluid. Any m a n s  of l o c a t i n g  a marker 

dot  in b o t h  sur face  coordinates  and time can 

the re fo re  sccolnplish flow rslapping, The f l y i n g  spot  

scanner j u s t  described can do exac t ly  that. In  t h i s  

case one would make use of the t o t a l  r e t u r n  a t  

the de tec to r ,  whose magnitude i s  a measure of 

su r face  albedo, A sudden drop i n  that  t o t a l  s igna l ,  

de t ec t ed  by a d i f f e r e n t i a t i o n  c i r c u i t ,  i d e n t i f i e s  



the presence of a n  opaque ,marker dot  a t  the locus  

of t he  scann-r spot. I f  Lhen both d - f l e c t i m  s i g n a l s  

and t o t a l  3 i g ~ d  d e r i v a t i v e  are recorued simultaneously 

w i t h  scanner and model sncoder signals, both su r face  

flow and sur face  thermal rnaps w i l l  have been 

recorded i n  a form lending i t s e l f  t o  subsequent 

automatic  processing and p l o t t i n g ,  

The data normally w r i t t e n  on the f i l m  a long 

d i t h  the s c h l i e r e n  o r  sur face  inlages i n  the GFPC 

are of course available i n  e l e c t r i c a l  form and can 

be recorded e l e c t r o n i c a l l y  along with the  d e t e c t o r  

output.  d i t h  e l e c t r o n i c  recording there i s  no need 

t o  go through the extra  stage of converting these 

e l e c t r i c a l  signals t o  imageso 

The f l y i n g  spot  scanner can a l s o  f u r n i s h  the 

payload s p e c i a l i s t  with a s u b s t a n t i a l l y  real-time 

synopt ic  v i e w  of t he  sur face ,  The scanner sweeps 

an e n t i r e  hemisphere i n  the  form of t h i n  meridional 

zones. Each $can can be displayed as a single 

v e r t i c a l  line on a video d i sp lay  tha t  is s c r o l l e d  

sidsways a t  a rate corresponding t o  the model 

r o t a t i o n ,  The payload s p e c i a l i s t  would then  see 

on the screen  a s lowly s c r o l l i n g  d i sp lay  of the 

e n t i r e  hemispherical  surface i q  c y l i n d r i c a l  e hual-spaced 

pro jec t ion .  This has the  rnerit t ha t  i t  uses  s s s e n t i a l l y  

9 



raw signal ,  conditioned only endugh t o  match the 

display e lec t ronics ,  I f  for human engineerin@; o r  

o t m r  reasons anotner type of p ro j ec t ion  or display 

is preferred, t h s  raw s i&ra l  cad of course be 

processed loca l ly  t o  proviae it,, 

10 
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3.2  Elininat ion of Birefr iMebce Effects  

one source of op t i ca l  d i f i i c u l t y  f o r  any AGCE 

apparatus i s  t h a t  f o r  thdrrnal reasons the outcdr 

s h e l l  of tne test c e l l  s u s t  be made of sapphire, 

and sapphire i s  birefr ingent .  Birefringence can 

produce e f f e c t s  t h a t  mimic thermal gradienta ,  so 

i t  is most desirable  t o  e l iminate  birefringence as 

a f ac to r  i n  design. 

The f l y i n g  s p o t  scanner sweeps the t e s t  ce l l  

always in t h i n  meridional arc@. This f a c t  can be 

t a r e d  t o  advantage i n  e l iminat ing oirefrfn$ent 

e f f e c t s ,  It  will be necessary only t o  o r i en t  the 

o p t i c a l  a x i s  of t h e  c rys t a l  so i t  p a r a l l e l s  the 

ax i s  of rotat ion.  Yince all. scanning rays &re 

subs tan t ia l ly  i n  the meridianal plane, they must 

a l s o  then l i e  i n  the pr inc ipa l  plane of the c rys ta l .  

If we Lhzn polar ize  the scanning beam perpendicular 

t o  the scanning plane, which i s  technical ly  easy 

t o  do, a l l  r a y s  w i l l  appear t o  the c rys t a l  a8 

ordinary r a y s ,  and birefr ingent  e f f e c t s  will have 

been eliminated. Tais approach i s  i l l u s t r a t e d  i n  

Figure Le 

11 
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and performance eva lua t ion ,  it i s  necessary t o  assume 

c e r t a i n  f a c t s  and c o n s t r a i n t s  relating t o  the 

phys ica l  charac te r  of the t e s t  clell and t o  scariner 

design requirements, tha t  might eventua l ly  be imposed, 

The most important of t’nese are detailed below, 

3.3.1 Test Cell Fabr i ca t ion  

The geometry of t h e  t e s t  cell that  must b8 

scanned i s  assumed t o  be a s  snodn i n  Figure 4. 
Fabr i ca t ion  to l e rances  are asawned t o  be: 

radi i  : +, 0.1 m. 

surface f igu re :  1 ring power 4 ring i r r e g u l a r i t y  
over 25 mm diameter 
a t  5893A 

s c r a t c h  and dig: 80/50 

The o u t e r  she l l  of  t h e  t es t  ce l l  i l l u s t r a t e a  

w i l l  be fabricated from s y n t h e t i c  sap.phire. The 

o p t i c a l  a x i s  will be assumed p a r a l l e l  t o  t he  a x i s  

of r o t a t i o n  within 5’. Bp t i ca l  properties t o  be 

assumed for sapphire will be t h o s e  t abu la t ed  in 

the _L OSA Handbook of O p t i c s .  

The i n n e r  sphere w i l l  be assumed t o  be specular ly  

r e f l e c t i v e  and t o  e x h i b i t  the r e f l e c t i v i t y  of silver..  



I. 

14 

” 



The i n t e r s t i t i a l  t e s t  f l u i d  w i l l  be assumed 

t o  possess the properties of CMSCE, equivalent t o  

a glass type 478275. 

The inner surface of the sapphire she l l  w i l l  

be assumed t o  be coated with a tmnsparent conductive 

coatins. 

3 . 3 . 2  Test C e l l  Rotation 

The aaximum ra t e  of  t e s t  cel l  ro ta t ion  w i l l  be 

assumed t o  be 3.0 radims/sec. The minimum r a t e  w i l l  

be assumed t o  be 0.25 radians/sec,. 

3.3.3 Scan Pattern 

A design goal f o r  the flying spo t  scanner is 

t o  scan i n  meridional a rcs  f ro= l a t i t u d e  82' t o  

l a t i t ude  Bo, covering most of' a f u l l  hemisphere i n  

one revolution. The scanner i t s e l f  will provide 

ohly motion along the meridian, Motion transverse 

t o  the aer idian w i l l  be provided by the t e s t  cell .  

It i s  assumed tha t  the scan r a t e  w i l l  be adjusted 

t o  the rotat ion r a t e  so a s  t o  provide a geometrical 

pat tern of scan tha t  i s  independent of the c e l l  

ro ta t ion  ra te ,  T h i s  scan pattern should be such 

as t o  cover exhaustively a l l  surface area within 

the l a t i t u d i n a l  range of Bcan. 

3.3*4 Scanner s p o t  s i ze  

The scanner w i l l  be designed t o  prodace 

a spot  of l i g h t  on the inner re f lec t ive  sphere 

15 



noaic-ally subtending 1’ a t  the c e n t s r  of the sphere, 

3 .3 .5  scanner O p t i c a l  %sign 

The scanner o p t i c s  w i l l  b s  designed f o r  the 

normal v i s i b l e  spectrum, asswled centered  on t h e  

sodim D-line, 5893A. Insofay as poss ib le ,  a l l  

rcaterials used w i l l  be glass, s e l e c t e d  from current; 

zanufac turer ’  a catalogs.  Construct ional  t o l e rances  

f o r  the ecanner o p t i c s  w i l l  be assumed i d e n t i c a l  

t o  those f o r  the tes t  c e l l  (3*3,L, above), 

3 .3 ,6  Dynamic Range 

It w i l l  be a design goal that t n e  scanner 

be able t a  masure index g r a d i e n t s  i n  t h e  i n t e r s t i t i a l  

fluid from 0,0005 cm”’ t o  0,00005 cmwl. ssaumiw 

8n index t’nemal c o e f f i c i e n t  of 0,0005 OC”l, th i s  

i d i l l  r ep resen t  a tnermal g rad ien t  of from l0C/cm 

t o  0.1*C/cm. 

3 03.7 Gradient S e n s i t i v i t y  

The design goa l  w i l l  be a least  de t ec t ab le  

g rad ien t  e r u a l  t o  10% of the lower l i m i t  of the 

dynanic range, above0 

3,3.8 Spot m t e c t i o n  S e n s i t i v i t y  

It w i l l  be a design goa l  t h a t  t h e  scanner be 

able t o  d e t e c t  the presence of a photochromic marker 

do t  .rrlc10se opaci’cy i s  s u f f i c i e n t  t o  reduce t r ansmi t t ed  

l i g h t  t o  80% of i t s  value i n  t h e  absence o f  the dot. 

16 



3.3.9 Wech?.nical Interface 

The minimua clwrance bet:?lsen the rotat ing 

spirere an3 the f l y i n g  spot scariner s h a l l  be 1 mmo 

3.3.10 Poxer Interface 
g 

The power reyuirements of the f lying spot 

scanner, including l i g h t  source , de t e  ctor/preampli f les ,  

motor and encoder, must be coilqa'tibb with the AGCE 

power supply 

303.11 Signal Interface 

The gradient de t ec to r  signal will be an 

analog voltaga,  linearly proportional t o  gradient , 

The marker dot  detector sianal will be a pulse, The 

l a t i t ude  encoderC signal #d i l l  be d ig i t a l ,  A l l  s ignal 

l e v e l s  and frequencies must be compatible with AGCE 

I 

I 

I 

control and data handlirg electronics,. 

17 
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3 . 4  

5 r LC. 

&f fecte  of Thermal Gradient 

R e l ~ ~ t l p n  of Therrnal Gradient t o  In@x Gradient 

The t h o m a 1  graaient i n  the t e s t  f l u i d  cannot, 

- 

of course, be observed d i rec t ly  by o p t i c a l  means. 

ifhat can be made v is ib le  i s  a re f rac t ive  index gradient, 

To detect  and measwe thermal gradient, we r e l y  upon 

the physiaal f ac t  t h a t  a temperature chaqe  produces 

a change i n  density and consequently a change i n  

refract ive index, which baeically i s  density related. 

Over the temperature range of ln te rev t  here, index 

change i s  l inear ly  re la ted  t o  temperatuw change. 

Therefore a refract ive index gradient, which i s  

optical ly  observable and :c3 . 3 U r 8 b l e ,  rnay be trken 

as  equal, except fo r  a scale factor ,  t o  the thmmal 

gradient . 
A t  t h i s  poin t  t h e  f i na l  caoice of t e s t  f l d i d  

has not been made, and the opt ica l  properties of 

t h s t  f l u i d  are therefore not known. 

design purposes w e  have assumed tna t  the fluid w i l l  

be IBIS0 o r  something closely similar t o  i t  chemically, 

Me w i l l  therefore assume t h a t  the opt ica l  properties 

of a430 are  the o2t ica l  properties of the t e s t  f l u i d ,  

Published data (Reference x) indicate t h a t  the 

refract ive index of B$:SO a t  the sodium a-line i s  

1,47tl, t ha t  i t s  Abbe V-number is 27.5, and tha t  

the rate of change of index with temperature i s  

For preliminary 

18 



dn/dT .I -.00046 '6-l 

Allowing f o r  uncertainties,  we w i l l  here rouna ttlis 

figure t o  -,0005. A thermal gradient of 3 *C/cm 

w i l l  therefore t rans la te  In to  a refract ive Index 

. 

gradient of 

dn/dx = .00005 m m "  
Our analysis w i l l  be based on gradients In t h i s  

numerical neighborhood, 

3,4 ,2  Theory of  Gradient IridsX Eiefraction 

The theory of refract ion i n  an inhomogeneous 

medium has been t reated a t  length i n  the l i t e r a t u r e  
(i 

(see e.g, References J,- t o  L), 
It i s  convenient t o  work i n  vector notation, I n  

For preoent purposes 

what f o l l o w s  let N be the refract ive index, and l e t  

the gradient 
operator 

the index 

a r a y  path 

Tj7AJz T Z L  gradient 

d s r  f d i  element 

24 

W 

the di f  ferenOial 
ro ta t lon  of the 
ray path 

The general vector l a w  of d i f f e r e n t i a l  re f rac t ion  

in an inhomogeneous medium may then be wri t ten 



3 

Expanding t h i s  vector d i f f e ren t i a l  e duation y i s l d s  

tnres component scalar  d l f f e ren t iu l  e 3uations 

These eGuations, i n  f i n i t e  difference fora, a re  

t h e  basis of our  design and a n a l y s i s .  

3.4.3 Detection and Measurement of Index Gradients 

Index gradients i n  transparent media a re  

conventionally observed by some type of scnlieren 

apparatus. The basic princlple of a schlieren 

apparatus 1 s  t h a t  when an image 13  formed from r a y s  

t h a t  have &ssed through an inhomogeneous medium, 

the l a t e r a l  dsi"1ection of  t he  imaee is a measure 

of the ro ta t ion  of the r a y  path i n  the medium, I n  

turn a t t r ibu tab le  t o  the index gcadient i n  the 

medium (Figure L)o  
Most commonly i n  a schlieren apparatus the  

rays t h a t  traverae the medium are  collimated. If 

the gradient i s  uniform aver the oeam, a l l  r a y s  a r e  

a f h c t e d  uniformly, In  t he  present Base the gradient 

is not uniform, and t h i s  spa t i a l  non-uniformity i s  

one of the things we seek t o  observe. de must 

20 
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t he re fo re  l o c a l i z e  aad r e s t r i c t  t l id volume of f l u i d  

th;t i s  dllowed t o  a c t  Jpon t h e  ray bundle from 

which '3ur image w i l l  be foraed. d e  do t h i s  by 

bringllzg t h i s  l i g h t  t o  a Goint focus a t  the midpoint 

of I t s  path through the f l u i d ,  corresponding t o  the 

r e f l e c t i v e  sur face  of the inrier sphere, We w i l l  

aim for a spot  s i z e  of about 0.9 mm a t  t h a t  surface, 

corresponding t o  a spatial reso lu t lon  of  about 1' 

i n  napping the thermal g r a d i e n t  over the sur face  

of the t e s t  c e l l ,  

Re f rac t ion  in the presence of a n  index g r a d i e n t  

i n  the t e s t  f l u i d  i s  most easily v i s u a l i z e d  f o r  

a p a d l e n t  vector  In t h e  meridional plane. Pf 

w e  draw a tunnel  diagram for the l i q u i d  shell 

(F igure  2) we can t rea t  r e f r a c t i o n  through the 

shell as r e f r a c t i o n  throush a plate  of twice the 

she l l  thickness.  Ref rac t ion  f o r  a ray i nc iden t  

normally is shown i n  Figure 1, f o r  a ray  inc iden t  

non-normally i n  Figure 2. 
The key insight t o  be gained fram these 

sketches is t h a t  f o r  s x d l  e f f e c t s  the r a y  pa th  

is parabolic,, a s  i l l u s t r a t e d  in t n e s s  figures, the 

s lope of a leaving  ray has been changed, but i t s  

v i r t u a l  source-the r e f l e c t i v e  i n n e r  sphere-has 

no t  been changed, Thia means tha t  i n  a n  Offner r e l a y  

22 
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the image position (which depends on ray angle) 

w i l l  sh i f t  but the f i n a l  r ay  direct ion (which depends 

on the l o u a t i o n  of the virtual source) will not, 

The target  image will therefore t rans la te  i n  the 

self-conjugate plane of the relay by an  amount 

proportional t o  that  component of index g r a a e n t  

t o  wnich the instrument i s  sensit ive,  $e next need 

t o  understand how the three coxponents of index 

gradient contribute t o  t h i s  image t ranslat ion,  and 

how w 0  can design the detector array t o  measure 

these componente independently, 

Figures 9- and 1 2  fur ther  i l luer t ra ts  how 

image s h i f t s  occur i n  the Offner r e l a y  i n  the 

presence of an index gradient, From the scalar 

dif f e ren t i a l  e quatione of gradient index re f rac t ion  

xe can see tha t  i n  general a l l  three components of 

the index gradient vector contrisute t o  t rans la t ions  

i n  the detector plane of the relay, With a sui table  

detector arrangement, therefore, i t  should be possible 

t o  measure all three of tness coaponents, The 

sens i t i v i ty  t o  the transverse components of the 

Index gradient vector w i l l  be much greater  than t o  

the r ad ia l  component, however, because, as can be 

seen from the basic equation 

h 
r” 
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the  coaponents of ray r o t a t i o n  must  be orthogonal 

t o  the r a y  d i r ec t ion  s . i3ince the rays are incident  

on the f l u i d  almost r ad ia l ly ,  b o s t  of the ray r o t a t i o n  

must be about axes that  are trarisverse t o  the radius, 

Nevertheless, a s e n s i t i v i t y  t o  radial  gradient  does 

e x i s t  and must be taken i n t o  account i n  designing 

the detector  array, 

s h i f t  t o  be expected from a pukely radial index 

gradient  , 

Figure fl i l l u s t r a t e s  the image 

From the foregoing i l l u s t r a t i o n s  and examples 

w e  can make a number of inferences tnat  have a bearing 

on detector  design. These inferences are summarized 

i n  F igu re lL .  

We are spec i f i ca l ly  reruired here t o  detect 

and measure t h e  two t ransverse components of index 

gradient  only, An arrangement of detectors  that  

w i l l  y i e l d  these two components independently of 

a l l  o thers  is shown i n  F i g u r e l L .  This i s  the 

configuration we w i l l  use f o r  t h i s  preliminary 

design, It i s  shown l a t e r  tLt the cordpact arrmgarnsnt 

92’ a csntered q .ndrant  &;teetor i s  111x8 advantageous 

i n  terms of scan angle,  a u t  we nave ruled i t  o d t  f o r  

t h i s  exercise because of cen t ra l  obscuration by the 

opabue s t r i p  needed t o  block a ghost  image and because 

it e n t a i l s  the use of a target /detector  beamsplit ter 

t o  e f f e c t  superposit ion,  with conse%uent l o s s  of l ight.  

20 
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3,4,4. Jndex Gradient Refraction Algorithm 

In  order t o  design and evaluate the flying-npot 
i 

scanner, i t  i s  neaessary actually t o  t race  r ays  

through the r e l ay  i n  the presbncd? of a (thermally 

induced) re f rac t ive  index gradient in the t e s t  f lu id ,  

The f i rs t  step was th@refoPe t o  devise a computational 

algorithm f o r  doing t h i s ,  

The basic approach taken i s  that of 

f i n l t e  difference approximation t o  the d i f f e ren t i a l  

eyuationa of refract ion,  followed by numerical 

integrat ion alow the path, The t o t a l  thicknesa 

of the gradient index medium is divided up i n to  a 

large number of very t h i n  layera, within each of which 

the ray propagation may be considered uniform, di rec t iona l  

changes due t o  the index gradient being assumed t o  

occur only a t  layer boundaries, The algorithm, 

shown i n  Figure 3.4, fo l lows  i n  a straightforward 

manner from the three scalar  d i f f a r e n t i a l  equation8 

given ea r l i e r .  

To t e s t  t h i s  algorit’nm, i t  was f i r s t  written 

as a TI-59 calculator program (see Appendix) and 

w i t h  i t  rays were traced through 20 mm of teaat f l u i d  

w i t h  an index gradient of 0,00005 mm”. 

shown i n  Figurea , were completely consistent 

w i t h  expectation. Twenty s teps  of 1 mm each Were 

The r e su l t s ,  
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found t o  give ample accuracy, 

0.5 ma each no changes i n  computational r e su l t s  

Seyond 40 steps of 

could be observed. 

304r5  Index Gradient Effects i n  the Flyiws-Spot  Scanner 

To fur ther  confirm t h a t  t h e  f ly i rqp-spot  scanner 

i s  c a p b l e  of :neaauri~& index gradients, W Q  incorporated 

the refract ion algorit'm of ttia previous s e c t i ~ n  

into a raytrace computar program as a subroutine 

and trzced a simplis version of the proposed instrument. 

The o p t i c a l  system traced (Figure l6) i s  the basic 

Offner relay without folding.  

t rans la t ion  is shoizrn i n  Figure l - .  

The expected iaage 

%e first sought t o  prove t h a t  the image q u a l i t y  

of the Offner relay, even in the presence of an index 

gradient, was completely sat isfactory,  A small 

bundle of eight rays was therefore traced f r o n  each 

corner of a 2mm x 2mm aquare target  centered on the 

instrument a x i s .  The image coordinates, shown i n  

Figure La, indicate 

1) that  the mean image of each point i s  

within &01 micron of i t s  geometric 1ocation;and 

2 )  that  the W S  spot s i z e  is on the order 

of .1 micron i n  diameterr 

35 
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CALCULATED CORfiER BOSITICES FOR 2 x 2 m SQUARE 

GRADIENT .GOO05 mm" 

4 

X I x Y 

-1 .c000087 -094499315 mean 1 OOOOOS't -os4499315 

.000043094 oGOCO50709 r .000043094 .000050709 * 

Y 

-.99999O4I 1.C550061 mean a99999041 1 .OS50061 

.000043095 0000039641 0- .000043095 .000039641 

(based on 8 rays per point )  
I 

Figure 18 
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We conclude from these r e su l t4  that  imagery i n  t h i s  

O f  fner  re lay may be considered d i f f r a c t i o n  l imited,  

de next sought t o  determine whether an index 

gradient  image s h i f t  would be l i n e a r l y  proportional 

t o  the index gradient ,  For t h i s  test  a x i a l  r a y s  

were t raced from e ight  points  around the periphery 

of a 2mm x 2mm centered t a r g e t  for t n r s e  values 

of  index gradient :  

0005 
,.00005 I w I =  [ .OOOOO~ ma-' 

corresponding t o  thermal gradients  o f :  

10.0 
lVTl= { 1.0 

0.1 OC/cm 

/ 

a 
raspectively.. The r e su l t i ng  image shifts, shown i n  

Figure 13, ind ica te  t n a t  irnaae t r a n s l a t i o n  i s  indeed 

l i n e a r l y  proportional t o  index gradient  over a t  l e a a t  

two decades,,. These r e s u l t s  make it c lear  t h a t  the 

flying spot scanner instrument proposed has the 

poten t ia l  t o  detect  index gradients  in a manner 

amenable t o  very accurate  measurement. 

39 
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3 . 5 P r e l i z i n a r y  ljesign 

3.5.1 Foldi% 

Tne f lying-spot  scanner of Figure 2 i s  based 

on the monocentric (Offner)  re lay .  Obviously the 

o p t i c a l  path must be fo lded  away from t h e  tes t  c e l l  

i t s e l f ,  which otherwise would $ i y s i c a l l y  i n t e r f e r e .  

The fo ld ing  mirror  ( o r  rnirrore) could be e i t n s r  

completely r e f l e c t i v e  o r  semi-ref lect ive.  We have 

cnosen here t o  use a semi-reflective mirror, f o r  s eve ra l  

reasons,  The most important of these is that ,  a8 

shown i n  Figure 2 0 ,  a semi- ref lec t ive  mirror maximizes 

t h e  scan angle. A semi-reflective mi r ro r  a l s o  allowe 

t h e  scanning beam t o  Bass t h r o u g h  t h e  t e s t  fluid 

almost r a d i a l l y ,  

the volume of f lr l id in t e rcep ted  by the scanning beam 

T h i s  is impbrthnt f o r  m i n i m i d i n g  

and the re fo re  raaximizing t h e  spa t ia l  r e a o l u t i o n  of 

t h e  instrument,  On t h e  o t h e r  hand, a semi- ref lec t ive  

f o l d i n g  mir ror  will e n t a i l  a s u b s t a n t i a l  loss of l i g h t  

and w i l l  in t roduce ghos ts  t ha t  must be blocked o r  

absorbed. Since the o p t i c a l  system i s  specular ,  

the l o s s  of l igh t  need not  be s i g n i f i c a n t ,  but care  

must be taken t o  e l imina te  the  ghosts .  

3.5.2 Choice of S o l i d  Construct ion 

A monocentric r e l a y  with a semi-reflective 

fo ld ing  mirror could be r e a l i z e d  as  a solid assembly 

41 
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o r  a s  an open af3SemblY. Ne have cnosen here t o  use 

the s o l i d  design because it re su l t s  i n  a smaller and 

more s table  instrument, because it i s  eas ie r  t o  

rea l ize  the semi-reflective f o l d i n g  mir ror  as a 

buried-surface beamsplltter, and because f'&esnel 

losses  can be bet ter  controlled i n  such a design. 

On the debit  side of the ledger, i t  must be admitted 

tha t  a s o l i d  system is gevierally harder t o  make, 

will reduce the deflection, produced by any given 

thermal gradient, w i l l  reduce the available eoan angle+ 

and may introduce problems of chromatic aberration, 

On balance, however, we f a v o r  t h e  s o l i d  deaign, 

3.5.3 Design of a zero-power Interface 

To rea l ize  a s o l i d  system while yet allowing 

for motion of the t e s t  c e l l  and the eoanner head, 

we can introduce a zero-powerr ai$- lens  a t  the 

two interfaces  where r e l a t ive  motion will occur: 

1) between the scanner assembly and the t e s t  c e l l ,  and 

2 )  between t h e  scann3r head and the scanner ~ o d y .  

de visualize each interface as two concentric spherical 

surfaces separated by a small a i r  gap of about 1 amr 

The glasses a re  t o  be uhosen so t h a t  the opt ica l  power 

of the t h i n  a i r  lens  i s  zero. 

The power of' an a i r  lens i s  given by 

43 



i n  which the meaning of  the terms i s  as indicated 

i n  ~ i g u r e 2 2 ,  If the net power $ i s  t o  equal 

zero, then t h i s  implies 

Writing t h i s  i n  terms of refract ive indices and 

dimensional parameters, we obtain8 

This r e l a t ion  may be cast  in any of several forms, 

depending on which variable we ctioose t o  regard as 

dependent : 

H aero-power interface is eaaily designed Nfth 

t h i s  s e t  of e-iuations. Usually one o r  two i t e r a t ions  

will oe necessary to aat isfy dimensional constraints 

with r e a l  glasses. 
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305e4 provis ion  f o r  G n o s t s  

The p r i c e  pa id  f o r  t h e  advantages of t he  

semi- ref lec t ive  fo ld ing  mi r ro r  i s  the presence of 

ghos t s ,  Tnese are not  d i f f i c u l t  t o  eliminate, however. 

The p r i n c i p a l  ghos ts  are shown i n  Fi&.Ws 22 .  The80 

are the ones a s soc ia t ed  w i t h  the  f o l d i w  mirror., 

Minor ghos ts  are c raa t ed  a t  the zero-gower i n t e r f a o e s ,  

but these can be suppressed by AR coa t ings  on the 

air-glass surfaces .  

Gnoets c rea ted  by th% fo ld ing  mirror can be 

diverted, absorbed o r  blocked,, The choice of fo ld in& 

angle  encourages the l o s s  of some gnost  l i g h t .  O t h e r  

ghos ts  can be absorbed by black v e l v e t  pa in t  o r  

a layer of absorbent glass on t ne  o d t e r  surfaces. 

The n o s t  important gnost  i s  a r e p l i c a  of tho focussed 

spot  t ha t  appears a t  t h e  ghost image o f  t h e  i n n e r  

r e f l e c t i v e  sphere. Th i s  could be e l imina ted  very 

simply by placing t h e  sca-msr head i n t e r f a c e  at 

t h a t  ghos t  image and phys ica l ly  blocking the l i g h t  

d i t n  a black spot  on tne glass, I n  t ne  present  case 

t h i s  wad13 make t h e  sczflnar head iar&er t n t n  is 

d e a i r a b l e  f o r  dynamic reasons,  $0 illstsad w e  can 

provide a mried sur facz  a t  that po in t  and block 

t h e  g l o a t  with a black msorDent s t r i pe  on t n a t  

sur fsce .  T h s  7ero-~aw8r inLt?rf&cc? can then D e  

placed 30 as t o  rninimiz.e ths s i z e  of t h e  scanner head, 
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3.5.5 mtector plane Zons t ru in ts  

3efore p-oc3?3ir& :D t'm l a j ~ ~ t  af $.re soanwr, 

m a d a t  colisider the 6 e m e t r i c s l  c o n s t r a i n t s  a t  ths 

self-conjugate  de cuectar plane,, P r a c t i c a l  d e t e c t o r s  

t o  be considered for the conf'i$uration of Figure 12 

inc lude  the following, 00th a v a i l a b l e  as chips: 

UPT PIN Spot/2D 

Hughes H P I N  lOOP 

Data sheets f o r  these d e t e c t o r s  are included i n  tne 

Appendix. 8 0 t h  have very similar geometry, The basic  

des ign  cons t r a in t  is t h e  ch ip  size. 

rnust be mounted so  as t o  c l e a r  aach o t h e r  physicai iy .  

This imp l i e s  t h a t  the most compact layout ,  providing 

the  n e a r e s t  t h i n g  t o  r a d i a l l y  i n c i d e n t  l i g h t  a t  

the tes t  c e l l ,  is t h a t  of Figure 2. From t h i a  

f i g u r e  we see tha t  t h e  image height a t  t'ne cen te r  

of the inage is 3.30 mm, and t h a t  t h e  upper and lower 

a a r g i n a l  ray  heights are 4.57 and 2.03 mm, r espec t ive ly .  

These f i g u r e s  will e n t a r  i n t o  tne l a y o J t  r a y t r a c e  and 

a chromatf z s t i  on. 

The two chips  

3 5 . 6 Achrma tJ. zat_in 

The s d i d  Offnar r e l a y  N i l 1  be designed t o  be 

a c h r m a t i c  over t he  normal v i s i b l s  spectrum. The 

nominal relay des ign  w i l l  be based on t h e  mid-Image 



c h i p  size 
130 x 130 m i l s  

detector p a i r  
100 x 100 m i l s  

# 

LAYOUT IN TABCI.;T-D&TMX'OR i'LAIIE 

Ficure 23 
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0 
height (3.30 m m )  and t h e  sodium &line (5893 A). 

This Geminal desi%n r e s u l t s  i n  a select ion of glasses  

on the basis of sodium D-line index np. Normally 

several glasses w i l l  be available with very nearly 

the saae nD but w i t h  d i f f8reht  dispersive properties, 

expressed ih terms of the Hbbe.f)-number. 

To achmmstize,  we !nay regard the relay a8 

a collimator and apply Conrady's ( S d )  method (see 

Reference 12). 
ohronatic source a t  point S and t race an upper and 

Referring t o  F igure  22, w e  put a 

a lower rnarginal ray through the system. L e t  D 

repr3sernt the length of tne upper m r g i n a l  ray i n  

any element, and d the length of the lower aarginal 

r a y ,  Then i f  we reciuire that  < fi)--dj/;Lp-j 
=CY 

v 
ovsr a l l  elements, the system will be sa t i s f ac to r i ly  

achromatized, We sa t i s fy  t h i s  re  quireaent by selecting 

from among glasses w i t h  the same na those w i t h  

Abbe V-numbers tha t  will reduce the above sum t o  

" zero, or close t o  it, The residual value of this 

sum is the wavefront aberration, and in t h i s  opt ica l  

system, where the upper afid lower rnarginal r ays  differ 

only s l igh t ly ,  it should be easy t o  reduce t h i s  residual 

aberration t o  insignificance, 



3 

ACHROMATIZATION BY CONRADY'S (D-d) METI!OD 

Figure 24 
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3.5.7 Genaral Layout Procedwe; 

The layout  of tho a ~ l i c l  Offner r e l a y  can 

bo camplated i n  t~ sy;;ta:n,itic and a t r a i g h t f o r w u r d  

mmner. It i s  s u f f i c i e n t  f o r  this purpose t o  use 

a meridional r a y t r a c e  c d c a l 3 t o r  program and execute 

the following steps i n  yequeace; 

1) From the o p t i c a l  i n v a r i a n t  of the system 

determine the angle  of incidence a t  the inne r  

r e f l e c t i v e  sphere f o r  a ray parallel t o  the a x i s  

passing through the canter  of tha  detector .  

2) Launch a r sy  outward from t h i s  po in t  a t  

the anff le  thus determinGd an2 t r a c e  it through the 

f l u i d  and t h e  sadphire shell. 

3 )  design the f i r s t  zero  power i n t e r f a c e ,  

between sapphire  and scanner, and continue the 

r a y t r a c e  through t h a t  i n t e r fgcs ,*  

4) Locate the v i r t u a l  8ource seen by t h e  

primary mi r ro r  and s i z e  the  prirnary mirror  t o  coll irhate 

rays emanating from t h a t  milrcer 

5) Locate the second aero-power i n t e r f a c e  

as c lose  t o  the self-conjugate  plane as i s  V p r a C t i C a l  

so as t o  minimize the i n e r t i a l o f  the spinning sdanner 

hsad, and design t h i s  i n t e r f a c e  as  a zero power a i r  lens. 

6)  Complete the t r a c e  t o  t h e  self-conjugate  plane,  

52 
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7) Trace upper and lower marginal rays 

throu(jh the system and compute (D-d) f o r  each 

eYement. 

a)  ae lec t  glasses t o  schz!ornatize by 

Conrady' s (D-d)  method, 

9) I t e r a t e  as necessary t o  r ea l i ze  the 

system with standard catalog glass$s, 

3.5.8 Completed Relay Design 

The r e s u l t  of the steps j u s t  desdribed is 

the layout of Figure z5 representing the complete 

preliminary design of the scanner r e l a y  optics. 

Infornation developed t o  this point is sufficikYlC 

t o  permit re l iab le  predictions of opt ical  performance, 

3.5.9 Constraints on I l l u m i n a t o r  ,Y 

Our objective here i a  t o  prodince a spot of 

l i g h t  on t h e  inner re f lec t ive  sphere t h a t  subtends 

one degree a t  the center. For  a 50 ma radius t h i s  

represents a spot  100 p/360 0.8'7 mm i n  diameter. 

T h i s  corrssponds ( i n  g l a s s )  t o  an angdlar beamspread 

of 0.018 radians. In  a i r  t n i s  beamsprsad would be 

0.032 radians, The i l l u m i n a t o r  must therefore be 

constrained t o  pass l i g h t  through the target  t ha t  

i s  collimated t o  t h i s  degree, 

3.5.10 Constraints on Scan A n g l e  

For  a beamwidth of 0,018 radians i n  glass,  

a point sour38 on the tz rge t  would illuminate a 

53 i 
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spot 1.7 ZXTJ i n  diarn'ster on the primary mirror,  

A 1 x 1 mm ta rge t  k ~ o d d  illuminate a spot  2.7 x 2,7 

mm on the pr imary rr i r ror ,  .illowing for beaa motion 

due t o  index Bradients, thi! r?,y envdope f o r  the 

tzrgat/Jetector la jodt  of  PiGur3 3 i s  a c i r c l e  

10 uz? In  2is:neter 2% t h e  primary mirror, slne bssic 

constraints an s c m  sncle are, as shown i n  F i g u r e  26, 

1) t h a t  d l  li@t c u s t  reach tha p i n a r y  mirror v i a  

t n o  foldj_ng beamsLJlittar m d  2 )  that the lowermost 

edge of the r ay  znvzlope must  c lear  the primary 

m i r r o r ,  The arrangement of  Figure 26 i s  cloee to 

oj t iDum f o r  the torgst/detector a r ray  considered, 

b u t  gmvides an unobstructed scan of only 6g0 ,  

l e s s  than that  sought, Ne therefore need t o  understand 1 

how t h i s  c o d d  be im,Jraved. 

If  the target/detector arrzy illere core cmpact, 

t ha  ray envslope would be smallzr. Other tnings being 

e-ldal, t h i s  zlone w o d d  increase tbz scan snble.  If 

the 2rimary rnirror r sd ius  wzre lar&;3r, the sagittaJ. 

g%p between mirror and b a n s g l i t t e r  would be larger ,  

m d  t h i s  also n o d d  incre:i-Je the 3c:t.n tmgle, The 

n i r r o r  r x d l u s  degeniis on t,hs re f rsc t ive  index of 

tl?e 21ass fwaing  t'nz mxin oody of the  relay. If the 

ixdex i s  lod$red, the a i r r o r  r 2 5 i u s  idcraa3es. I n  

t h o  l i m i t ,  sdostit-Jtit:g air for ~ 1 a ; ~ g s  (FiEure lb), 

the 3;zgitta.l g9.p increases by 16 ma. In  a s o l i d  

system only a frazt ion o f  t h i s  can be Isealized, but  

s ignif icant  improvement i s  possiDle, 
55 
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3.5.11 Scanner Head maim 
de have shown tha t  accu ra t e  neasurement of 

index g rad ien t  is poss ib l e  i f  source and d e t e c t o r  

are placed symmetrically about t h e  common cen te r  

i n  the self-conjugate  plane of an Offner relay. 

We next  must show how source And d e t e c t o r  can be 

put there i f  the scanner head must r o t a t e ,  

To scan the sur face  of t h e  tes t  c e l l  with a 

1-degree raster while the cell i s  r o t a t i n g  a t  i t s  

maximum rate  of 3 rad/sec r e % u i r e s  t n a t  tne scanner 

head 'sast r o t a t e  

3 /f (/&o/$F) = 17% rps * qk 303 F / J K  

i f  i t  makes only  a single scan p e r  revolu t ion ,  A t  

t n i s  ra te  it is o J t  of t ne  quest ion t o  consider 

anytalng au t  continuods motion for tha acanrier head. 

Small Instrument motors are ava i lab le  t o  s p i n  t h e  

scanner a t  t h i s  ra te ,  but i t  wodld be i a p r a c t i c a l  

t o  consider  p u t t i w  e l e c t r i c a l  power i n  or taking 

e l e c t r i c a l  signals out ,  The d e t e c t o r  cannot t he re fo re  

be phys ica l ly  mounted on t h e  scanner head, Ins tead ,  

some form of o p t i c a l  codpling i s  ind ica ted ,  

We propose t o  put  a t  the self-conjugate  plane 

of the r e l a y ,  no t  a phys ica l  source/detector  a r r a y ,  

but a n  image of such an  a r r a y ,  A reasonable scheme 
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i s  t h a t  

s 

shown i n  Figure 3. 
nee we 'nave a l ready  shown how t o  ,&sign 

a high-qual i ty  3 d i d  Offner r e l a y  f o r  the scanner 

i t s e l f ,  i t  i s  m t u r a l  t o  use very similar s o l i d  

Offner r e l a y s  t o  put the irnages of soclrce and d e t e c t o r  

i n t o  $'ne scanner Mead. A 3  saown i n  Fisdre 2 1 ,  the  

scanner head w i l l  i ncorpora te  a f u l l y  r e f l e c t i v e  

b u r i e d  f o l d i n g  mirror t n a t  w i l l  r o t z t e  tnese images 

I n t o  t h e  self-conjugate  plane, There they w i l l  f unc t ion  

exac t ly  as would phys ica l  sources and de tec to ra ,  The 

onlg par t  t h a t  moves, how, is the small  glass scanner 

head, which should be made sgmdtr ical  f o r  dynamia 

aalance 

The scheme of Figure 2'J so lves  the o p t i c a l  coupling 

problem nea t ly  enough, but a t  t he  price of a f u r t h e r  

eonpata t iona l  requiremsnt 1, If the source/detector  

assembly i s  f ixed ,  as we would recommend it be, t h e  

apparent  o r i e n t a t i o n  of t h i s  a r r a y  changes as the 

scanner head rotates.  A s  shown i n  Figure 28 the 

a r r a y  t h a t  i s  used t o  measure g rad ien t  r o t a t e s  a t  

the same rate as the scanner head. The d e t e c t o r s  

c m t i n u e  t o  record two orttzogonal components of 

g rzd ien t ,  Dut the re ference  axes  r o t a t e  over the 

c o i r s e  of the  scan, T n i s  r o t a t i o n  of axes i s  

systematic ,  nowever, and i s  known a p r i o r i  very 

accura te ly .  Since an encoder a i s n a l  w i l l  r ecord  

scan la t i tude ,  the same encoder i s  a l s o  recording 

-s 
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center scanner head glass 70048 offsets 

d. 

/-- 

TI L s h e s t  p o l a r i z e r  
1 mm 
a i r space  / 
Ai;i coated 

b alass 700481- 

2 mm s p o t  / 
m i r r o r  

-\ 
\ phys ica l  

t a r g e t  and 
de tec to r  array 

-r = 159.9 
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the ro ta t ion  of t h e  array axes, Hence there shoJld 

be no trouble i n  transforming indicated components 

t o  any axes desired, as pa r t  of the normal reduction 

process. 

The scheme of Figure a re;uires that the two 

Offner relays be carefully aligned, because 

misalignment w i l l  praduce a spur ious  gradient s i sna l  

as the scanner rotates. On the o t n e r  hand, t h i s  

same spurious signal can be u e d  advan=ageously durbng 

setup t o  acnieve alignment , The re1 a t ive  positions 

of the relays a re  simply adJusted u n t i l  spurious 

signals disappear: the two relays are then aligned, 

Wa have supposed here only one scan per scanner 

head revolution, It i s  quite possible t o  have more 

than one, however, thereby re@ming the re &.red 

scan rate.  Ailvanta~e can be taken 3f the symmetry 

of ths  scanner head t o  2osit ian input relays a t  

b o t h  t o p  and bottom of the s c a m s  hsad, thereby 

2roducfng two scans per  sc8nnr3r nead ravolution, 

of course t';1is woild re  .&lire multiple sodrca/detector 

arrays arid wmfd r e s u l t  in a gensr2 l ly  more complex 

fnstruroent. It  i s  Q w d l y  possible t o  as much as  

double the meridional scan angle by butt ing two scanners 

together a t  the edge o r  by arranging them in echelon. 
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5.5.12 pol  t r imr 

It W:AJ : w % d  t ? i t r l i  ?r t h a t  t o  e l imina te  

b i re f r ingence  i n  ti..+ Sspphire a ~ t . 1 1  i t  was 

nscessary only t o  po lar ize  the i n c i a e n t  light 

perpendicular  t o  the  scanning plane, This i s  

easily done by incorpora t ing  B polarizer i n t o  t h e  

scanning head. Due a t t e n t i o n  n u s t  5a given t o  

po la r i za t ion -by- re f l ec t ioh  e f f e b t s  t n a t  may odcur 

elseuhere i n  t n e  o p t i c a l  path. These e f f e c t s  

c3n be minimized bx using metal  r e f l e c t o r s  

tnroushout t h e  instrwoent.  

3.5.13 Coanglete Preliminary 2esian of Scanner 

Applying t h e  procedures and cons idera t ions  

a e t a i l e d  above, w e  have arrived a t  t h e  complete 

preliminary scanner d.esign shown in Figure 3. 
This instrument promises t o  be 

r e z l i ~ s 5 1 e  a t  reasonable cos t ,  t o  be stable and 

re l iab le  i n  use, and t o  yield the r e s u l t s  des i red ,  
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j .5 perf . ) rman~?i lna1~(  s i3  

It das shown e w l i ? r  taAt t h e  image 5 u a l i t y  

i n  the  O f f n , r  r e l a y  is e x c e l l z n t  i n  Senera l ,  It 

i s  now necesmry  t o  exnnine i n  similar fash ion  the 

completed prel iminary des ien  of t h s  scanner t o  

a s c e r t z i n  whether the  image dual i ty  i n  t n i s  more 

coaplex cons t ruc t ion  i s  s t i l l  s a t i s f a c t o r y  and 

lrJhether the s e n s i t i v i t i e s  t o  therm31 gradient and 

mark8r d o t  opaci ty  are cons id ten t  N i t h  design goals, 

A s  before,  image Guality w i l l  be verified by 

r ay t r ac ing ,  Instrumental  s e n s i t i v i t y  M i l l  be 

determined t3y photometric analyaia .  

3.6.1 3gstem liagtrace 

The preliminary design c m s i n t s  of two solid 

Offn.?r r e l a y s  i n  cascade, Xeglacting f d d s ,  a ray 

must 2ass throu8h 32 su r faces  i n  gSoing from t a r g e t  

t o  de t ec to r ,  These su r faces  me shown schematically 

i n  Figure 2. 
Figure 3 2 ,  t h i s  time projec ted  i n t o  the plane 

perpendicular  t o  t h z t  of the previous f igure.  

t a rge t /de t ec to r  arrtzy i s  shown, as i s  the path of 

rays from one t z r g e t  t o  i t s  final i m g e  a t  i t a  

conjugate de tec tor .  

The s-nme sys tem is shown aga in  i n  

The 

The r ay t r ace  f o r  t h i s  Cull system was e s s e n t i a l l y  

similar t o  t h a t  c a r r i e d  out  e m l i e r  f o r  the simplar 

single r e l a y ,  To t e s t  f o r  image qua l i ty ,  a bundle 
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of nine rays  as t r aced  f r o %  each of e i g h t  peripheral 

p o i n t s  of t:xrget "A" i n  Figure z;c t o  the conjugate 

de t ec to r ,  For  each bundle a mean p o s i t i o n  and RMS 

s p o t  s i z e  were then calculatbd,  This was done f o r  

3. grad ien t  of 0,00005 am-', corresponding t o  the 

baseline thermal g rad ien t  of ldC/crn. 

here was t o  show t h a t  even w i t h  a n  index gradient 

i n  the f l d i d  the ilnage dua l i t y  was cons i s t en t  with 

the psr famance  requirements of the instrument,  

The ob jec t ive  

To t e s t  for grad ien t  s e n s i t i v i t y  and l i n e a r i t y ,  

rays g a r a l l e l  t o  the axis were t r -ced  fraln each of 

e i p h t  p:ri jhzral 23ints of target "A" f o r  g rad ien t s  

of 0,0005, O.OOC05 mi 0.000005 am", 

h2re * J ~ S  t o  d m o n u t r s t e  t h s t  t h e  e n t i r e  i .? iap 

t r a n s l a t e d  9 s  a whole i n  t h e  pr.sence of an index 

gradient and t h a t  t h i s  t r a n s l a t i o n  was l i n e a r l y  

p r o p o r t i m a 1  t o  g rad ien t  o w r  at h a s t  these two 

decades of dynamic range,, 

The ob jec t ive  

A s  f u r t h e r  checks, bundles of r a y s  much wider 

than necessary were t r a c e d  from s e l e c t e d  ob jec t  po in ts ,  

t o  see how well image qua l i ty  was preserved, and some 

image s h i f t  ca l cu la t ions  were repeated for grad ien t  

cornponents orthogonal t o  those asaumea f o r  the yrimary 

c a l  c u l a t i o m  

i 



l j e j c r l p t i v e  parameters f o r  t he  computer 

ruyt race  are i l l u s t r a t e d  and exglained i n  Figure 32,. 

The system p r e s c r i p t i o n  as a c t u a l l y  i n p u t  t o  the 

computer i s  dlsglayed i n  Figure 3 2 .  Because 

sys tem achromatizat lon was no t  complete, t h e  

scanner ~ lys tem was t r aced  only i n  Sodium D l i g h t ,  

3.6.1,l Ragtrace Resalts 

An l l l u s t r a t f v e  a l l - su r face  p r i n t o u t  

is shown i n  Figure 3& f o r  a preliminary case wi th  

no g rad ien t  presznt ,  and another  in F i g u r e 3 5  - 
f o r  a l a t e r  case whan a. grad ien t  was grsuent. 

Figure 3 2  shows the mean iclage s n i f t a  

f o r  e i g h t  po in t s  around the Doundary of target "A" 9 

plus  RlS spot  sizes, f o r  an f/50 bun3le of r a y s  

and an index g rad ien t  of 0,00005 mm", It can be 

seen here t h a t  l a t e r a l  image s h i f t s  are i d e n t i c a l  

t o  w l t n i n  0.05 microns 3nc that the geometrical  Fuqd 

blur i s  only 0,04 rnicrons a t  i t a  Norst. By conparison 

the d i f f r a c t i o n  a l a r  f o r  t h i s  case i s  

Hence the sys t em is c l e a r l y  d i f f r a c t i m  limited, Since 

f/50 i s  almost pinhole o p t i c s ,  ws would expect tnis. 

The large d i f f r a c t i m  b lur  r s l a t i v e  t o  the small 

geometric blur implies t h a t  i n  the f i n a l  design 

t o l e rances  can be made f a i r l y  looseo  
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Fiei;ure 33 (cont'dd) 



Figure 33 (corrt 'd) 
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Figure 31, (cont'd) 
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For comparison, Figure shows the geometric 

image blur f o r  two s e l e c t e d  tarde% po in t s  for a n  

f/5 ray bundle--ten times l a rgec ,  The geometric 

b l u r  i s  seen t o  be about 4,6 microns, ldhile the 

d i f f r a c t i o n  b l u r  for t n i s  case w o d d  be 4,3  micronso 

Even f o r  t h i 3  extreme case the Bptics aay be 

conaldered t o  be c l o j e  t:, . l i f f r a c t i m  l imi t ed ,  

FiL,ure 2 sti.ws the image D L L i f t s  VodnS, t h e  

t:3..rGSet h a g s  boundary f o r  three v a l u e s  of  PnYex 

g rad ien t ,  

a n i f o m  m i  l i n s s r  t o  one /art i n  3 thousand O v e r  

the  full two decades of dynamic ranges 

Tnese s h i f t s  cirLn be se=n tg both. 

In Fieure - 39 the shifts produced by two 

orthogonal g rad ien t  components are coxApred-e It 

can be  seen t h a t  t hey  also are e%ual  t o  one $art 

i n  a thousandg 

These r a y t r a c e  r e su l t s  may be conuldere 

very  s a t i s f a c t o r y  and cons i s t en t  with exyee ta t ion  

They imply t h a k  rnm target i s  ~~~~0~~~ 

w i l l  be as sb. 

m ovem ex-& a c cura t e l y  

ng t o  a thermal grad 
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5.5.2 t h o  tom0 %r& c i ,naly a i B 

Photometric um.1,ysi.s i s  necedsary t o  estimate 

the  available ( o r  p o t e n t i a l )  aignal-to-noise r a t i o  

i n  the de tec tors .  KnoNins t h e  SNR, we can then  

estimate the a b i l i t y  of t h e  acanner to d e t e c t  

increments i n  thermal g rad ien t  bnd the pr3sence 

of marker dots. 

3.6.2.1 3gstem Transmission 

The f i r s t  s tep is t o  e s t h a t e  the o p t i c a l  

t ransmisaion of t h e  scanner. de assurne here the 

double Offner r e l a y  deaign. A l l  sources  of loss 

i n  t h i s  sys t em are i d e n t i f i e d  i n  Figure 9, and 

t ransmission estimates are given for each. Anti- 

r e f l e c t i o n  coat ings have oeen assumed f o r  all 

a i r / g l a s s  surfaces .  

e f f e c t s ,  all i n t e r n a l  r e f l e c t i o n s  ar?  assumed t o  

be from metal,  For maximum r e f l e c t i v i t y ,  t h i s  

To minimize dnwanted p o l a r i z a t i o n  

i s  assumed t o  be si lver.  Input  l i g h t  i s  assumed 

t o  be unpolarized, and a pola.riz2r a t  tha scanner 

head i s  assmed t o  absorb 50$ of this i n p t .  From 

the  ca l cu la t ions  of Figure !& we conclude tnat 

the o v e r a l l  transmiasion of t h e  s cannw i s  1,073 

from source t o  de t ec to r ,  
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3 .s -2.2 Signal  Bi;tncl.didth 

We may e v t l a u t e  the s l e n a l  mndwldth from 

t h e  conventi om1 agproximation for t a l e v i  sion: 

where Nh nunber of hor izonta l  p i c t u r e  elements 
Nv = number of v e r t i c a l  p i c t u r e  elements 
Fp = p i c t u r e  r e p e t i t i o n  rate 

N e  assume here t h a t  the scafining s p o t  is 1’ i n  

di3meter and that  we re quire exhadst ive coverage 

a t  the equator ,  r ep resen t ing  thd wors t  case. We 

assume t h a t  the maximum r o t a t i o n  rate of the tes t  

sphsre is 3 rad/sec. For t h i s  worst case,  then 

whence 

3 - 6 . 2 . 3  Source Se lec t ion  

de woald dro2ose t o  i l l m i i n a t e  the 

1 mn2 target v i t h  a miniature  co l l imator  naving 

t h e  f,eneral f o r a  of t h 2 ” t  sketched i n  Figure 5. 

can d e l i v e r  i n t o  the  t e g e t  s p -  rture bipproxirnately 

42 microwatts x i t h l n  the 0.5 t o  0.7 micron bandpass, 

This estimate is c a m i s t e n t  N i t h  p u b l i s h e d  Bpeci f ica t ions  

\ of commercial devices  of t h i s  tjrpe (see Appendix). 
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3.60204 SigXUl-tO-NOiSe Rat io  

C f  the 42 microwatts, half  w i l l  normally 

be d i r e c t e d  toward a s i n g l e  d e t e c t o r  i n  the dua l  

d e t e c t o r  a r ray .  

(see Appendix) i s  given as 9 x 

the peak wavelength of 0.9 microno 

the intended midband wavelength of  0.6 microno 

t h i s  becomes 1.3 x 10'13W(Hz)'*. For a system 

transmission of 1.07% and a system bandpass of 

30,940 Hz, the ind ica t ed  SNR i s  

The &'EP of the UIYT PIN Spot/2 

W(€iz)-* a t  

Converted t o  

T h i s  representa  the SNR for the f u l l  s i g n a l  fa l l ing 

on a detector,  

3.6.2.5 Thermal Gradient S e n s i t i v i t g  

We have seen tha t  i n  gla6s the image s h i f t  

produced by a l0C/cm @?adient component i s  about 

32 microns, 

of O.0loG/cm w i l l  produce an image s h i f t  of 0.32 

microns, A s h i f t  of 0.32 microns on the d e t e c t o r  

r ep resen t s  a r e l a t i v e  s i g n a l  change of 0,32/500 

= 6.4 x 10 . Such a s h i f t  should the re fo re  be 

detectable w i t h  a SNR of 

The desired l eas t -de t ec t ab le  g rad ien t  

-4 



It snould be pointed out  t h i t  the 

3 i zml  bandpaas assumed h a r e  i s  l a r g e r  than i s  

necessary,  so t h i s  fi;me i s  on tke  conservat ive 

side, The bandpass assumed (31 KHZ) i s  appropri:Lte 

f o r  s e n d r a t i n g  a t e l a v i s i o n  p i c t d r e  i n  which 

t h e  d a t a i l s  subtend a o o i l t  1 , but the rllaximum 

3 , ia t ia l  fre ,uency f o r  tnermal gradisnt i s  l i k e l y  

t o  be 0.1 cycle/degree. The e l e c t r i c a l  D t i i l d p a B S  

coiilil t ne re fo re  be reduced by a f a c t o r  of aoodt 5 

i f  desired,  iapljring a S1:R f o r  minimim gra3ien t  

c l o s e r  t o  14  than t o  6 ,  Tcis i s  2 healthy 514R 

znd leads us t o  conclude tha t  the  g o d  of  a 

ainimum de tec t ab le  t h s m a l  g rzd i sn t  of 0,Ol OC/cm 

i s  c a r t a i n l y  r e a l i z a b l e  i n  t?is instrument,  

3.5.2.5 Markar Spot S e n s i t i v i t y  

0 

The absorp t ion  spectrum of a marker spot  

i s  considerably narrower than the 200 m bandpass 

assumed here f o r  t h e  i l lumina tor .  If de suppose 

f o r  the present  t h a t  t h i s  absorp t ion  spectrum i s  

lo 
l i g h t  can be a f f e c t e d  by the marker spot ,  A t  full 

opaci ty  the spot  will produce a re la t ive  signal 

change of 0.05, In t!iis case t h e  Pull 31 KHz bandpass 

/” 

wide, then  only about  1 /20  of  t h e  inc iden t  

is necessary,  so  the 3NR i n  ta i s  case 28 

33 



I f  the  two-way opaci ty  of t h e  spot  i s  reduced t o  

only lo%, t he  SNR i s  still 

5&q=(5 /4 ;~ ) (+3%349  = 47 

de may i n f e r  then t h a t  the design goa l  f o r  marker 

dot  s a n s i t i v i t y  can probably be met i n  t h i s  instrument 

ra thsr  eas i ly .  

3.6.2.7 Increas ing  s ignal- to-hoise  A a t i o  

The de tec to r  $123 f o r  e i t h e r  grad ien t  o r  

zarkzr  spot  d e t e c t i o n  i s  propor t iona l  t o  the 

power put through the tkrget by the i l lumina tor .  

Ne have assumed here a ve ry  conssrvat ive model of 

a t m p t t e n  s o u m e .  ay var ious  Ssnns ( ref lexive 

n i r r o r ,  ir:creasing vol tage)  it - i o d d  be lsasjr t o  

a t  least  dguble  the powfrr available from t h i s  same 

source ,  wiic'n xeans doublikiz the 61JR. ki smnl l  

Xenon a r c  would aran:Lticallg iLLzre;l.se t h s  SKR s t i l l  

f i ir t! ier,  A small unpolarized User, i f  s p e c t r a l l y  

s u i t a b l e ,  codld y i e l d  an evsh &eater increase.  The 

problem with the laser ,  .lowever, i s  t n a t  i t s  sdectrum 

must over lap  the absorp t ion  spectrum of the photochromic 

dye  i n  the f l u i d ,  which i s  nabrow. 

t o  be made here i s  t n a t  the SNR i n  t h i s  instrument 

can e a s i l y  be brought by var ious means t o  a very 

The genera l  po in t  

healthy l e v e l ,  ample for any xeasurernent of i n t e r e s t  

i n  t n i a  experiment, 
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It .3t10111Cf bo yoint;~:A (3 It here a l s o  that  considerable  

!I  I l t  is p 3 3 i 5 i a  ! 1 Y J - L a ! l  ogtin1.m 

t,ckling of t s r k c t  t:, &tee to re  T h i s  prel iui i i iary 

design m s  based on it nominal 1 1 ILID t a r g e t  and 

z nominal 2 x 2 rrm de t ec to r ,  In f-..,ct thc  da,ecior 

i s  2.54 x 2.54 m m ,  A b e t t e r  tarGet  desibn f o r  

t i i s  de t ec to r  would be 1,.33 x 3.00 mm, S w h  

a chsnge w o d d  have the followlng e f f e c t s ,  a l l  

i n  the r i g h t  u i r ec t ion :  

1) The power i n t o  each d e t e c t o r  is increased  

by a f a c t o r  of  3.38 ,  from 2 1  'JJ t o  71 tv'. /I* /" 
2 )  The SNFi a t  n u l l  is increased  by this same 

f a c t o r  of 3 .38 .  

3 )  The SNii f o r  a l e a s t  de t ec t ab le  d i f f e rence  

of O e 0 l o C / c m  i s  increased  by a f a c t o r  o f  2 . 6 ,  from 

5.2 t o  17.6. 

4 )  The maximum de tec t ab le  g rad ien t  i s  increased  

by a f a c t o r  of 1.46, from 12.6 t o  17.6 OC/cm. 

... 

95 
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3.7 Al t s rnx t ive  Video ,.:etho53 

fie h a v e  ar17,ilsd 3tjove t h - t  ihe t a t s 1  r e t u r n  

s i g n a l  i n  t h e  d e t e c t o r  o r a y  reprasents  a measure 

of surface albedo arid can be usbd, liiith miniaal  

processing, as a v i d e o  i npu t  s i g n a l  f o r  the 

payload s p e c i a l i s t ' s  d i sp l ay ,  If for hiunan 

engineer ing reasons the  s c r o l l i n g  d i sp lay  i s  

undesirable  and, f o r  i n s t ance ,  a s t r o b e  display 

i s  desired ins t ead ,  t h i s  can'  be provided without 

g r e a t  d i f f i c u l t y ,  Two simple ways t o  v i e w  a 

90' s p h e r i c a l  s e c t o r  by s t robe  TV are shown in 

Figure 9. 
b r i g h t - f i e l d  i l l m i n a t i o n  and extreme depth of 

f ield.  The first i s  achieved by using a r e t r o r e f l e c t i v e  

i l l umina to r ;  the second by s t o p p i w  down t h e  camera 

severely.  In  f a c t ,  g iven specular  b r i g h t - f i e l d  

i l lumina t ion ,  8s shown i n  Figure 3, pinhole  o p t i c s  

should be p e r f e c t l y  s a t i s f a c t o r y  f o r  observing 

opawe narker  dots, The l i g h t  source woJld be a 

flashlamp s t robed  a t  whatever update freduency i s  

desired, 

T h e  key o p t i c a l  requirements here are 



aspheric mirror ,  s u r f a c e  
noraa l  t o  rays r e f l e c t e d  
Pro3  sphere ( c m t o u r  TDD) 

pinhole 
caaera 

mir ro r  su r face  spFroxina tes  a spheric a b w e  

r e f  le c t  iFg 
d f a  g 3n a 1 

Sc a t c h l i t e  



4.0 " J ~ T L J L I O ; ; ~  LJ ww ::-sa?: ILS 

This s t u d y  haa 21 

of g r ? ~ r ~ i i r i 5  -.J1 r-,?csai;wy &SS 

' 11 instru!nent of the fl, iiig-s$at 3c;znn r tJp.  '?-a@ 

c l n i , r a  G.?-de f o r  5~1ci-1 %*,:' in,truzan-k, n . v 3  Deen sliawn 

tg 0% J u s t i P i s d ,  The le j ign  evaluated was only a 

areliminary design, hoxever, and some d e t a i l s  chosen 

were no t  optimumo It is clear tha t  a re*exarnination 

of glass choices would be advantageous, f o r  instance. 

a ur sn! e lit s ;.) i t h  

The design examined i n  t h i s  study proved t o  

have a smaller scan angle t h p  aesired, 

from the choice of detector configuration and from 

the f a c t  t h a t  high-index materials were used 

f o r  the components of  the solid scanner re lay .  High 

index materials were ased because of an early design 

decision tha t  the in t e r fhcs  betkeen scanner and 

rotat ing t e a t  cell should be a zero-poder iiiterf%ce. 

T h i s  made it cecesaary t o  dae 9 h i b h s r  index an the 

scanner side of the interface t a m  t a t  of L l i e  

sa jdhi re ,  &iich '36s slrsady hi&;b. If,  on the o t h e r ,  

hazid, the design had begun from the $remise t h a t  

the f i r s t  interface a i d  not hsve t o  be zero-power, 

then low index xiaterials could have been used i n  

the scanner, the primary mirror radius w o d d  have 

been larger, tnere w x l d  hsve been more room f o r  

the folding m&rror, the scari iingle woilld 'nave bssn 

larger ,  and the image displacement f o r  a given 

This  followed 

I 
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grad ien t  would nave been lf irger.  I n  t h i s  preliminary 

4eaign e f f o r t ,  intended only t o  e s t a b l i s h  feasibility, 

t ha re  wa0 no time t o  exp lo re  more than  one design 

approach, and the zero-power i n t e r f a c e  was the  approach 

chosen, There a l s o  wzs no time i n  t n i s  study t o  

choose t h e  glass types  -nost advantageously f o r  

a c h r o m t i z a t i o n .  This must  of coarse  be done before 

m y  design can be walled f i n a l o  

k xos t  i a p o r t a n t  as, ject  of t h i s  o y t i c a l  design 

t1w.t hss m t  been touched i s  tct:it of  to le rance  and 

si2nsit"ivity ana1g~i.s.  It :-auat be Cetsrmirzed by 

s l l o c a t s  rnmufacturing e r r o r s  according t o  cos t ,  

It woald be very d e s i r a b l e  from a cos t  s tandpoint ,  

f o r  ins tance ,  t o  loosen to l e rances  on t h e  sapphire 

she l l ,  wnere over spec i f i ca t ion  i s  expensive, i f  

the e f f e c t  can be made up by t i gh ten ing  to l e rances  

on the scanner head, where ove r spec i f i ca t ion  i s  

much less  expensive, T h i s  cannot be dons withouk 

a s e n s i t i v i t y  ana lys i s ,  mwever. 

On the  basis of s t G d y  resdlts,  and the  f 'urthzr 

comen t s  abwe, we xake the tolloiJ-ing rscommen3-ation 

\vi th  r e spec t  t o  furtklsr work on the preliminary 

o p t i c a l  des ign  of the f l y i n g  spo t  scsnnar :  
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1) f,rr.t  t w r e  b ~ : ?  .f jr t t lar  AeiiiiLn i tepz t iqn  to 

0ptJiaiL.e t 10 t irgot-de?. l;?ctor c3nPi5dratSor1, t o  

~3f ia le te  sewomatisat ion,  zn3 $0 extsna as far  a"j 

possible W:mt aJvAinta 'e c3.n be &.itled thnaugh 

S 1 ' 3 3 t l t l t i  D f l  o f  ~las536Se 

2 )  T h ? t  %%eye bo i?, gen2r:i.l s ens i t i v i ty  and 

tol2rance an.lysis of the syytern, t o  zstabl i sh  

limits on performance exgec ta t im and t o  provide 

the  b a s i s  f o r  a cos t - e f f ec t ive  h l l c c a t i o n  o f  

mg.nLxf :jlctirl rq errors ; 

3 )  That t h e m  be an axam11;dtim of i n a t r m s n t  

z o n f i z d r a t i m s  based on multiple scanners t o  

asce,ot:iin wlletner increased scan angle, reduced scan 

m t e ,  o r  iaproved infcraat ion can be ztbtained 

cos t - e f f ec t ive ly  i n  t r i t s  way; and finslly, 

4)  T'na t  ths Guestion of polarization, bas i ca l ly  

' ignored here except f o r  cer ta in  genera l  statements, 

be given further attention, 
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OF POOR QUALITY 

C AT 
The Oriel Mintpoint Collimators project a cdlli- 
mated beam from a small circular aperture and 
condensing lens. The entlre unit IS housed in an ex- 
tremely compact cylindrical housing only 3/4 inch 
diameter 4 inch length. 
The Model 6545 Minipoint Collimator has an inter- 

.. 
J 

Minipoint Collimator 
with Adjustable Mount 

750t- ( 19) - -----I-- 

SPECIFICATIONS 
Housing diameter: 0.75 in. (19 mm) 
Housing length: 4.0 inch 
Lamp: 6 volt, 1% ampere 
Color temperature: 2750°K 
Lamp life: 500 hours 
Focal length: 50 mm (2 inch) ' 

') Beam Diameter: 15 mm (-59 in.). Can be stopped down 
with optional apertures to 10,5, or 2 mm 
(0.39.0.20, or 0.08 inch). 

literchangeable Beam Divergence lnserts 

'At full 15 mm beam diameter. 

LIGHT SENSING MINI PROBES: These high sensi- 
tivity silicon probes measure reflected or emitted 
radiant power within small fields of view< 
Near Field Probes: measure a field 1.5 mm (0.060 
inch) diameter at a working distance of 25.4 mm 
(1 inch). 
Far Field Probes: measure an angular field of 3" 
See Page F-20 for details. 

changeable internal aperture allowing a trade off of 
beam cdllitnbtlon angle with fight output. The larger 
apertures provide more light output but create 
beams with greater divergence angles. An optional 
filter holder mounts onto the output port ,and ac- 
cepts any 1 inch or 25 mm diameter filters up to 
0.375 inch (9.5 mm) thick. 

Minipoint Collimator 
with Variable Transforne 

ORDERING INFORMATION 

6545 Minipoint Collimator with lamp without transformer 
Beam Divergence Inserts and Beam Diameter Ap- 
ertures not included - order from below $518.00 

Beam Divergence lnserts 

6546-1 30 arc min. $72.00 
6546-2 15 arc min. $72.00 

Beam Diameter Aperture 

6552 Optional Filter Holder: This holds $39.00 
1 inch or 25 mm filters up to 3iS inch (9.5 
mm) thick. It mounts onto the beam port 

Collimator with meter and control knob. 
Output: 4.5 to 6.5 volts 
Input: 115 or 130 volts, 50/60 Hz. 

6553 Adjustable Mount for Mini Collimators 
and Light Sensing Probes. - Rod mounted. Order rod below. 

1231 
1232 Rod - 14.3 mm dia., 70 mm long 
T?33 Rod - 14.3 mm dia., 98.5 mm long 

6532 Variable Transformer for the Mini $ 95.00 

359.00 

Rod - 14.3 mm dia., 41.5 mm long $ 5.75 
S 6.50 
$ 7.00 

i 

CORPORATlOh APPENDIX C 
15 MARKET ST., STAMFORD, CON 
(203) 357-1600 TWX 710-4 shown are for U S only. Prices for export are slightly higher. 
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The Oriel Minipoints create extremely small, highly 
intense, spatially stable “point” sources of light. 
The source image is actually projected in front of 
the housing by an internal optical system. 
The 6530 source consists of a small low voltage 
tungsten lamp, an imaging optical system and in- 
ternal interchangeable aperture inserts. Inserts are 
available to produce projected “points” of 1.0, 0.4, 
0.2, 0.1 and 0.05 mm (0.040, 0.016, 0.008, 0.004 and 

0.002 inch) diameter at a 25 mm (1 inch) working 
distance. 
In addition three fixed aperture sources produce 
projected points of 0.050, 0.025 or 0.01 mm (0.002, 
0.001 or 0.0004 inch) diameter at a 3 mrn (0.1278 
inch) working distance. 
Adapters are available to mount these sources in 
rod mounted X-Y adjustable mounts. 

~ ~ ~ ~ ~ A ~ ~ ~ ~ S  
High intensity point illumination 
Artificial star for optical testing 
Critical alignments 
High resolution posit ion measurement or control 
Optical scanning 

Minipoint Sources in 
Precision Centering Mounts. 

1 Model 6530 MINIPOINT SOURCE with Interchangeable Inserts 
Working distance to point. 25 mm 
Beam Vno: 3.5 
Lamp: 5 volt, 0.75 ampere filament lamp 
Color Temperature: 2525’ K 
Lamp Life: 5000 tiours 

FIXED MINIPOINT SOURCES 
Working Distance to point: 3 mm 
Beam f/no* 2.7 
Lamp. 5 volt, 0.11 ampere filament lamp 
Color Temperature 2100O K 

P G O  rnterchangeable Minipoint Source $278.00 
with lamp-without transformer. 
Insert not included. Order from list below. 

Interchangeable Inserts for the Minipoint Source 

(0.002 inch) projected point with lamp, 
without transformer 

6538 Fixed Minipoint Source with 0.025 mm 
(0.001 inch) projected point with lamp, 
without transformer 

6539 Fixed Minipoint Source with 0.010 mm 
(0.0004 inch) projected point with lamp, 
without transformer. 

$218.00 

b 
L 

D 10 
APPCNDIX c (cont*d 

-. - . - .  

6532 Variable Transformer for any of the $ 95.00 
Minipoint sources above with meter and con- 
trol knob. 
Output: 4.5 to 6.5 volts, 3.3 amperes max. 
Input. 115 or 230 volts, 50160 Hz 

mounted provides & 6 mm (0.25 in.) adjustment 
with fine pitch screws in the plane perpendicular 
to the optical axis, page C-28. Order adapter and 
rod below. 

1733 Precision Centering Mount - rod $1 18.00 

1231 Rod - 14.3 mm dia., 4.15 mm long $ 5.75 
1232 Rod - 14.3 mm dia., 70 mm long 
9233 Rod - 14.3 mm dia.. 98.5 mm long 
1737 Precision Centering Mount - base mounted 

similar to the 1733 above with base mount. See 
page C-28 for details. Order adapter below, 

apter for Precision Centering Mount 
6530 Interchangeable Minipoint Source. 

apter for Precision Centering Mount 
for 6537, 6538 or 6539 Fixed Minipoint Sources. 

$ 6.50 
$ 7.00 
$139.00 

$ 27.00 

$ 29.00 

115 
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ELECTRICAL CHARACTERISTICS 

Capacitance per element (pF) 

Rise Time at 632.8 n 

-- - 
Fall Time at 632.8 nm 
90%-10% (ns) 

Frequency Response at 677.8 nm 
into 50Q Load (MIlt) 

- 

Noise Current (rms amp/ 

Forward Resistan 

MECHANICAL SPEC1 FlCATlONS OUTLINE DIMENSIONS !!ND%w. 

SPECIFICATION PIN-Spot/'LD PINSpot/4D 
Active Area/Element 

Area (cm') 0.032 0.016 
Dimensions (in.) 0.05x0.1 0.05x0.05 

* 

Package 
Type TO-5 TO-5 
Window Glass Glass 

9 6 O  9 6 O  Field of View 
Full Angle 
Temperature Range 

Operating (OC) -55 to +I25 -55 to +125 
Storage (OC) -55 to +125 -55 to +125 

Y OUTPUT 
SIGNAL 

X OUTPUT 
SIGNAL 

AC1 I V t  
EA 0.109'' 
t=r 

f=l 

* 
I 

' .005" 

SCHEMATIC DIAGRAMS 
I ' AREA 0.109'' 

TYPICAL CONNECTIONS FOR PIN-SPOT/4D 1 TYPICAL CONNECTIONS FOR PIN-SPOTI2D 

*AMPLIFIER BIAS POLARITY MUST BE CHANGED SPECIFICATIONS SUBJECT TO CHANGE WITHOUT NOTICE Ddl7 -0777  

-H APPt'ET?DIX i~ ( cant a )  
D 

3939 Landmark St., Culver City, Ca. 90230 USA Phone (213) 204-2250 
NI 

Telex Number 18-2dzi8 o Cahh Arlrlmzz. SILDETECT Citlver Ciiv Califnmin 



Hughes now offers OEM manufacturers the HPIN 
series of photodetector devices featuring the highest 
responsivity of any commercially available devices 
Because of their fast response time, this series is 
effective over a broad frequency range, Hughes 
HPIN Series Photodetectors have many applications 
in instrumentation using lasers, as well as in fiber 
optic communication and data links. 

The p on n variety of PIN photodetectors uses intrin- 
sic silicon grown and processed to provide uniform 

carrier concentration levels throughout the active 
volume The devices are ion implanted, for high 
uniformity and response, low temperaturc! process- 
ed for high quantum efficiency, and silicon nitride 
passivated for low leakage and stability 

A complete range of custom PIN photodetector 
devices is also available, and we will be happy to 
provide customer assistance for evaluating proposed 
applications Contact us  for your special 
requirements. 

CATALOG ~ E ~ ~ C ~ ~  G APPLICATIONS 

TO-18 PACKAGE 

HPIN 002 
HPIN 040 

A 

ENSITLYE 
E 

MIN LEAD 1 J d 
LENGTH- 5 - , :;: BA 

NO CMUNECTK3N 

ods 

ICATHODE) 

TO5 PACKACiE TO4 PACKAGE JOmm PACKAGE 

444 

I 

I 

G3 

87 ' 
Dark Current  (nA) 

Capacitance (pF) 

Rise Time frispc) 1 

I' 
0. 50V 5 0 o h r n s  3 -- 

5 7 ~ 1 0 " ~  i 



Flg. 1 - Typical Spectral Responslvity vs. Wavelength. 

0 100 200 300 

DETECTOR VOLTAGE (VOLTS) 
Fig. 3 - Typical Relative Dark Current 

vs. Detector Voltage. 

L' I I 

H P l N  040 - 
- 

H P l N  002 

I 
0 20 4 0  60 80 100 120 140 

DETECTOR VOLTAGE (VOLTS) 
Fig. 2 - Typical Capacitance vs. Detector Volteg&. 
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TEMPERATURE ("C) 

HUGHES AIRCRAFT COMPANY 
Image and Display Products 
Phone (714) 438-9191 * TWX 910-322.1393 

industrial Products Dlvislon 
61 55 El Carnino Real, Carlsbad. CA $2008 



Hughes supplies OEM manufacturers with dual. quadrant, linear, 
and matrix PIN photodetector arrays which complement its single 
element photodetectors These high reliability arrays are made by the 
advanced planar techniques of the single element line, including ion 
implantation processes and the use of silicon oxide and nitride layers 
for maximum spectral response and tow noise. 

While the widely accepted devices described below are represent- 
ative of the Hughes capability, a complete h e  of custom arrays is 
also availablo We will be pleased to provide customer assistance 
and alternate configurations to fill your particular application 

8 
R(O1OSENSIIIVE 

011' 
MIN LEAD 
CENGlI4 i 5- fj 0 0 

?IO' 
KO CONhf ClW. ,m- ciA 

HPIN MONOLITHIC ARRAYS 

DIMENSIONS 
HPI  N I OOD 

Modified 12-Lead 
t0.5 package 

HPIN200Q 
Modified 12-Laad 

TO-8 packago 
iPlN200C 

quadrant 

499x499 I 499x499 25 I 751x247 l6 

2 

  OX 130 
100x50 

- 

.m 
32 

5 

4 

247 x 247 

1M)R 
quadrant 

2i2R 
quadrant 85x85 180x41 

,039 .0072 .m74 
25.0 4.6 4.8 

6 3.6 2.4 

.0079 
5.1 

4.4 

ELECTRICAL SPECIFICATIONS 
All values are typical and measured at a wavelength of 900nm and at 50 volts. 

iPIN444M HPIN700L 

0.6 0.6 

e 2  -=2 

87 87 

4.0 4.2 

50 50 

6 6 

14 15 

> 200 > 200 

44 pin 24 pin DIP 
plug-in- ~ 

HPIN444Q 
25mm package 

HPlN444M 
44 pin package 

lPIN2000 

0.6 

C l  

a7 

4.4 

50 

6 

15 

> 200 

TO8 

iPIN4440 

0.6 

Cl 

87 

22.0 

125 

8 

33 

> 2200 

25mm 

- 

. PARAMETER HPlNlOOD 

87 

(pfl per Element 28 

(n/u per Element 16 

6 

'D 

O I C  mr 

HPIN700L 
24 pin package 
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WAVELENGTH (nm) 
Fb. 1 - Typkal Spectral Rasportrlvily vs. Wavelength. 

WIN4440 

UPINMOO 

HPIN414M 
HPlNmOL 

0 x)  40 bo 80 tW I20 140 

DETECTOR VOLTAGE (VOLTS) 
Fig. Z-Typtpl  Capacitance VI. Vollagt 

u 

Ehnunl In lha Spaciliad Array. 

- 
0 .a hx, YXI 

OETECTOR VOUAGE (VOLTS) 

3 -Typkal Relillvo Da~k Curnnt m. Deleelof Volliga. 

DETECTOR OUTLINES 

HPlN 1 OOD PHOTO DI 0 DE 
DUAL ELEMENT ARRAY 

Modified 12Lead 
TO-5 package 

HPIN200a PHOTODlODE 
QUADRANT ARRAY 

Modified 12.Lead 
T0.8 package 

case and positive 

22 13 23 18 24 25 

HPIN444M PHOTODIODE ARRAY 
44 pin package 

APj?ENDLX E ( cont'd) 

lead connection 

0 case A 

HPlN70OL PHOTODIOOE 
LINEAR ARRAY 
24 pin package 

.--- 

rision * Solid Slate Products Sales 
4) 438-9191 0 TWX 810-322-1393 
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EFFECT OF TNERMAL 6RADIENT IN THE SAPPHIRE SwB;U 

L 

L 

Introduction 

This note considers how a thermal gradient i n  the sapphire 

she l l  can perturb the AGCE by mimicking a thermal gradient in 

the fluid. 

e f f ec t  and indicate  i n  general how it can be compensated i n  

the experimento 

The objective here is t o  es tab l i sh  the scale of the 

Analysis 

The temperature d i s t r ibu t ion  i n  thd sapphire she11 wag 

studied f o r  a number of cases i n  I? 

of the shell i n t o  cells is shown i 

PIR), and the calculated temperature d is t r ibu t ion  for a typical  

case i n  Figure 2 (also frorn t h i s  P le  From Figure 2 we 

~ R 5 4 h C C E -  023 a Tha &%Vi sim 

gare 1 (tabn froin t h i s  

can calculate  the average g r & d i e n ~  from cell 2 to eel1 9 &6 

For comparison, maximum and mini  ~ r a d i @ n t s  i n  t h i s  rang4 

are calculated as 1.00 and .S OC/cm, re spec t ive 1 y . 
The thermal coe ficietnt of r e f r ~ c t i ~ ~  index for sapphirs 

averages O,QOOO13/ mer the v i s ib l e  range (Reference 1). Ow 

the other hand, the thermal ~ o e ~ f i ~ i e n t  of re f rac t ive  inder 

f o r  typical  organic f lu id  is =,.OOOS/°Ce In passing iroa 

source to detector,  light: passes Cia the present design) through 

equal thicknesses of sapphire and flu% . Gradient effects in 
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the t w o  media can therefore be d i r e c t l y  compared i n  term8 of 

temperature coef f ic ien t  of re f rac t ive  index. 

the sapphire w i l l  

as grea t  as the same gradient i n  the f lufd  would produce. 

A gradient i n  

produce a signal  t h a t  is .000013P(-,G0051=-.026 

The 

average gradient i n  sapphire w i l l  therefore have the same 

e f f e c t  on the s ignal  as would a f l u i d  thermal gradient of 

( -bo26 1 ( a 768 1s -.O~*C/CIR. 

We have seen earlier t h a t  the AGCE scanner has the capabi l i ty  

of detect ing a O.Ol°C//cm gradient 

least 60 

i n  the f l u i d  with a SNR of a t  

The gradient i n  the sapphire w i l l  therefore ba detecrtable. 

The resu l t ing  signal w i l l  be both small and systematic. 

should therefore be sa t i s f ac to ry  t o  correct  for t h i s  perturbation 

It 

by simply adding (or subtracting) calculated values to the ray 

signal. 

Reference 8 

1. I. H, Halitson, "Refraction and Dispersion of Synthetic Sapphire," 
J O S A 4 3 ,  1377 (196210 

2, C, Andres, "Task 6,2 AGCE Thermal Feasibility/Design Sttidy," 
PIR 1R54-AGCE-023, 
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The sapphire sphere i n  the &CZ adparatus 

i s  birefringent,  sapdhire being physically a negative 

uniaxial crystal ,  Unpolarized l i g h t  incident on 

the sapphire she l l  d i l l  therefore be separated 

on Ontering the crystal  i n to  two r a y s  of orthogonal 

polaeization: the ordiriary ray and the exLraordinary 

ray, 

can lead t o  two segarate images a t  the detector, one 

of whichmay be displaced from the other, and since 

image displacement i s  what i s  being measured i n  the 

FSS, i t  i a  evident that  birefringence can t o  t n i s  

extent m i m i c z  index gradients, and must therefore 

Since this separation bf bays i n  the crystaI 

be eliminated or accoillnted for, In  the baseline design B 

birefringence was sidesteBped by re  Guiring the 

opt ical  a x i s  t o  be parallel. t o  the a x i s  of rotation, 

then polarizing the incident l i g h t  so  211 rays 

would be ordinary rays, For technical reason8 a 

sphere made with t h i s  o r i e n t a t i m  is l i m i t e d  i n  s ize ,  

A sphere made with the opt ica l  ax is  i n  the e.iuatoria1 

plane can be made larger ,  however, and since a la rger  

t e s t  c e l l  i s  generally desirable, t h i s  ie thod  

of construction w i l l  be preferred, provided the 

efPects of birefringence can be dea l t  with.. It is 

the purpose of t h i s  note  t o  examine these e f fed ts  

Gualitatively and quantitatively ;2ZiZi aBSeSS the 

problem- genSrkXly-.- 

- 

_ _  

- _-___ I__ - _ -  
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3Ai31C PHYSICS OF RZ:FR.LCTIC~N 

A conventional approach t o  understanding the 

propagation a n i  wfr.1 c$i  171 ;fa 7 t\_ht -1 <,z 23 i-; l;o 

apply  HJygens' 2 r i n c i p l e .  This a r i n c i p l s  s ta tes  

that  i f  the locus  of an  advsnding wavefrsnt is known 

a t  time t ,  i t s  locus  a t  ;1, sdbseyuent time ( t  f p  ), 
wzere V i s  very s n o r t ,  m y  fo ind  by ragarding 

each g o i n t  3n the iqavsfront a3 a 3c)irce of 

3ecmJ.x-y wavelets tLt c3 :nee a t  time t and 

3::pnd f o r  ths tima f l  ,at ::, vz loc i ty  c/n, whera 

c i s  tcla velocl-t3 a€  l i g h t  and n i s  the  l o c a l  

indsv- of r3rrsc4;ion, ;'hs :J3.vefront a t  time (t+v ) 
i s  then  taken t o  be t he  envelo2e of taose secclndary 

wavelats i n  t h a  forward, d i r a c t i o n ,  ,Jhen the medium 

i s  i30tr0gi0, tnese xave le t s  are dgherical ,  a3 shown 

I n  F izure  L. I n  the case of a u n i a x i a l  c r y s t a l ,  

however, the  wavsls ts  a r e  s g h s r i c a l  f o r  the ordinary 

ray but e l l i p s o i d a l  f o r  the ext raord inary  ray. 

Figure A i l l J s t r a t e s  tne a g p l i c a t i o n  of Huy$ens' 

P r i n c i p l e  to e-wave r e f r a c t i o n  i n  a negat ive u n i a x i a l  

c r y s t a l  ( e . g o ,  sapgh i re ) ,  I l l u s t r a t e d  i s  the special  

case f o r  which the o p t i c a l  a x i s  l i e s  i n  the plane 

of incidsnce,  -he a - r a g  '$ i s  Lefined 8 s  t h a t  

r a y  from t h e  oriGLn of ~ ' t i z  e l l i p 3 ~ i d a l  wavelets t o  

tQe p13:rit of tangsrLcy vvi th  ";ha wi-velst envelope, The 

gave n o r m 1  i s  tha t  vector  p r p a n d i c u l a r  t o  the 

envelope 

3 
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Ths widw and minor axes of i h e  e l l i p t i c a l  

section of ths  sllipaoidal wavelet are pogor t iona l  

t o  (l /ne) and {l/no), where no and ne a re  

respectively the ordinary anti extraordinary re f rac t ive  

indexes of  the crystal ,  The e f h c t i v e  refract ive 

index f o r  the e-ray i s  derived i n  Figure 2 from the 

basic analyt ic  geometry of the e l l i p s e  and i s  there 

showkl t o  be given by 

> a*== 4 + h @ * f P i ~ ) c &  
2 2, 

where p is the angle bstween the +ray g\ and the 

opt ical  axis  Go The wavefront normal a t  the 

point of tangency t o  tho e l l ipso id  mast of' course 

be normal t o  the e l l i p t i c a l  b e t i o n  a t  that pint. 

The r e l a t ion  between and Is derived i n  Figure L, 
where i t  i s  shown thrtt 

the angle s( now being  the angle between the 

8-wave normal '$ and the opt ical  ax16 

Given t h i s  r e l a t ion  between and p i t  io 

then possible to  c a l m l a t e  the e f fec t ive  index f o r  

the e-wzve noma1 4 Thier is derived i n  Figure and 

shown t o  be given by 
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H e  have considered here w n a t  we described 

a s  the spec ia l  case of the op t i ca l  a x i s  i n  tho plane 

of incidence. Textbooks usually s t o p  t h e i r  d i s c u s s i m  

of birefringence a t  t h i s  point ,  This same ana lys is  

can be shown t o  be much more general  than is usual ly  

implied, however. To i l l u s t r a t e :  i n  Figure b, 
holding o( 
ro ta ted  about  the e-wave normal 4. Clearly the 

wavelet enveIops ar;d the e-wave normal a r e  anaffected,  

We may conclude, then, t h a t  the 8-wave noma1 $ alwaye 

l i e s  i n  the plane of incidence, i t s  o r i en ta t ion  i n  

tha t  plane depending only on tha angle o( and not 

on the poslition of' .̂ a r e l a t i v e  t o  the plane of 

incidence. We may further conclude t h a t  a3 the 

op t i ca l  a x i s  rotates aoout s, holding .( constant, 

the  vectors  e, $, and $. reinain coplanar and 

i n  the same relation t o  eachother as oDtaFns i n  the 

e l l i p t i c a l  sect ion of Figure A, represent ing the 

spec ia l  case of op t i ca l  a x i s  i n  the plane of incidence. 

N e  conclude that  the d i r ec t ion  of the e-ray $ 
depend on the d i r e c t i m  of the op t i ca l  a x i s  6, 
a.nd t h a t  i n  f a c t  @ is ?I representable  as a l in.sar 

conbination of a and Ct spec i f ica l ly ,  

constant, l e t  the  og t i ca l  a x i s  a be 

A 

does 

(0 





... 

d e  ~ , a y  f Q r t h a r  s ~ r i z l a l e  f m :  the above t h a t  

the e-wave normal 4  beys Snel l ' a  Law, since it 

liea i n  th8 $an8 of incidence and since i t a  direct ion 

i n  t h a t  plane 13 dstarmined by a formula equivalent 

t o  snell's JAW: 

/ 
/?I, ; c P i y d )  5 4,. L 

We may also conclude that  th0 e-ray 6 a lways  

l i e s  i n  the principal p l a n e  cmta ln ing  the e-wave 

noma1 G, and that  i t s  directim i A  tha t  plane 

13 detsrqined by a r s l a t ion  tha t  for small angles, 

a t  l e a s t ,  has a fomal  s i m i l a r i t y  t o  aell'3 ~ a w :  
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The geometrical op t ics  of the extraordinary 

ray i n  a uniaxial  c rys t a l  may be underatood i n  

terms of the diagram o f  Figure z. 
/\r and the surface normal /2n define the plane of 

The incident  ray 

incidence , The extraordinary wave normal (e-wave 

normal) ’$ l i e s  i n  t h i s  plane and i s  re f rac ted  

according t o  Snel l ’ s  L a w ,  the c rys t a l  re f rac t fve  

index being taken as 

Y 
i n  which no i s  the ordinary r e f r ac t ive  index, 

ne i s  the extraordinary r e f r ac t ive  index, and 

cos( 4 ) = %e, 
c rys t a l ,  The posi t ion of l a  determined i t e r a t i v e l y ,  

s ince i t  depends on the index n, urihich i n  tu rn  

depend3 an the posi t ion of  Q. The e-wave normal $ - 

and the op t i ca l  a x i s  6 together def ine a pr inc ipa l  

plane of the c rys ta l .  The extraordinary ray 0 
(e-ray) w l l l  l i e  in t h i a  principrzl plane, Lisplaced 

from Q by an angle such that  

8 being the dp t i ca l  a x i s  of t he  
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3 
A P  The e-ray cy 

I s  expr?ssible a3 a l i n e a r  coabinat lon of $ and s. 

The e-norm1 4, 
is i t s e l f  expres s ib l e  as a l i n e a r  coabiniktion of 

r and Ga flence the e-ray e, as well as a l l  o t h e r  

vec to r s  i n  t h l s  problem,must be expresa ib le  i n  

terms of the t r iad (’?,%,$), d t i i o i  r ep resen t s  a 

n a t u r a l  b a s e ~ v e c t o r  se t  f o r  thls problem, 

s ince  i t  lies i n  the (a ,s)  plaw, 
A 

s ince  i t  lies i n  t he  (9, 6) plane, 

A 

Once both e and ’$ aye found, r ay t r ac ing  

proceeds by p ro jec t ing  the ray @ u n t i l  i t  

i n t e r s e c t s  the next  surf8ce.  A t  t ha t  po in t  the 

e-normal 9 i s  s u b s t i t u t e d  f o r  Q and r e f r a c t i o n  

o u t  of the c r y s t a l  executed uefvlg 8 n e l l ’ s  Lay, the  

c r y s t a l  index n(4) bzing t h e  same as  that  used for 

r e f r a c t i o n  i n t o  the  c r y s t a l .  Cutside t h e  c r y s t a l ,  
A A .,A,---.- -. 

of course, e and B become lden t i%a l ly  r , which 
is t r acdd  f u r t h e r  by conventional meanso 
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%ZLDlINARY ESTIMATS OF BIRZFaIIN3ENCE EFTECTS 

Before embarking upon a general  raytracing 

exercise ,  it is possible  t o  ge t  a good idea of 

what t o  expect by r e l a t ive ly  sirn;?le msans. de 

can do t n l s  by taking advantage o f  the f a c t  that 

i n  the F38 a l l  r a y s  are inc&dent very close t o  

normally on the sagphire sphere. %cause of 

t h i s  the general  vector diagram of Figure _'i7 in 

tae p e s e n t  case looks like Figure s. 
t h e  incident  ray '?, the e-wave norm1 %, and 

the surface normal 4 
i t  follows that  (except when o( is  v4ry small) t h e  

( a , s )  pr inc ipa l  $lane , J i l l  be very  filearly coincident 

d i t h  the (a,n) plane, which i s  c - d l a d  the  pr inc ipa l  

r33ction. Jxcept f o r  .( vary $'itall, we may Bnerefore 

t o  a zood approximation consider the e-ray 2 t o  

l i e  i n  the pr incipal  sect ion,  displaced from the 

normal by the angle d = / / 3 - ~ 1  For a 

+reakly birefr ingent  c rys t a l  l i k e  aapphire, w e  know 

t h i s  angle & must ba small,. From the argument of 

Figure A w e  deduce t h a t  for sapphlre  this angle 

is aiven by 

Since 

are a11 very c loae  to&ether,  

A A  

A f i  

i n  which o( may now '0s taken as the an318 between 

4 and Q. 
I 

16 
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In  a centered o p t i c a l  syatem a ray  d e f l e c t i o n  
A i n  the @,n)  plane can be exgected t o  produce an 

image sn i r ' t  garallel  t o  t h a t  2lane. The i-zage 

a t  the d e t e c t o r  ?lane formed by e-rays can the re fo re  

be expected t o  be a i sp l aced  along t h e  d i r e c t i o n  

of the o a t i c s l  axis a3 pro jec t ed  i n t o  the ( x , y )  plane, 

3ach d iap laceaent  i s  i l l u s t r z > t e d  i n  T i c u r e  

.?e now bnotq the  gsA'i~? 1 iut;rs ;mu 3 i r s c t i o n  

of th3 i m g e  d i i f t :  i t  re-xhii2s t o  determine i t 3  

magnitxde, ife czn do t h i s  c t i s i l y  Sy c m s i d e r i n 6  

t k  _sL,rticular c33e i n  iJhZch tha  o d t i c a l  axis 

l i e s  i n  the  a e r i d i o n a l  dlane,  then psrforming 

a paraxial rrzytrace, juch a r a y t m c e  i s  a h o m  

i n  F i p r e  L. 
axis was taken t o  be 

For  tnis exaTg1.e the o p t i c a l  

4 
$= - (.707) 9 + 67071-4 

and the ca l cu la t ed  ima8e d e f l e c t i o n  was4.16 mm. 

Me deduce, then, t ha t  i n  ganara l  the  image d e f l e c t i o n  

will be i n  the d i r e c t i o n  of the o p t i c a l  a x i s  as 

pro jec t ed  i n t o  the de tec to r  plane and o f  a aagni tude 

Subse%uent computer r a y t r a c i n g  has confirmed t h i s  

t o  be a very accura te  estimate of image displacement, 

except f o r  very small walues of the angle G(, . 
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For a rotating sphere with an o p t i c a l  a x i s  i n  

tha e , u a t o r i a l  plane, thAs d e f l e c t i o n  formula is 

easily eqressed  i n  terms of latitdde 9 and 

longi tude  , as shown in F i s u r e  &. 



dhen the a n s l e  o( is s%all ,  t h e  d e f l e c t i o n  

is s t i l l  -l*iven c o r r e c t l y  by the  zbove ex$rassion, but 

t h l s  d e f l e c t i o n  may no l o n g e r  :*iith aczuracy brs 

a s s w e d  t o  lis in the p r i n c i p a l  s ec t ion .  

srall, tL15 i ndes  n( 4 )  kz no. The s-,d%ve noma1 

becoass cg inc idsn t  & i t h  ‘;he or;lFliary ray 

t3.e d e f l e c t i o n  o f  oach a-ray dill be i n  the 

i J r i n c i p l  g l x i e  d e f i n 5 3  by 4 
. L ~ i 3  ,agnitud.e of  t h e  s h i f t  now b e c w e s  A g O.?+~O(  )h f i  

where o( i s  now t o  be taken &i@e oetween the 

o p t i c a l  a x i s  9 

For o( 

9, and 

And t’ns mdinary  r q  *. 
rn 

and the  ordhnary ray .2. 
I n  the %9S the lower l i m i t  f o r  a s c a r a t e  

neasuremznt i s  s d e f l c c t i o n  of 0 .32  micronso 

An e-ray image shows t h i s  much d e f l e c t i o n  a t  only 

oc( = ,001, Since the 0 - m y  i n  the FSS averages 

about .O5O from t h e  nornal ,  it aphears impossible 

t o  avoid s i g n i f i c a n t  e-ray image afaplscernent a t  

the d e t e c t o r  no matter how the o p t i c a l  axis is 

oriented, if unpolarized l i g h t  i s  usedo 
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To v ?  i f y  the fors8oing rmirlysis and the 

expsctatlons derived f r m  it ,  it simglified version 

of the F S S  was raytraced, taking i n to  account the 

birefringence of the sapphire she l l ,  The same 

program used e a r l i e r  t o  raytrace the baseline 

design was used here, except that the progrm was 

modified t o  t race the e-ray as well as the o-ray. 

A n  explanation of the system parameters i s  given 

i n  Figure fie 
these parameters i s  given irk Figure 15. 
a lgor i thm for accornaodating the e-ray i n  the program 

is described i n  Figure _/56 

The system descripgion i n  terms of 

The basic 

- 
f 

The par t icular  cases studied are  Cab-a-cted 

in Figure &. For each of these cases rays were 

traced from eight points around the periphery of 

a 2 x 2 :nn target  t o  the image plane. A l l  results 

confirned the displacement expectations described 

e a r l i e r ,  Typical of these r e s u l t s  is the case shown 

i n  Figure a. The en t i re  e-ray image t rans la tes  as 

a whole; the t ranslat ion i s  i n  the direct ion of the 

x,y pro3ection of the opt ica l  a x i s  and i s  of a 

magnitude accurately representable by the r e l a t ion  

derived ea r l i e r :  
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I n  FiEure 2 of 218 1?54-~GCZ-027 tne  angdlar 

deviat ion of tho  e-ray N i t s  cz lculated using a 

d i f f e r e n t i a l  approximation and shown t o  be 

I t  i s  the purpose of t h i e  note t o  point ou t  that  

a d i f f e r e n t i a l  approximation i s  not necessary and 

tha t  an  exact solut ion 1s e a s i l y  obtained. The 

exact ana lys i s ,  shown here as Figure B, reveals  

that  f o r  sapphire 

00 45.2 5h726 ( 5 < * PP 45-z . jf@Ld 

and furthermore that i f  the e f f ec t ive  index f o r  

the e-wave normal i s  simply taken as the mean of 

o rd ina ry  and extraordinary indices ,  t h e  result 

d = . 0 0 4 5 4  290 24 

can never be more than 2 E i c r o r a d i a n e  i n  error,  

or about o,A%, 
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TASK 6.1 PARAMETRIC HEAT FLOW ANALYSIS 

N FORMATION REQUE STE D/R E LEASED 

1.0 SUMMARY 

Heat flow from outer t o  inner hemisphere through the dielectric fluid was estimated 
for various parametric combinations of radial temperature difference , Elussel t number , 
and sphere size. Results indicated heat flows somewhat higher t h a n  anticipated and 
verified the need for the more refined study of localized thermal loading on the 
inner sphere which i s  planned for Task 6.2.  

2.0 BACKGROUND 

The feasibility of AGCE depends in part on the abil i ty t o  establish certain desired 
temperature profiles on the inner and outer spheres while the fluid between them 
is  flowing in closed convection cells.  As a f i r s t  step in this  thermal evaluation, 
gross heat flows must be estimated for expected ranges of the variables involved. 

;O TASK IMPLEMENTATION 

The problem involved modeling the heat flow t h r o u g h  the AGCE cell as radial conduction 
between two hemispheres (each assumed isothermal ) and using the specified Nusselt 
numbers t o  determine the magnitude of the convection coupling between them. 
between concentric hemispherical she1 1s i s  a one-dimensional steady-state problem 
i f  the interior and exterior surface temperatures are uniform and constant, and the 
intermediate substance i s  considered homogeneous. Note t h a t  fluid motion effects 
were not  modeled explicl'tly, b u t  were superimposed by using Nusselt number scaling of 
( s t agnan t  f 1 ui d )  conducfi on coup1 i ngs . 

Conduction 

The AGCE cell model i s  i l lustrated i n  Figure 3.1. 
hemispherical surface i s  calculated from E Q ( 1 ) .  

The heat flow from the outer-to-inner 
The results are listed in Table 3.1. 

Q = 2 "  N, K A T  rL. r, E Q ( 1 )  [ r o  - r; ) 
4.0 RECOMMENDATION 

The detailed heat flow calculations planned for Task 6.2 should be initiated immediately. 
4 
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TABLE 3.1 HEAT FLOW RESULTS 

HEAT FLOW (WATTS) 
N" r;. (4 & (cm) A T=5OC AT=l OOC AT=20*C 

1 2 3 ,196 .391 .783 

5 6 .978 1'96 3.91 

4.5 6.5 i 477 .965 1.91 

2 2 3 .391 .783 1.57 

5 6 1.96 3.91 7.83 

4.5 6.5 .954 1.91 3.82 

5 2 3 .978 1.96 3.91 

5 6 4.89 9.78 19.6 

4*5 6.5 2.38 4.77 9.54 

I 
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TASK 6.2 AGCE THERMAL FEASIBILITY/DESIGN STUDY 
NFORMATION RE QUE STED/R E LEASED 

1.0 SlNFIARY 

The localized thermal loads a t  the outer sphere pole, outer sphere eouator, and a l l  

l a t i t udes  of the inner sphere surface a r e  defined using computer analysis  t o  simulate 

the e f f ec t s  of a flowing f lu id  i n  a closed convection c e l l .  Various veloci ty  prof i les  

and temperature d is t r ibu t ions  a re  considered t o  determine the worst case design con- 

d i t ions .  

load a t  the inner sphere and a 16.0 watt heating load a t  the equator. TEN heat 

Results yield a 5.0 watt cooling load a t  the outer pole, a 9.5 watt coolina 

I exchangers, requiring 145 watts of power, will provide o r  remove the heat loads a t  

these locations.  The to t a l  AGCE heat d i ss ipa t ion ,  approximately 277 watts,  will be 

re jected t o  an avionics a i r  supply of 57 kg/HR. 

The f e a s i b i l i t y  design study concludes t h a t  the proposed thermal system can maintain 

the desired temperature d is t r ibu t ions .  

vestigation in to  ce r t a in  aspects of the proposed design i n  the next phase of study. 

Recommendations a re  made for fur ther  i n -  

The d e t a i l s  of the design a r e  a s  follows: 

Blowing 500 FPM of N2 gas a t  a c i r cu la r  finned heat exchanger enables the outer 
sphere pole TEM t o  maintain a cooling load of 50 watts and a 25°C outer  pole 
temperature. 

The outer equator can be held a t  35°C by providing a 16.0 watt heat load from 
12 g p h  of 38°C water pumped around the equator surface.  

3 M O S .  e MOS.  

6 M O S .  

Distribution: R .  Homsey (M9415) L. Blomstrom 
G.  Fogal (M9423) W .  Yager (M9423) 
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The localized loads on the inner sphere a re  maintained by trim heaters off-  
set t ing the bias of an 8°C c h i l l e r  dome heat s i n k .  
i s  removed from the ch i l l e r  dome by 22 gph of 7.5"C water pumped through tubes 
soldered to  the inner surface of the c h i l l e r  dome. 

A to ta l  load of 9.5 watts 

In both loops, heat is e i ther  removed or supplied t o  the water by single stage 
TEMs mounted to  the rotating platform of the AGCE assembly. The rotating p la t -  
form heat load i s  removed by a 45 kg/HR avionics a i r  supply t h r o u g h  concentric 
f inned  rotating and stationary heat exchangers. 

2.0 BACKGROUND 

The Earth's gravitational force i s  modeled by holding a d ie lec t r ic  f luid between 

two concentric spheres and subjecting the f l u i d  to  a radial e l ec t r i c  f i e ld  i n  the 

form of  a spherical capacitor. The f l u i d  will simulate the large-scale circulations 

of the Earth's atmosphere. 

A f ea s ib i l i t y  design study i s  required to  determinb i f  a 

maintain the specified temperature profiles on the inner 

the f lu id  between them is flowing i n  a closed convection 

I *# 

'I 

thermal system i s  able t o  

and outer spheres w h i  1 e 

c e l l .  The outer sphere 

will be maintained warmer than the inner sphere, w i t h  la t i tudinal  temperature 

gradients on the spheres. i 

In Task 6.1, 1254-AGCE-010, heat flow from the outer to  inner hemisphere t h r o u g h  

the d i e l ec t r i c  f l u i d  was estimated fo r  various parametric combinations of radial 

temperature difference, Nusselt number, and sphere s ize  to  predict the expected 

ranges of  the variables involved. 

b u t  were superimposed by using Nusselt number scaling of stagnant f l u i d  conduction 

couplings. An expl ic i t  analysis of the f l u i d  motion e f fec ts ,  incorporated into a 

model of the sphere assembly is necessary to  accurately define the system's heating 

and/or cooling requirements a t  the outer sphere pole, outer sphere equator, and a l l  

la t i tudes of the inner sphere. F u l l  thermal performance can only be attained i f  heat 

can be provided or  removed locally a t  these locations to  maintain the desired tempera- 

F l u i d  motion e f fec ts  were not modeled expl ic i t ly  

ture profiles on the two spheres. 



3.0 TASK IMPLEMENTATION 

l i  3.1 DESCRIPTION OF AGCE MODEL 
I 

Based on the parametric heat flow analysis,  Task 6.1, the inner radius of the outer 

sapphire sphere was selected as 6.0 cmand the outer radius of the inner sphere was 

selected as 5.0 cm. A 1 cm. thick outer sapphire sphere i s  assumed. The  sphere 

assembly is modeled as 53 nodes as i l lus t ra ted  i n  Figure 3.1.1. O f  the 53 nodes, 

40 are  active and 13 are  boundary nodes. 

from -10 degrees la t i tude  t o  90 degrees la t i tude.  

Node divisions occur every 10 degrees 

In Table 3.1.1, the nodes are  

defined and a l i s t  of t he i r  physical and thermal properties is  presented. 

Table 3.1.1 
Node Description and Properties 

Active P CP K M 

1 + l o  Sapphi r e  3.98 0.10 .065 N/A 

Nodes Description ( g/cm3) (cal /g-"C) (cm-SEC-"C) (cps) 

Outer Sphere 

> 1 1 4  40 Silicone Oil 1.101 0.47 .00025 1.98 
Dielectric F l u i d  

Boundary 
Nodes 

41+ 50 
51 
52 
53 

Description 

Inner Sphere 
Outer Sphere Equator 
Outer Sphere Pol e 
Ambient Nitrogen Gas 

3.2 COMPUTER ANALYSIS TO SIMULATE CONVECTION CELL 

Incorporating a simulation of the effects  o f  a flowing f lu id  into a previously 

developed computer program (MSTTR) enabled the modeling of a closed convection c e l l .  

The f lu id  was d i v i d e d  into three layers o f  nodes (Figure 3.1.1) t o  represent the 

flowing f luid.  

and 32 thru 40, while radial flow only occurs i n  the middle layer,  nodes 22 t h r u  30. 

Meridional flow only occurs i n  the outer layers,  nodes 1 2  t h r u  20 
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The f lu id  i s  res t r ic ted  to  flow i n  the northern hemisphere of the model, thus nodes 

11,  21 and 31 are  modeled as stagnant nodes. Positive meridional flow i s  i n  the 

direction of the pole and positive radial flow i s  i n  the direction of the inner 

sphere. By specifying the total  mass flow ra te  of the circulating f luid i n  the 

convection c e l l ,  and the percentage of radial flow a t  each middle layer node, 

various velocity prof i les  can be established. The mass flow ra te  a t  each node is 

determined by applying the principle of conservation of mass flow. 

examining Figure 3.1.1 , w i t h  zero radial flow i n  node 26, the mass flow ra te  i n  

node 16 equals tha t  of node 15 (assuming positive meridional flow). If  node 27 

t h e n  has 30% radial flow, the mass flow ra t e  i n  node 17 i s  70% of tha t  i n  node 16 

and node 27 has 30% of that  i n  node 16. 

For example, 

The turnaround zones for  the convection cel l  may be concentrated a t  the pole and 

equator by making a l l  middle layer nodes except 22 and 30 have zero radial flow. 

I t  may also be spread out by only specifying zero ra,dial flow a t  a few of the central 

l a t i tude  middle layer nodes. The overall s ize  o f  the cel l  i s  reducible by specify- 

i n g  no flow i n  nodes a t  the pole and equator. 

mined by assuming a constant density f luid and an average cross-sectional flow area. 

4 

The velocity a t  each node i s  deter- 

Because of the relat ively low velocit ies of the circulating f lu id ,  i t  i s  assumed 

t h a t  heat i s  transferred from the f luid to  the spheres' surfaces by bo th  convection 

and conduction. All nodes are  radial ly  and l a t e ra l ly  (meridionally) conductively 

coupled as i f  the f luid was stagnant. The outer layers '  convection coefficients are  

determined by analyzing the meridional flow as flow over a cylinder. 

couplings from the f luid to  the inner and outer spheres' surfaces a re  the effect ive 

couplings of conduction arid convection couplings i n  paral le l .  

The total  

-5- -- 



The nodes i n  the sapphire outer sphere a re  also coupled t o  the boundary nodes 51, 

52 and 53. Nodes 1 and 2 are  conductively couplCd to  node 51 and node 10 i s  con- 

ductively coupled to  node 52. Nodes 1 t h r u  9 (10 i s  covered by the outer pole TEN) 

a r e  convectively coupled to  node 53 by assuming a nominal convection coeff ic ient  of 

.7 BTU/HR-FT~-OF.  

The  coup1 ings  between nodes a re  i n p u t  to  the computer program MSTTR which solves 

t ransient  thermal problems using a fourth order Runge-Kutte technique. 

i s  modified by superimposing the e f f ec t  of the energy carried w i t h  the f luid as i t  

circulates  throughout the convection c e l l .  The increase i n  temperature of a down- 

stream node due t o  the flow from a warmer upstream node is  calculated as  the product 

of the temperature difference between the nodes, and the percentage of flow which 

enters the downstream node i n  one time step. T h e  percentage of flow entering a node 

equals the r a t io  of the volume flow ra te  of the upstream node multiplied by one time 

step,  

The program 

to  the volume of that  node. This i s  shown by EQ ( l ) ,  

where d represents the downstream node, u i s  the upstream node, and A T  represents 

the time step used i n  the Runge-Kutte calculat  

middle  layer node flows into one of the outer 

of tha t  node occurs from the mixing  of the two 

ons. When the radial flow from a 

ayer nodes, the change i n  temperature 

f lu id  streams. 

3.3 CASES STUDIED 

The four \ temperatur distributions tha t  were examined are  l i s t ed  i n  Table 3.3.1. 

These temperatures a re  understood to  be the most demanding on the system. Several 

velocity prof i les  a re  used i n  conjunction w i t h  theSe temperature dis t r ibut ions to  

define the system's thermal loading requirements. Flow f i e ld  information sent t o  

the Valley Forge Space Center from Dr. Fowlis of NASA/MSFC, AGCE P.I., included 

t 
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Table 3.3.1 

Bound a ry  
Node 

41 Inner Eq. 
42 Inner Eq. 
43 

Boundary Temperature Distributions 

44 
45 
46 
47 
48 
49 
50 Inner Pole 

51 Outer Eq. 
52 Outer Pole 
53 Ambient 

Temperature "C 
Case 

I I1 I11 IV 

25.0 
25.0 
23.75 
22.50 
21.25 
20.0 
18.75 
17.50 
16.25 
15.0 

25.0 
25.0 
23.75 
22.50 
21.25 
20.0 
18.75 
17.50 
16.25 
15.0 

15.0 
15.0 
15.0 
15.0 
15.0 
15.0 
15.0 
15.0 
15.0 
15.0 

15.0 
15.0 
16.25 
17.50 
18.75 
20.0 
21.25 
22.50 
23.75 
25 .O 

35.0 35.0 35.0 25.0 
25.0 35.0 25.0 35.0 
18.0 18.0 18.0 18.0 



velocity and temperature prof i le  mappings for  Cafe I (Appendix). The velocity a t  

each node la t i tude  was determined by the average of that  sNown on the meridional 

flow velocity mapping. The thicknesses o f  the f l u i d  meridional flow layers were 

also obtained from this mapping. 

of radial flow a t  each node i n  the middle layer and the total  mass flow r a t e  t o  be 

used as i n p u t  to the computer program, the velocity prof i le  obtained from the mapping 

was approximated. 

i l lus t ra ted  i n  Figure 3.3.1. 

By i te ra t ing  to  determine the correct percentages 

The volume flow r a t e  and velocity profiles fo r  this case are  

Other profiles were derived from the Case A profi le  to  determine the velocity profiles 

tha t  defined the maximum thermal loading requirements. Case 6 considers the case 

where the turnaround zone for  the convection ce l l  Ts concentrated a t  the pole and 

equator while Case C is the opposite extreme, where the turnaround zone is concen- 

t ra ted i n  the central la t i tudes.  The stagnant flow si tuat ion,  Case D (not shown), 

was examined to  compare with Task 6.1 stagnant flow resul ts .  Using the same volume 

or mass flow profi le  as in Case A ,  the veloci t ies  were doubled to  determine how 

sensit ive the heating and cooling loads a re  to  the velocity of the f l u i d  (Case A ' ) .  

) 

For the f i r s t  three temperature dis t r ibut ion cases, the f luid is expected to  flow 

i n  a counterclockwise manner (posit ive meridional flow i n  the outer layer,  nodes 12 

t h r u  20, and negative meridional flow i n  the inner layer,  nodes 32 t h r u  40). A 

simplified reason for  this is  tha t  a s  the f luid i s  heated a t  the outer eauator i t  

will rise toward the outer pole, cooling along the way. 

pole then flows back toward the equator along the inner sphere, heating as i t  

approaches the equator. 

t h u s  i t  cycles back toward the pole creating the counterclockwise circulation. In 

the fourth case the temperature gradients on the inner and outer sphere a re  i n  the 

opposite direction of those i n  Cases I t h r u  111. T h u s  a clockwise circulation is 

The cooled flclid a t  the 

Once the f lu id  reaches the equator i t  has been reheated, 

-8- 
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expected in the convection cel l .  Case A- has the same velocity profile as Case A 

except t h a t  the flow i s  reversed t o  correspond w i t h  the reversed temperature gradient 

of Case IV. 

3.4 HEATING AND COOLING REQUIREMENTS 

The results of the computer runs for  the four temperature distributions w i t h  various 

velocity profiles define the heating and/or cooling requirements a t  the outer sphere 

pole, outer sphere equator, and a l l  latitudes of the inner sphere. The results are 

summarized i n  Table 3.4.1. Each case i s  referenced by a number and a le t te r .  The 

number refers t o  the temperature distribution from fable 3.3.1 used i n  t h a t  case and 

the le t te r  refers t o  the velocity profile from Figure 3.3.1 t h r u  3.3.5. 

not  necessary t o  run cases for  a l l  the velocity profiles w i t h  each t6mperature 

distribution. After r u n n i n g  each velocity profile w'Sth the Case I temperature 

distribution, and each temperature distribution with velocity profile A, i t  was 

apparent how the thermal loading i s  affected by the different cases. 

I t  was 

There i s  minimal difference between the thermal loads of Case IA and IA' ,  where the 

velocity is  doubled. 

remain small, and thus the heat transferred by convection i s  minimal compared t o  

t h a t  by conduction. 

Even with the increase in velocity the convection coefficients 

The thermal requirements are more dependent on the particular velocity profile o r  

temperature distribution t h a n  the velocity magnitude. The largest total inner 

sphere cooling load i s  approximately 7.5 watts, when the entire inner sphere i s  

held a t  15"c, Case 111. 

approximately 14.0 watts, because the equator m u s t  be held a t  35°C while the inner 

sphere i s  15°C. Figure 3.4.1 presents the temperature profile and the thermal loads 

This is also when the greatest heating load i s  required, 
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CASE* 

I A  
IA' 
I B  
I C  
ED 

I I A  

I I I A  
l I I C  

I V D  
I VA- 

TOTAL I N N E R  
SPHERE COOLING 

(WATTS ) 

4.61 
4.65 
3.40 
4.57 
2.54 

5.88 

7.49 
7.41 

1.90 
5.31 

TEN COOLING 
OUTER POLE 

(WATTS 1 
3.72 
3.72 
4.05 
3.52 
3.81 

-1 -11 

3.30 
3.20 

-4.90 
-5.28 

*NUMBERS REFER TO TEMPERATURE D I S T R I B U T I O N S  
LETTERS REFER TO VELOCITY PROFILES 
( D  REFERS TO THE STAGNANT FLOW CASE) 

OUTER EOUATOR 
HEAT IC NG 
[WATTS 1 
10.52 
10.56 

9.58 
10.94 
8.49 

7.04 

13.90 
13.23 

-1.86 
-1.86 
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for  Case IIIA. The inner sphere cooling loads per 10" la t i tude  a re  also shown. The 

-+* cooling required a t  the outer pole reaches a maximum of 4.05 watts when the t u r n -  
1 

around zone i s  concentrated near the pole and the pole must be cooled t o  25°C 

(Case IB). 

temperature i s  35°C and the flow i s  reversed. 

Case 4A- i l l u s t r a t e s  the maximum pole heating required when the pole 

For this case the system must be 

designed to  provide a cooling load of 1.86 watts a t  "de equator. The AGCE thermal 

system i s  designed i n  the following sections considering worst case conditions a t  

the outer equator, outer pole, and inner sphere. 

The total  inner sphere cooling from Case ID can be compared to  the heat flow cal-  

culation resul ts  made i n  Task 6.1 for  ri = 5 cm., ro = 6 cm. , and N u  = l .O (stagnant 

flow). 

for  Case ID, the inner sphere cooling load i s  2.54 wat t s  a s  compared t o  1.96 watts 

a t  AT = 10°C between the isothermal spheres i n  Task 6.1.  I n  Task 6.1 la teral  con- 

duction was not considered. 

create the same 10°C radial gradient a s  i n  Task 6.1,  in addition to a 10°C negative 

gradient from the equator to  the pole, t h u s  increasing the inner sphere cooling 

load. 

fidence i s  established i n  the model. 

W i t h  an approximate temperature gradient of 10°C from outer to  inner sphere 

I n  this model the inner sphere must be cooled to  3 

Considering this difference, the resu l t s  df T a s k  6.1 a re  confirmed and con- 

3.5 POLE HEAT EXCHANGER ASSEMBLY 

Figure 3.5.1 presents a simplified schematic of a pole heat exchanger assembly tha t  

could be incorporated into the AGCE hardware. 

watts a t  the outer pole, assuming a maximum internal heat generation of .5 watts 

from the circulating d ie lec t r ic  f lu id ,  and appling a margin of safety of lo%, the 

system is  designed for  a pole cooling load of 5.0 watts. 

obtained w i t h  the use of a s ingle  stage thermoelectric module (TEM). 

W i t h  a maximum cooling load of 4.05 

T h i s  cooling load can be 

GE-VF has 

i 
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both a n a l y t i c a l  and empi r i ca l  experience w i t h  t h i s  TEM which was planned f o r  use i n  

s i m i l a r  spacelab app l i ca t i ons .  A c i r c u l a r ,  1.0 i n .  Dia., custom manufactured TEM 

i s  used a t  the po le  t o  f i t  w i t h i n  t h e  e x i s t i n g  o p t i c s  hardware. Th is  i s  a reduced 

vers ion  o f  t he  standard 1.2 i n .  x 1.2 i n .  square fEM, hence performance i s  s a c r i f i c e d  

t o  ob ta in  t h i s  reduc t ion  i n  s ize.  

i 

By fas ten ing  the  TEM t o  t h e  ou te r  sapphire sphere sur face w i t h  10 m i l s  o f  epoxy 

(h  = .136 W/cm2 - "C), assuming a worst case po le  temperature o f  25OC, the  5.0 w a t t  

coo l i ng  load i s  maintained by blowing 500 FPM o f  2 Z b C  N2 gas over  a c i r c u l a r  f inned 

heat exchanger (HX) mounted on the  TEM ho t  s ide  surface. 

cons is ts  o f  1.0 i n .  O.D. f i n s  (approx. .04 i n .  t h i c k ,  16 f i n s / i n . )  extending from 

a .75 i n .  O.D., 1.5 i n .  high, s o l i d  aluminum cy l i nde r ,  c r e a t i n g  an e f f e c t i v e  thermal 

conductance o f  .41 W/"C from t h e  TEM hot  s ide t o  the  N2 gas. 

TEM i s  cooled by forced a i r  t o  avoid obscurat ion o f  a p o r t i o n  o f  t h e  sphere assembly 

sur face by coo lan t  tubes needed i n  a l i q u i d  coo l i ng  a p p l i c a t i o n .  

The c i r c u l a r  f i nned  HX 

The ou te r  sphere po le  

For the  c i r c u l a r  f i nned  po le  HX t o  be e f f e c t i v e  i t  i s  necesary t h a t  t h e  500 FPM N2 

gas stream f lows around the  contour o f  the  HX. 

2.0 i n .  (he igh t  x width)  duc t  o u t l e t  must be loca ted  so t h a t  t he  HX i s  centered a t  

the  duc t  o u t l e t .  

o f  t h e  f l o w  t o  a c t  as a boundary w a l l  f o r c i n g  the  f l o w  around the  HX contour (See 

F igure 3.5.2). 

UV o p t i c s  assembly and t h e  Scanner o p t i c s  assembly, because o f  which a 2.0 i n .  wide 

duc t  may no t  be poss ib le .  

t he  duc t  t o  f o r c e  the  path o f  f low.  

To accomplish t h i s  a 1.5 i n .  x 

A 2.0 i n .  w id th  duct i s  necessary f o r  t he  ou ter  stream l i n e s  

The s i z e  o f  t he  duc t  i s  l i m i t e d  by the  space a v a i l a b l e  between the  

I n  t h i s  case a shroud should be mounted on the  s ide  o f  

I f  i n s u f f i c i e n t  spacing e x i s t s  t o  p o s i t i o n  the  duc t  o u t l e t  f o r  t h e  N 2  gas t o  f l o w  

h o r i z o n t a l l y  a t  t he  c i r c u l a r  f i nned  HX, then an a l t e r n a t e  design i s  t o  blow t h e  a i r  

-17- 
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v e r t i c a l l y  down from above the TEM. Radial fins extending from the cyl indrical  H X  

base, would r u n  the length of the H X  i n  the  ver t ica l  ( a x i a l )  d i rec t ion .  A shroud 

could be placed around the HX t o  force the N2 gas through the f i n  channels un t i l  the 

flow reached the end of the H X ,  the  TEM surface,  where i t  would be r a d i a l l y  exhausted. 

\ 

A power load of 4.84 watts is required t o  supply the necessary pole cooling, result- 

i n g  i n  9.84 watts re jected t o  the a i r  stream. Assuming one-quarter of the t o t a l  

op t ics  assembly d iss ipa t ion  (19 watts)  i s  rejected t o  the c i r c u l a t i n g  N2 gas and 

1.4 watts i s  diss ipated from the inlet  fan i n  Figure 3.5.1, r e s u l t s  i n  a t o t a l  

d i ss ipa t ion  of approximately 16.0 watts.  

w i t h i n  the outer  shel l  of the AGCE assembly. T h e  one-quarter heat re jec t ion  f o r  the 

opt ics  assembly is a conservative estimate,  the major portion of the heat dissipated 

from the opt ics  assembly will  be conducted through the bulk of the opt ics  hardware 

t o  the outer  s h e l l .  

T h i s  load tnust be removed from the N2 gas 

' T h e  16.0 watt load is rejected t o  an Avionics a i r  supply of 12.2 kg/HR by the four  

TEM H X  assembly i l l u s t r a t e d  i n  Figure 3.5.1. An a i r  flow of 12.2 kg/HR i s  avai lable  

t o  the external H X ,  w i t h  56 watts t o t a l  heat d i ss ipa t ion ,  from the standard Avionics 

a i r  flow a l loca t ion  of 21 kg/HR per 100 watts d i ss ipa t ion .  An axial  flow fan i s  

mounted i n  the i n l e t  duct t o  supply 10.4 CFM o f  N2 gas a t  .20 i n .  w.g. t o  the 

internal H X .  Four 1.2 i n .  x 1.2 i n .  TEMs a r e  mounted t o  c r e a t e  a 2.4 i n .  x 2.6 i n .  

( w i d t h  x length) heat exchanger mounting area on the inside and outs ide of the AGCE 

upper s t r u c t u r e  outer  s h e l l .  Each heat exchanger cons is t s  of ,008 i n .  th ick,  1.25 i n .  

h i g h ,  aluminum finsplaced between two p la tes  a t  in te rva ls  of 11.11 f i n s  per inch. 

This r e s u l t s  i n  an e f f e c t i v e  thermal conductance between the N2 gas and the TEM 

cold side of 3.0 W/"C f o r  the internal  H X ,  and 2.72 W/"C between the TEM hot side 

and Avionics a i r  supply f o r  the external H X .  
.. 
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3.6 EQUATOR HX ASSEMBLY 

The worst case condition f o r  heating a t  the equator is  a 13.90 watt heat ng load 

w i t h  a 35OC outer equator temperature (Table 3.4.1). 

heating load, a single TEM is used w i t h  12 gph of water pumped i n  counterflow 

th rough  two .25 i n .  I.D. tubes soldered t o  the TEM ho t  side, Figure 3.6.1. For 

this design, the effective thermal conductance between the water and TEM hot sSde 

i s  3.71 W/OC, a value obtained from previous programs' test results. Leaving the 

TEM HX a t  38.3OC, the water then flows i n  a .75 cm x 1.2 cm duc t  mounted t o  a flange 

a t  the equator of the sapphire sphere, Figure 3.6.2. The duct i s  mounted t o  the 

flange u s i n g  10 mils of epoxy resulting i n  an effective thermal conductance of 

5.12 W/OC from the flange t o  the water. 

Designing for  a 16 0 watt 

From the equator duct i n l e t  t o  ou t le t ,  the water temperature drops .3OoC as  i t  

re jects  16 watts t o  the equator. For the AGCE made1 t o  function properly, the 

equator must be held a t  a specified uniform temperature. The increased cross- 

sectional area of the sapphire a t  the flange will create suff ic ient  conduction 

around the circumference of the equator t o  maintain a uniform equator temperature. 

Certain si tuations a r i s e  when cooling i s  required a t  the equator (see Table 3.4.1). 

Designing for  a 3.0 w a t t  cooling load w i t h  an equator temperature of 25OC results 

i n  approximately 10 watts to ta l  heat rejection from the TEM hot side. 

condition, water i s  supplied a t  the in l e t  t o  the equator duct a t  approximately 

24%. A single TEM proves more t h a n  adequate t o  supply the necessary equator 

cooling load. 

3.7 CHILLER DOME HX ASSEMBLY 

The inner sphere is cooled by p o s i t i o n i n g  a hemispherical heat s i n k  inside the inner 

For this 
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'9 sphere, w i t h  a gap between the inner sphere and t h b  heat s i n k .  The gap provides 

partial thermal isolation between the heat sink and the inner sphere. By operating 

the heat sink a t  a temperature somewhat lower than the minimum desired for the 

inner sphere, the heat s i n k  applies a bias cooling t o  the inner sphere. T h i s  

bias cooling i s  offset as desired a t  each latitude by feed-back controlled trim 

heaters on the inner sphere (every 100 between 5' and 85' latitude). T h u s  the  

heat sink serves t o  cool the inner sphere below the temperature desired a t  any 

latitude and the trim heaters provide local heating a t  each latitude ( p a r t i a l l y  

offsetting the heat sink bias) t o  achieve the desired local inner sphere temperatures. 

If the trim heaters are t o  provide local heating, conduction i n  the inner sphere 

must be limited t o  the radial direction (negligible lateral conduction). This is  

accomplished by using a material with a low conductivity and the minimal allowable 

thickness. 

rigidity considerations. Fabricating the inner sphere from stainless steel sheet, 

20 mils thick, will meet these requirements. 

The inner sphere must have sufficient thickness fo r  strength and 
ih 

This concept has the capability t o  

provide a1 1 desired temperature profiles (constant 

di sconti nuous) on the i nner sphere. 

The cooling loads on the inner sphere must be exam 

1 i near i n ei ther di recti on , 

ned i n  terms of the individual 

latitudes as opposed t o  the t o t a l  inner sphere cooling load.  

inner sphere cooling loads per 10' latitude i s  provided i n  Table 3.7.1. 

sink i s  designed t o  bias each latitude by a t  least  the maximum cooling load a t  t h a t  

latitude. Cooling loads will be hardest t o  maintain a t  the upper latitudes because 

of the reduced heat transfer area. 

inner sphere i s  when the entire inner sphere i s  held a t  1 5 O C .  

A breakdown o f  the 

The heat 

The worst case temperature condition for the 

These conditions can 
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be met by using a material with a k/t of 10.30 Btu /Hr -F t -OF  per inch for the 

thermal gap, and a 80C cooling dome heat s i n k .  

the material i s  fastened t o  the chil ler dome w t h  5 4 1 s  of epoxy ( h  = 480 Btu/Hr-Ft2-OF),  

a contact conductance of 100 Btu /Hr -F t2 -OF exi t s  between the material and the inner 

sphere, and a percentage of each 10' latitude i s  used t o  mount the trim heaters. I t  

i s  important t h a t  the material has enough flexibil i ty t o  form t o  the inner sphere 

interior surface, providing a contact conductance of a t  least 100 Btu/Hr-Ft2-OF. 

Also, the gap must be a t  least 90-mils t o  provide the necessary spacing for the trim 

heaters and thermistors which will be mounted on the inner sphere. 

Ir 
This value i s  determined assuming 

surfaces requiring an electrical ly continuous 

CHO-Seal i s  cured silicone rubber having a f i  

with approximate diameters of 0.5 t o  5.0 mils 
\ 

These specifications are met using CHO-Seal 1215, a gasket material used between 

interface for purposes of RFI protection. 

fer of silver plated copper granules 

Using a -125 in. thick CHO-Seal 

gasket and compressing i t  t o  ensure good contact results in an effective thermal 

conductance of 4.20 W/OC from the inner sphere t o  the chil ler dome. 

contingent on a good contact existing between surfaces. 

percentage of the inner sphere surface area necessary for CHO-Seal gasket contact, 

the resulting cooling load due t o  this reduction i n  surface area, and the heater 

power for each 100 latitude t o  satisfy the maximum and minimum cooling loads presented 

i n  Table 3.7.1. 

contact i s  available for mounting the trim heaters and thermistors. 

This value i s  

Table 3.7.2 presents the 

The remainder of the inner sphere surface area not used for gasket 

As the inner sphere i s  designed t o  prevent lateral conduction, the chil ler dome 

should be  highly conductive and of sufficient thickness t o  maximize the lateral 

conduction, thus creating a uniform temperature heat s i n k .  
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TABLE 3.7.2 

INNER SPHERE COOLING LOAD g I A S  

GASKET CONTACT COOLING B I A S  
LATITUDE AREA (%) (WATTS ) 

-10 - 0 15 .77 

0 - 10 25 1.28 

10 - 20 15 .74 

20 - 30 

30 - 40 

40 - 50 

50 - 60 

60 - 70 

70 - 80 

80 - 90 

15 

20 

35 

55 

55 

55 

80 

.70 

.84 

1.27 

1.62 

1.20 

.73 

.35 

9.50 

TOTAL INNER SPHERE COOLING LOAD B I A S  = 9.50 WATTS 
OVERALL EFFECTIVE CONDUCTANCE 

(100% CONTACT AREA) 
INNER SPHERE TEMPERATURE = 1 5 O C  
CHILLER DOME TEMPERATURE = 8OC 

= 4.02 W/OC 

MAX. HEATER 
POWER (WATTS) 

.5 

1.4 

.7 

.6 

.8 

1.3 

1.7 

1.4 

.9 

.5 
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A .75 cm thick copper c h i l l e r  dome i s  recomnended f o r  this purpose. 

dome i s  cooled t o  8 O C  by pumping 22 gph of 7.5OC water through approximately 

25 inches of % in.  I.D. tubes soldered t o  the inner sphere of the chil ler dome. 

This design produces an e f f ec t ive  thermal conductance between the water and the 

c h i l l e r  dome surface of 22.5 W/OC. The  ch i l led  water i s  pumped t o  the inner pole 

of the dome, then i t  s p i r a l s  around the dome surface i n  the t u b i n g  t o  the equator 

where i t  is  returned t o  a TEM heat exchanger assembly (Figure 3.7.1 1. 

The c h i l l e r  

A four TEM heat exchanger is  designed t o  remove 9.5 wat ts ,  the to t a l  inner sphere 

cooling load bias  (Table 3.7.2),  from the 22 gph c h i l l e r  dome water supply. The  

water i s  pumped i n  counterflow t h r o u g h  two k i n .  I.D. tubes soldered t o  the cold 

side of four TEMs i n  s e r i e s  (see Figure 3.6.1).  This y ie lds  an effective thermal 

konductance between the water and the TEM cold side of 20.4 W/OC, based on previous 

programs I test r e su l t s .  

The fou r  TEM c h i l l e r  dome heat exchanger and the s ingle  TEN equator heat exchanger 

a re  mounted t o  the rotat ing platform of the AGCE assembly. To remove the 9.5 watt 

inner sphere cooling load bias ,  107 watts must be rejected a t  the TEMs h o t  s ide.  

The two pumps used i n  the coolant loops, a l so  mounted t o  the ro ta t ing  platform, 

operate under a maximum pressure drop of 3 psi and have a combined diss ipat ion o f  

approximately 40 watts.  

a l l  the sources considered i n  the model. The to t a l  heat diss ipat ion of a l l  the 

components mounted t o  the rotat ing platform o r  base structure, 207 wat ts ,  is  rejected 

t o  a 45.0 kg/Hr. (based on standard Avionics a i r  allocations),  Avionics a i r  stream 

through the  ro ta t ing  platform H X  and the s ta t ionary  platform H X  i l l u s t r a t e d  i n  

Table 3.7.3 l i s t s  the worst case AGCE heat diss ipat ions f o r  
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+figure 3.7.3. The heat rejected a t  the rotatjng platform i s  conducted through 

the N2 gas t o  the stationary platform creating an effect ive conductance between 

platforms of 42.9 w/OC. The heat i s  then rejected t o  the Avionics a i r  stream 

flowing between the concentric fins of the stationary platform HX result ing i n  

an effect ive conductance of 25.3 w/OC from the stationary platform t o  the Avionics 

a i r .  The overall effect ive conductance from the rotating platform t o  the Avionics 

a i r  supply i s  15.9 w/OC, 

the rotating platform temperature i s  56.OoC. 

Assuming 35OC Avionics a i r  enters the heat exchanger, 
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TABLE 3.7.3 

AGCE HEAT DISSIPATION 

SOURCE 

1. F l u i d  Pumps 
a. Dust Dome 
b. C h i l l e r  Dome 

Coolant Loop 
c. Outer Equator 

Heating Loop 

(WORST CASE CONDITIO~S) 

EST I MATED WATTS HARD MOUNT LOCATION 

3" Rotating Plat form 

25 

15 

2. Water Loop TEM HX 
a. C h i l l e r  Dome ( 4  TEMs) 107 
b. Outer Equator ( 1  TEM) -1 3 

3.  HV Transformer Assembly 

4. M i  sc. E l  ect ron i  cs 

5. Rotat ing PlatOorm Drive Motor 10 

TOTAL 20 7 

(Dr ive Motor, Lamp, Electronics) 19 

- 

6. Scanner Optics Assembly 

7. UV Optics Assembly 
(Flash Lamp) *** 

8. D i e l e c t r i c  F1 u i d  Heating** .5 

9. Pole HX Assembly 
a. Pole TEM HX 9.84 
b. I n l e t  Fan 1.4 
c. 4 TEM HX 

(Power Suppl i ed )  40 

Rotating Plat form 

Rotating Plat form 

Rotating Plat form 
Rotating Plat form 

Rotating Plat form 

Rotating P1 atform 

Base Structure 

Upper Cover St ructure 

Outer She1 1 
(Upper Cover) 

Outer Sapphire Sphere 
N2 Duct (Outer Shel l )  

Outer Shel l  
(Upper Cover) 

TOTAL 70 
TOTAL DISSIPATION TO AVIONICS A I R :  277 WATTS.. 

* 35 WATTS 8 5 MIN/HOUR MAX. 

O.OOl°C/SEC. (REF. P I R  1254-AGCE-006), INCLUDED I N  2a. AND 9a. TOTALS. 
** FLUID SELECTED SO THAT EFFECT OF DIELECTRIC HEATING I S  BELOW 

*** 10 WATT/SEC. PER FLASH; FLASH AT 60 SEC. INTERVALS. 
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4.0 COMCLUSIONS/RECOMMENDATIONS 

A schematic diagram of the recommended AGCE thermal system is presented i n  

Figure 4.1. 

shown. 

t o  optimize the system for the most efficient design. The Spacelab coolant loop 

could be used as a heat sink for the pole HX assembly (directly a t  the pole or a t  

the upper structure outer shel l ) ,  and t o  replace the stationary platform HX. 

coolant improves heat transfer (for a given geometry) and thus increases TEM 

operating range and efficiency, b u t  does require another interface w i t h  the Spacelab. 

This additional interface will limit the application t o  missions where the coolant 

loop i s  available. 

obscuring a portion of the sphere assembly surfaces with the required liquid cooling 

tubes. 

and use. 

Worst case individual design temperatures and component diss ipat ions are 

Presented is  a feasible design concept, further refinements are necessary 

Spacelab 

The outer sphere pole TEM i s  cooled by forced a i r  t o  avoid 

1 
Avionics a i r  i s  used whenever applicable because of i t s  easy accessibility 

Temperature sensors are rt.quired on the inner and outer spheres t o  control the 

heating o r  cooling a t  the outer pole, outer equator and inner sphere. In a l l  three 

locations the thermal loading can be regulated by temperature sensor feedback t o  

a d j u s t  the voltage o r  current t o  the TEMs as required. 

of the voltage and current input t o  the TEMs, they can function i n  either the heating 

o r  cooling modes. This will be necessary when the convection cell circulation i s  

reversed, Case IV temperature profile. 

and heating a t  the outer pole. These conditions are well within the operating range 

of the TEMs in the proposed design. 

based on the premise that they will function in either the heating or cooling mode. 

By reversing the polarity 

Cooling will be required a t  the outer equator 

Control of the TEMs surface temperature i s  
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Previous programs' results have shown t h a t  precise temperature control (+ .0loC) 

becomes a problem when operating around the transition p o i n t  from one mode t o  the 

other. Control of the TEMs in the range of the transition p o i n t  i s  complex. T h i s  

problem is alleviated by altering the heating or  cooling requirements, and t h u s  the 

- 

operation in these problem areas. Precise 

trim heat sink is  also no t  required; the 

desired temperature profile, t o  prevent 

temperature control of the chil ler dome 

heaters simply provide more or  less bias 

Another aspect of the design t o  be cons dered i s  the combination of the chi le r  

dome coolant loop and the equator heating loop. This will result i n  the reduction 

of hardware, one of the pump/accumulator combinations could be omitted. The 

chil ler dome coolant loop operates between 7.5OC and 7.6OC. 

1 oop operates between 38.0°C and 38.3OC. This 1 arge temperature difference between 

loops makes a combination of the systems impractical. A large increase in TEM 

power would be necessary t o  raise and lower the water temperature from one temperature 

range t o  the other. 

The equator heating 

d 

In the next phase of study, i t  i s  recommended that the following areas of this 

feasibil i ty design are further investigated: The application of a material t o  provide 

the k/t requirements for the thermal gap and the effective thermal conductance of 

the circular finned pole HX. 

thermal gap between the inner sphere and chil ler dome, good contact must exist 

between the gasket and the inner sphere surface. The gasket can be epoxied t o  the 

chi 11 e r  dome surface. The compressive pressure necessary t o  produce t h i  s contact 

and implementation of t h a t  pressure should be investigated. 

For the CHO-Seal 1215 gasket material t o  be an effective 



The pole HX will only be effective i f  the flow doesn't detach from the HX surface. 

The N2 gas duct's outlet width and orientation with respect t o  the HX mus t  be 

determined considering the space limitations placed upon the system by the optics 

hardware. 

the application of a shroud used t o  force the flow around the HX should be examined. 

One pa r t  of the AGCE outer shell upper structure cannot be used for  hardware because 

the space i s  reserved for the possibility o f  television cameras. 

duct must approach the HX horizontally from the opposite side of the AGCE assembly 

upper structure. 

the pole HX, blowing a i r  over radial f ins running the length of the HX. 

situation, for full performance capabilities of the sphere assembly heat must be 

provided or removed from the pole, and thus the effective conductance of the pole 

HX mus t  be determined t o  design for this  load. 

t o  determine this  effective conductance for the forementioned applications. 

*! 

If insufficient space i s  available for a 2.0 i n ,  wide duct outlet, then 

T h u s  the N2 gas 

If this  i s  no t  possible, the d u e t  outlet should be placed above 

In any 

I t  will be necessary t o  conduct tes ts  

' 
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3.4 H I G H  VOLTAGE POWER SUPPLY 

Task 2.1 - High Voltage Source Requirements 

AGCE High Voltage Spec i f i ca t i ons  - Telecon 

AGCE High Voltage Power Supply 

PIR NO. 

-012 

-01 3 

-029 

t 





SPACE-DIVISION 
PHIWELPHIA 

P 

L .  R .  Eaton DISTRIBUTION 

UEJECT 

TASK 2.1 - HIGH VOLTAGE SOURCE REQUIREMENTS 
L 

NFORMATION REQUESTED/RELEASED 

The following AGCE h i g h  voltage source requirements have been documented a s  
a baseline f o r  a f e a s i b i l i t y  design study. 

TASK 2 - HIGH VOLTAGE AND HIGH FREQUENCY SOURCES 

1 .O SCOPE 

The h i g h  voltage source design requirements a r e  intended as  guidelines t o  be 
used i n  performing a f e a s i b i l i t y  design of the  equipment necessary t o  generate 
and insu la te  AC rms voltages of 20 t o  30 kV i n  a frequency range from 60 t o  
1,000 Hz. 

2.0 GENERAL 

The h i g h  voltage requirements a r e  based on GFFC 
ment experience and a current  estimate of the AGCE 

3.0 PERFORMANCE REQUIREMENTS 

3.1 General 

The primary goals f o r  this f e a s i b i l i t y  design 

1 .  Extend the  GFFC voltage generation capabi 
30 kV rms. 

2. Provide insulat ion and i so la t ion  concepts 

3.2 High Voltage Magnitude 

f 
hardware design and develop- 
i g h t  design. 

s udy a r e :  

i t y  from 10 kV rms t o  20 o r  

f o r  this increased voltage. 

A nominal range of 0-20 kV rms voltage will be assumed. [The basic  design 

PAGE NO. 

G.  Fogal 
S. Neste 
L. Eaton 

1 3 -OF- 

1 RETENTION REQUIREMENTS 

COPIES FOR MASTERS FOR 

1 M O I  a MOS 

3 MOS 6 M O S  

6 MOS. 12 MOS. 

MOS. MOS.  
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f o r  GFFC h i g h  voltage power supply will  be reviewed w i t h  due consideration given 
t o  simple design extension. 
la rger  upper voltage l i m i t  ( i .e . ,  30 kV rms). 
diss ipat ion iri the h i g h  d i e l e c t r i c  f l u i d  and ant ic ipated increased e l e c t r i c a l  
i so la t ion  problems, emphasis will  be placed on the  20 kV rms upper l imi t . ]  

Comments will  be prbvided as  t o  the impact of  a 
Due t o  poten t ia l ly  excessive power 

3 . 3  High Voltage Frequency 

The GFFC nominal value of a 300 Hz sinewave will be assumed. [General comments 
will be provided a s  t o  the impact of higher and lower frequencies between 60 and 
1,000 Hz on the power supply design (e.g. ,  s ize ,  EMI).] 

3 . 4  High  Voltage Waveform 

The following GFFC requirements will be cohsidered. 

A h i g h  voltage power supply shal l  be provided whose output can be varied from 
0 t o  20.0 kV rms w i t h  a dynamic range of a t  l e a s t  200 t o  1 .  
l i n e a r i t y  shal l  be l e s s  than 3% and s t a b i l i t y  of the h i g h  voltage power supply 
shal l  be less than 2% of the s e t  point voltage. Frequency of the power supply 
shal l  be 300 Hz k5%, and the output shal l  have a wavefront d i s t o r t i o n  of less than 
4%. 
a s e t t l i n g  time of l e s s  than 10 seconds f o r  any s t d p  change i n  voltage. 

Departure from 

T h e  dynamic response o f  the  h i g h  voltage supply shal l  be such as  t o  achieve 

3.5 High Voltage Insulation 

The h i g h  voltage will  be coupled from the power supply t o  a hemispherical 
"capacitor" w i t h  the following general c h a r a c t e r i s t i c s .  

The outer conductive coating of the outer sphere, as  well a s  the surface inner 
sphere, shal l  be maintained a t  ground poten t ia l ,  while potent ia ls  of u p  t o  a 
nominal 20 kV AC shal l  be applied t o  the conductive coating of the inner surface 
of the outer sphere. 

The AGCE shal l  have a spherical  convective c e l l  consis t ing of an outer  sphere 
made of sapphire, having an inner radius of 6.0 kO.01 em, and an inner sphere of 
s t a i n l e s s  s t e e l ,  having an outer  radius of 5.0 50.01 cm. The region between the 
spheres shal l  be f i l l e d  w i t h  a workimg f l u i d  w i t h  a d i e l e c t r i c  coef f ic ien t  of 
about 40 and a diss ipat ion fac tor  of about 0.001. The outer  sphere, which has a 
thickness of approximately 1.2 cm, shal l  have transparent conductive coating on 
both i t s  inner and outer  surfaces.  
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~ '1 
1 Appropriate insu la t ive  considerations a r e  t o  be considered which will avoid 

e l e c t r i c a l  breakdown a t  the sphere as  well as  a t  the power supply. 

3.6 Die lec t r ic  Electr ical  Power Dissipation 
I 

The diss ipat ion of the d i e l e c t r i c  f l u i d  heating e f f e c t  i s  covered i n  PIR No. 
U-1254-AGCE-006. 

4.0 INPUTS REQUIRED 

Design d e t a i l s  f o r  the h i g h  voltage power supply will be taken from the  GFFC 
T h i s  data i s  t o  be supplemented by any additional GFFC tes t  CDR data package. 

infprmation and r e s u l t s  t h a t  a r e  avai lable  through NASA/MSFC. 

5.0 SAFETY 

The power supply will  be located w i t h i n  the confines of a gaseous nitrogen 
f i l l e d  sealed enclosure. 





I 'CLASS LTR. OPERATION PROGRAM SEQUENCE NO. REV. LTR 

SPACE DIVISION 

S. L .  Neste 

AGCE High  Voltage Specif icat ions - Telecon 

The following spec i f ica t ions  on the h i g h  voltage power supply for AGCE were 
provided by W .  Fowlis on 25 February 1981. 

I 

1 )  Harmonic content (4% ( i . e .  s u m  of a l l  harmonics) t o  minimize d i e l e c t r i c  
f l u i d  heating. 

2 )  Voltage accuracy +3% a f t e r  warm-up period. T h i s  allowable var ia t ion 
includes d r i f t  w i t h  time d u r i n g  an experiment scenario (Q 2-3 hours). 

3 )  Noise TBD 

4 )  Multiple s e t t i n g s  (100-200) of the h i g h  voltage level a r e  required 

L. R. Eaton 
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I 'CLASS. LTR. OPERATION PROGRAM SEQUENCE NO. 

PIR NO. U - 1254 - AGCE- 029 SPACED! VI SI ON 
PHILADELPHIA 

PROGRAM 1NFORMATION REQUEST / RELEASE *USE "C" FOR CLASSIFIED AND "U" FOR UNCLASSIFIED 

'3 1 TO 

L. Springer/J. Barney 

6/11/81 

AGCE HIGH VOLTAGE POWER SUPPLY 

D i  4tri but!on 

ATE SENT DATE INFO. REQUIRED PROJECT AN0 REQ. NO. REFERENCE DIR. NO. 

UBJECT 

NFORMATION REQUESTED/RELEASED 

REQUIREMENTS 

The AGCE power supply i s  requ i red  t o  d e l i v e r  a 15 kV RMS s ine  wave voltage, 
w i t h  an ampli tude accuracy o f  +3% and a waveform d i s t o r t i o n  o f  l ess  than 4%. 
M u l t i p l e  s e t t i n g s  (100-200) o f  t h e  h igh  vo l tage l e v e l  a re  requ i red  and should 
be c o n t r o l l e d  by the  microprocessor. These s p e c i f i c a t i o n s  are  defined i n  
P I R  No. U-1254-AGCE-012 by L. R. Eaton. 

DES I GN 

The l a r g e  step-up r a t i o  (28 v o l t s  t o  15 kV) i s  bes t  handled by employing 
a se r ies  resonant c i r c u i t ,  thereby tak ing  advantage o f  t he  resonant r i s e  i n  
vo l tage.  

The capacitance and p a r a l l e l  res is tance o f  t he  sphere can be ca l cu la ted  
as fo l lows:  

9 = 4 x 1 0  n - m  po i  1 
14 = 1 0  a - rn  Psap 

E = 8.85 x lo-' '  farads/rn c R ( o i l )  = 40 0 

cR(Sap) = 10 

-OF- 

,- 
1020B 1-81. t 
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- - poi1 ( R ~  - R3) - - 4 x lo9 (0.06 - 0.05) = 1,06 
1 47r R2 R3 4n [(0.06)(0.05)J 

- - 4.rr ER(oil) Eo (R2 R3) - - 4n x 40 x 8.85 x 10-l' x (0.06 x 0.05) 
(0.06 - 0.05) 'oi 1 (R2 - R3) 

= 1.3346 x lo-' farads 'oi 1 

CT - - Coil + C = 1.8016 x lo-' farads sap 

The series inductor necessary to resonate at 300 Hz is: 
P 

- 1 I - 1 
C (fr 2 ~ ) '  

L =  
1.8016 x lo-' (300 x 2 x .rr)' 

L = 156 henries 

A preliminary design of this inductor has been completed and is shown in 
Figure 1. The electrical properties of the inductor are given below. 

Tape Core B = 15,000 G : 1.1 6000 W/air gap 

10,000 turns of #32 wire 

100 layers distributed between two windings 

5.5 mil porous layer separation 

Minimum HV-Gnd separation 5/8" 

Urethane potting 

WT: 3.5 kg 

Rcoi 1 = 1260 5), 

9 
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These properties produce a Q-value of: 

The des ign  of this inductor has taken in to  consideration the waveform l i n e a r i t y  
necessary t o  meet specif icat ions.  

Writing the equivalent c i r c u i t  f o r  the sphere y ie lds  

R \  $[ 
or 

Y = G - j w C  

Y = 9.43 x 10-l’ - j 3.393 x 

To determine the RMS current necessary i n  the series resonant c i r c u i t  t o  
develop 15 kV across the capaci tor ,  one can write 

I = VY = 15,000 c9.43 x lo-’’ - j 3.39 x lom6] 

I = 1.41 x - j 5.09 x lo-* 

I = 50.89 x a m p s -  89.98” 
or  

Then subs t i tu t ing  the equivalent c i r c u i t  fo r  the entire resonant circuit y ie lds  
Rcoi 1 j w L  

“sec I T  WC i 
I 

ZT - - R + j ( w L - -  W C  l 1  

WL = - a t  resonance 
WC 
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.'.ZT = R 

ZT = 1260 R 

'set 
and 

Since we need 64.12 volts RMS t o  excite the sePies resonant circuit, i t  will 
be necessary t o  use a small step-up transformer between the driver stage and 
the resonant circuit. 

= IR = (50.80 x 10-8)(1260) = 64.12 vol t s  

CIRCUIT DESCRIPTION 

The conceptual circuit i s  shown i n  Figure 2. I t  consists of the following: 
a series resonant circuit, a driver stage, a voltage controlled gain amplifier, 
a VCO, and feedback signals t o  maintain the proper frequency and amplitude of 
the voltage. 

The VCO, which i s  part o f  a Phase-Lock Loop ( P L L ) ,  generates the 300 Hz 
Its  o u t p u t  i s  fed i n t o  a multiplier w h i c h  is used as a voltage con- 

The o u t p u t  o f  the multiplier i s  then fed in to  a signal conditioner and 

signal. 
trolled g a i n  amplifier, the function of which i s  t o  control the o u t p u t  signal 
level. 
onto  the driver stage. The driver stage contains a small step-up transformer 
whose secondary i s  used t o  drive the resonant circuit. A current signal is  
generated i n  the primary of the transformer and fed back t o  the i n p u t  of the 
PLL.  This assures t h a t  the circuit will  be operated a t  resonance a t  a l l  times. 
A t a p  on the inductor is  used t o  monitor the H.V. o u t p u t .  This signal after 
proper condi t ion ing  i s  fed back t o  the multiplier t o  maintain the proper o u t p u t  
level. I t  seems possible t o  ob ta in  the 1 O O : l  dynamic level adjustment by u s i n g  
only the multiplier as the control device. Some testing will be necessary t o  
confirm this. I f  this method proves too  noisy a t  lower level settings, then 
other means will be employed t o  meet requirements. 
desired voltage level will be obtained from the on-board microprocessor. This 
information is fed t o  a D/A converter whose o u t p u t  is summed w i t h  the error 
feedback signal and presented t o  the multiplier, which i n  turn regulates the 
high voltage o u t p u t .  
D/A converter. 

i 

Information t o  set the 

Up t o  256 voltage levels are possible with a single 8 b i t  

I 
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PHYSICAL DIMENSIONS 

The physical dimensions of the inductor and the electronics package are 
given in the table below. 

L W H VOL. WT . 
Inductor Plan 1 8-3/16" 4-3/8" 5-1/4" 188.0 in3 3.5 kg 

Plan 2 8-3/16" 4-7/8" 4-3/4" 189.6 in3 3.5 kg 

Electronics 
Package 4-3/8" 2-1 /,I' 47.8 in 0.9 kg 4 - 3 / 8" 
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3.5 EXPERIMENT CONTROL AND DATA HANDLING 

Task 7 - Feasibility Guidelines 
Task 7 - AGCE Feasibility Study Final Report 

PIR NO. -- 
-034 

-035 





SPACE DIVISION 
PHIUSElPHIA 

I *CLASS. LTR. OPERATION PROGRAM SEQUENCE NO. REV. LTR. 
U 1254 I AGCE I 034 

5 May 1981 I 1 I 
SUBJECT 

Task 7 Feasibility Guidelines 
INF~RMATION REQUESTEDIRELEASED 

- 
1 RETENTION REQUIREMENTS 

COP1 E S  FOR 

n 1 MO. 

M A S t  ERS FOR 

3 MOS. 

MOS. 

0 0 NOT DESTROY 



VI 

WCM ) 
agcereq 

04/81 

TASK 7- CONTROL OF TOTAL APPARATUSl FEASIBILITY GUIDELINES 

1.0 SCOPE 

The apparatus control requirements are based on the experience 
with GFFC and the current estimate of AGCE subsystems needs , 
These requirements are intended as guidelines to be used in the 
assessment of the feasibility of the A W E .  

2.0 GENERAL 

Many of the requirements are stated in terms of capabilities that 
were provided in the GFFC design but are not specifically 
discussed or described in the literature available to this study 
effort. Other requirements arise from the SLP/2104 or from AGCE 
unique features. 

3.0 PERFORMANCE REQUIREMENTS 

3.1 General 

Provide a microprocessor type I centralized controller that 

Oriented Language (POL) similar to that used in the GFFC design. 
The control subsystem shall be programmable when in a ground test 
or software development configuration and yet provide capability 
to "burn" the experiment scenarios into a non-alterable memory 
and execute from this memory in the flight configuration. 

3.2 External Interfaces 

implements the experiment scenario as expressed in a Problem I 

3.2.1 Inputs 

At the Spacelab interface the AGCE must receive timing 
information as represented by UTC and UTC Update (described in 
SLP/2104). The presence of these inputs imply that the AGCE 
contains or shares a RAU (Remote Acquisition Unit). For purposes 
of this study effort a RAU is assumed available and UTC and UTC 
Update are received through this path. 

Primary experiment power will be supplied by Spacelab through the 
Experiment Power Switching Panel (EPSP) in the form of +28 VDC, 

1 



WCM 
agcereq 
04/01 

3.2.2 Outputs 

The output requirements are those associated with either an on- 
board display or telemetry through the HR&, No decision has been 
made concerning these system features. If  it is decided to store 
experiment data within the experiment until Spacelab's return to 
earth, then it may be that no telemetry is necessary, but a 
display would be required to inform the PS of the experiment 
health and status. On the other hand, if it is decided to 
telemeter the experiment data to earth, then there may not be a 
need to provide the on-board display, 

The display could be one provided by Spacelab or one contained in 
the experiment. It would be used to indicate the position and 
movement of the marker dots. 

The telemetry would consist of both experiment data and 
housekeeping information. Assume one dedicated HRM channel is 
available. 

3.3 Internal Control Requirements 

3,3,1 Thermal Subsystem Control Requirements 
\. 

Thermal control is exersized using two different types of 
elements, heaters and Thermoelectric Modules (TEHS). 

The surface of the inner sphere will contain up to nine heater/ 
thermister pairs for implementing closed loop temperature 
control. These nine loops will require that the microcomputer 
acquire the sensor data, operate on it in some prescribed manner 
and command the appropriate voltage to the heating element, In 
performing this function the thermister calibration curve will be 
stored and used. 

There are four areas requiring TEM control.The first is on the 
pole of the outer sphere. The second is a liquid heating/cooling 
loop around the equator of the outer sphere. The third is on the 
cell shell, to cool the gaseous nitrogen. The fourth is the 
inner sphere heat sink. In the TEM cases the controller 
requirements will be similar to those of the ACPL program except 
they are not required to be nearly as accurate and regulation 
through the TEM crossover region is not necessary. For purposes 
of this study an accuracy of +/- .1 degrees C. is assumed in all 
thermal control instances. 

2 
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In addition to the closed loop control requirements there will be 
additional requirements for passive temperature monitoring. 
Provide for an additional eleven thetmister inputs for this 
purpose, Seven of these are located on the outer sphere and four 
are miscellaneous. 

3.3.2 Optical Subsystem Control Requirements 

The W flash lamp will be controlled by the microcomputer.Both 
the flash timing and duration must be contro1led.Accuracy and 
range information is TBD. 

3.3.3 Power Supply Control Requirements 

Setting of the magnitude of the high voltege will be under the 
control of the microcomputer.There is an approximate 100 to 1 
dynamic range requirement but actual magnitudes are TBD. 

3.3.4 Turntable Subsystem Control Requirements 

The microcomputer will be the controlling element €or automatic 
or manual (as in test) setting of the turntable rotation rates. I 

These rates are to be adjustable within the range of .025 to 3 
radians/sec. This will be accomplished via a digital command 
issued over a programmed 1/0 channel. Detailed control 
requirements are TBD, 

3.3.5 Timing Control Requirements 

The microcomputer will receive timing information from the 
Spacelab and will utilize it in time tagging of experiment data, 
in execution of experiment scenarios. Accuracy requirements are 
consistent with the Spacelab UTC and the resolution requirements 
are TBD. 

3 
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3.3.6 Experiment Scenarios 

Scenario requirements are assumed identidal ,o those of 
as far as complexity is concerned.There are: 
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he CFFC 

. 24 scenarios. . 1 6  segments/scenario. . roughly 150 bytes/segment. 
Scenarios are timelines, permanently stored in a read only 
memory, that are executed by the microcomputer and cause the AGCE 
to conduct a specific experiment. Scenarios will consist of up to 
16 segments that specify experimelnt parameters such as 
temperature, voltage and rotation rate settings and timing 
information. The AGCE must provide B method of permanent 
scenario storage on-board (ROM) and yet pake it possible for the 
AGCE to perform experiments using a soft memory (read/write) 
during the scenario development or software development phases 
of the program. This capability is also expected to aid in the 
test and troubleshoot modes of operation as they become necessary 
during the program. 

4 
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3.3.7 Housekeeping Data Acquisition 

The following is a partial list (as complete as possible at this 
time) of the specific housekeeping measurements to be taken: 

FRAME # 
SCENARIO # 
TIME WORD 
HV SETTING 
Ti.e. - INNER SPHERE EQUATOR TEMPERATURE 
Ti.p. - INNER SPHERE POLE TEMPERATURE 
T0.e. - OUTER SPHERE EQUATOR TEMPERATURE 
T0.p. - OUTER SPHERE POLE TEMPERATURE 
INNER SPHERE TEMPERATURE - 9 SENSORS 
OUTER SPHERE TEMPERATURE - 11 SENSORS 
A/D CONVERTER CALIBRATION READINGS 
DATE - DAY/MONTH/YEAR 
TURNTABLE TEMPERATURE 
AVIONICS AIR TEMPERATURE 
COMPUTER TEMPERATURE 
UV FLASH PERIOD 

These housekeeping measurements will either be stored on-board 
and retrieved post-mission or telemetered to the POCC via the 
Spacelab HRM. Additionally, they may be displayed on-board for 
use by the Payload Specialist. These factors depend on the 
resolution of Tasks 7A and 7B. 

3.3.8 Bisplgy Subsystem Control Requirements 

The display control requirements are dependent on the resolution 
of the telemetry/on-board recording question. I f  on-board 
recording is selected, the display will be used by the Payload 
Specialist to follow the movement of the marker dots to insure 
that the experiment is progressing as desired. This will 
necessitate a CRT type display. Additionally, a control panel 
similar to that used on GFFC will be required. I f  the telemetry 
alternative is selected, the display will probably be completely 
eliminated except for a power on indicator and a run light. 

5 
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3.3.9 Data Storage Subsystem Control Requirements 

The data storage control requirements are dependent on the 
resolution of the storage/telemetry question of whether or not it 
is more cost effective to telemeter experiment data to the POCC , 
locate all the data processing there and provide essentially no 
on-board data storage or to provide on-board data storage 
capability sufficient to cover the whole mission and remain 
virtually autonomous with respect to Spacelab and POCC? 

6 
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1.0 SUMMARY 

This study has shown that the on-board apparatus control of the 

AGCE facility can be accomplished in an efficient and cost 

effective manner. A preliminary design, presented here, provides 

for several thermal control loops, two motor speed control loops, 

control of the high voltage power suppJ.y, data acquisition, data 

formatting and delivery to Spacelab for telemetering to the 

Payload Operations Control Center (POCC). 

1 

Additionally, the preliminary design includes the Ground Support 

Equipment (GSE) required to test the apparatus, to develop 

software and to support mission operation at the POCC. 

Considerable simplification of the design was accomplished 

through a process of questioning the original quidelines. The 

resulting system is much more flexible than was anticipated, 

however, the design can be expanded to include any of the 

features omitted in the simplification process, if that is 

desired. 

The design, as presented here, makes maximum use of program 

resources by using the test equipment as the support equipment at 

POCC . 
I 

1 
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2.0 BACKGROUND 

The objective of 
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agcef r 
05/81 

he AGCE is -0 study the fluid circulation and 

thermal properties of a test facility that models the earths 

atmosphere. Its predecessor, the Geophysical Fluid Flow Cell 

Experiment (GFFC), consisted of a test cell controlled by a 

microprocessor and used a photographic data recording technique. 

One of the AGCE Task 7 objectives is to provide an electronic 

recording technique that will be cost effective and actually 

result in improved data quality. 

Task 7 is the study task in which an apparatus control concept is 

to be developed and shown feasible. 

3.0 TASK IMPLEMENTATION 

3.1 Concepts 

Like its predecessor, the GFFC, AGCE will be microprocessor 

controlled. Experiment operation can be under the direction of 

timelines, the Payload Specialist (PSI or the Principle 

Investigator (PI) at the POCC. GSE will be provided to assist 

in the integration and testing of the facility in the 

contractor's domain as well as after delivery to NASA. For 

maximum utilization of resources and thus cost effectiveness, 

this equipment will also provide the capability to develop 

timelines/software and to support operations at the POCC. 

2 
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3.2 Tradeoffs 

3.2.1 ON-board Storage vs. Telemetry 

Essentially this trade is one that rests on the PI'S need €or the 

data (how immediate is it?), how much data there is involved, the 

desit-ed level of experiment autonomy, the technologies available 

to provide the on-board recording function, and the cost 

effectiveness of the two approaches. 

Based on the GFFC method of recording and discussion with the 

A W E  customer, it appears that there is no immediacy attached to 

the data , that is, it could be processedltotally post-mission. 

At the maximum turntable rotation rate, the minimum dirta 

requirements would be: 

,i 

180 degrees rotation 
x 90 degrees scan 

1 6 m  pixels 
x 8 bits 

129,600 bits 
x 3 channels 

388,800 bits/sec. 
x 72,000 20 hours operation 

2.8~10 mission capacity required not including 
10 

housekeeping data. 

As for experiment autonomy, if data is not telemetered, then 

except for the PS who is in voice contact, the experiment must be 

3 
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autonomous with respect to the experimenter at POCC. The PS 

involvement can be a planned aspect of the experiment, but of 

course, this means that the facility must provide some means of 

informing the PS of the status of the experiment and a means for 

him to interact with the experiment as required. 

Another form of autonomy that may be desired is with respect to 

Spacelab/Space Shuttle. While in mahy instances this may be a 

worthwhile goal, it certainly is not always cost effective. No 

assumptions have been made reguarding this type of autonomy in 

study Task 7. 

The most viable current technology available for use in this 

experiment, that offers the storage capacity required, is video 

tape recording. A cassette recorder that has been ruggedized for 

airborne applicatons is available frqm TEAC Corporation of 

America. Appendix A contains performance data on this recorder. 

Addressing the cost effectiveness of the recording approach, 

these points seem to be the more significant ones: 

1. Using a video recorder one would hope to record the raw 

video data, but the AGCE data is not acquired in a 

continuous fashion. Actually, three channels of -data are 

acquired simultaneously during 90 degrees of an apparent 360 

degree scan for each degree of turntable rotation. In order 

to make this data appear continuous, two of the channels 

4 
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would have to be stored so that the recorder could receive 

three contiguous segments during the inactive portions of 

the scan. This effect could also be achieved through an 

interleaved sampling technique. This is not unlike the 

problem of multiplexing the acquired data into a single 

downlink telemetry channel. In either case, specially 

designed hardware will be required and fok the purposes of 

this tradeoff, it is assumed to be equal in complexity and 

cost 8 

2. The video recorder is powered by 12OVAC at 60Hz which is not 

available on Spacelab. This would involve vendor 

modification of the equipment and would increase the 

experiment complexity by requiring 400Hz power from the 

EPSP. The appropriate EM1 protection requirements of the 

SLP/2104 would also apply, again increasing the complexity. 

! 

3. I f  no POCC involvement is possible (POCC would have no data 

if it is recorded on-board), the PS must initiate the proper 

experiment seqment, monitor its progress and interact as 

necessary, maintain the cassette supply and 

terminate/restart, as necessary, those experiment scenarios 

that do not perform as planned. It has been determined 

elsewhere and given to Task 7 as a requirement that, if the 

data is recorded on-board, the PS must be able to observe 

the marker dot movement within the fluid surrounding the \ 

5 
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inner sphere in order to determine that experimentation is 

progressing satisfactorily. This involves provision ,on- 

board, of a CRT type display. ACPL experience has shown 

that CRTs are extremely expensive devices to try to flight 

qualify for use on Spacelab. Other alternatives are to 

utilize the Spacelab CDMS CRT display or use a plasma 

display similar to that planned for use on ACPL. These three 

alternatives were weighed with the following results. The 

experiment CRT option was eliminated as the most costly and 

representing the most program risk. The plasma display was 

judged the most expensive of the remaining two options based 

on our ACPL experience. The use of the Spacelab display is 

not without cost, however. It will involve establishing 

interfaces that would not otherwise exist and a sustained 

effort over the life of the program to integrate with the 

Spacelab and other user organizations. The PS will also 

require some LED numerical displays that indicate the values 

of the high voltage, the pole and equator temperatures and 

the turntable rotation rate. 

4. In order to downlink telemetry an interface with the 

Spacelab High Rate Multiplexer (HRM) must be established. 

Additionally, an adapter module that meets the electrical 

interface requirements must be designed and used. There is 

also a cost associated with integration with the customer 

and the integrating contractor over the life of the program. 

6 
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Note that, the telemetering a€ data does not necessarily 

imply a presence, during the mission, of PIS or of other 

mission support personnel at POCC. If control is left on- 

board with the PS, support may not be required. 

It was decided that the on-board recording would be the more 

costly of the two alternatives as well as the more risky, 

Telemetering of the experiment data is the recommended approach. 

3.2.2 On-board Control, vs. POCC Control 

Starting with the assumption that control actually resides with 

the moving dot display, this trade resolves to the question of 

where the display is to be located, on-board or at POCC. 

In addition to the problems with locating it on-board that were 

discussed in the above section, the issue of PS training comes 

into the picture. Does one assume he is trained in atmospheric 

physics? If not, he may need support from the PI which implies a 

program presence at POCC. 

The only additional POCC involvement necessitated by a program 

presence, would be to provide a data spigot to equipment, 

supplied by the program, that will support operations. This is 

much less than will be done for other Spacelab payloads, 

Assuming that the functions performed by the equipment at POCC 

would be limited to displaying the moving dots and the normal 

7 
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housekeeping data at a rather leisurely pace ( 3  or 4 seconds 

between updates), the same equipment that is used for integration 

and test could be used at POCC. 

Again, it is felt that the on-board display represants 

considerable cost and risk and the reduced flexibility resulting 

from control of the experiment by an untrained (in atmospherics) 

PS forces the conclusion that control mukt be exersized at POCC. 

i 

3.2.3 Experiment Data Recording By POCC vs. GSE at the POCC 

Now that previous trades have established that the experiment 

data will be telemetered to the POCC and that the project will 

have a presence there, this trade consists of deciding if the 

data recording capability should reside in the GSE,  for if it did 

the POCC involvement could be reduced, thus reducing costs. 

The contractors responsibility is understood to be to deliver a 

facility that will support experimentation without the obligation 

to deliver the ground test experiment data in some predefined 

format on a preselected media. This is important because it means 

that beyond verification that data does exit the facility in the 

designed format, there is no requirement for recording of data. 

As for verification of the telemetry out ut, this can be 

accomplished in a very modest recor ing facility. The question 

then becomes, should a recording capability be provided in the 

GSE to relieve POCC of this task? 
\# 

t 
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In view of the fact that there is no need for extreme haste in 

the delivery of the data to the P I S ,  the recommendation is that 

POCC perform the recording function. I f  special processing is 

required on the resulting tapes it can be performed by the PI or 

if need be, by GE, but in no instance is the GSE currently 

required to support that activity. 

As for the GSE recording capability, for the purposes of this 

study it will be assumed to be the minimum possible, however, 

this will not be a sufficient capability if the contractor is 

responsible for providing experiment dLata to the PI during ground 

testing. 1 

3.2.4 Stored vs. Realtime Control 

I t  was a "given" to Task 7 that the PS be able to command values 

for the inner and outer sphere's pole and equatorial 

temperatures, the high voltage and the turntable rotation rate. 

GFFC utilized stored control in the form of experiment timelines 

and provided an operator's panel from which timelines could be 

initiated and experiment parameters monitored. Since there are 

only seven parameters that need to be controlled, why must they 

be controlled in a stored fashion? Given that the must be, why 

must a subset be controlled in a manua1,realtime fashion? 

Inquiries led to the conclusion that even at the high rotation 

L... rates the equivalent to a GFFC segment would take 20 to 30 
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minutes. Presumably, at the low rates they would take even 

longer. 

One must ask, why not give the PI (via voice link to the PS) 

realtime control of the seven experiment parameters and omit the 

stored timelines altogether? The PI has all the data displayed, 

in near realtime, in front of him and the PS to act on his behalf 

in the Spacelab. 

Because this approach is the simplest and most cost effective and 

because of customer encouragement to do so, the recommended 

approach makes use of realtime control. In actual implementation 

of other elements of the apparatus control, there will still be 

an issue of read only memory (ROM) and random access memory 

(RAM) and execution from each at various phases of the program. 

These issues will be addressed in the following section of the 

report. It is still possible, with little impact, to opt for 

stored control or some reasonable compromise between the two 

extremes. 

3.2.5 RAM/ROM/Combination 

An approach that allowed functions that would be stored in ROM 

operationally, to be executed from during ground test and 

development, was an ex ~ u i r e m e n ~  of Task 7. This feature 

should still be of primary concern even if stored control is 

replaced with realtime manual control, ecause control functions 

10 
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still remain that demand that kind of flexibility. For example, 

all of the closed loop temperature controls will need that 

flexibility in the software development and ground test phases of 

the program. 

This trade concerns how this is to be accomplished. Several 

possibilities exist: 

1. ROM in the apparatus and RAM in the test equipment. The 
microcomputer would be forced to execute from the test 
equipment when it is plugged in. Problems may arise due to 
long wire lengths involved unless special precautions are 
taken. 

2. ROM in the apparatus and RAM on the front panel connected to 
the test equipment, Operation is the same as described 
above but the wire problem only exists in the test equipment 
end. This approach is similar to GFFC's. 

3. ROM and RAM are located in the apparatus. Both memory types 
are carried in the apparatus and the microcomputer executes 
out of the ROM when the test equipment is not plugged in. 
This method will only be practical for relatively small 
amounts of memory. 

Because of the small amount of memory involved, even including 

the timeline storage, it is recommended that the RAM board be 

included in the experiment hardware. The RAM can be loaded by 

the test equipment over the serial interface. The microcomputer 

will execute from either the RAM or RQM as commanded by the test 

equipment when it is plugged in, otherwise it defaults to the 

ROM. When satisfactory results have been obtained from the 
.. 

software stored in RAM, it can be downloaded to a file within the 

test equipment which is in turn used to "burn" the RQM memory. 

.-- This feature can be provided at almost no cost with the approach ,. 

11 
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3.2.6 Telemetry and the Rotational Rate Dynamic Range 

With the turntable rotational dynamic range required for A W E ,  a 

problem arises with respect to telemetry downlink rates. If one 

assumes that the data is downlinked at a fixed rate, equal to the 

rate at which it is acquired at the highest rotation rate, then 

at the lowest rotation rate, the fill data outnumbers the valid 
1 

data by a factor of 125 to 1. 

The alternatives examined here were, a fixed downlink rate equal 

to the highest acquisition rate encountered, a variable downlink 

rate within the range from 4,128 to 518,400 bits per second and 

temporary on-board storage for smoothing. 

The maximum acquisition rate is 518,400 bits/sec. I f  the 

downlink rate was only 1 kbits/sec slower, in a typical 

experiment scenario of 20 to 30 minutes, 1.2 to 1.8 megabits will 

have to be stored until it can be downlinked. This large a 

smoothing buffer is not practical to offset lKbits/sec additional 

bandwidth. Smoothing buffers were eliminated as viable 

solutions. 

The variable rate telemetry does not ap ar to be at all 

practical with the information available concerning the types of 

experiment scenarios to be used during the mission. 
I 
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A downlink rate, fixed at the maximum acquisition rate, is 

recommended as a result of this tradeoff. Other methods could be 

used but not without additional cost. This method does, however, 

introduce additional complexities in geherating the fill data 

required at the various rotational rates below the maximum. The 

proposed solution will be discussed in the appropriate design 

description section of the report. 

3.3 Preliminary Design - Functional Description 

3.3.1 Electrical System Overview 

Figure 3.3-1 shows a functional block diagram of the AGCE 

Electrical System, This system will be described functionally 

within this section. The overall, end-to-end data flow will be 

described in a discussion of the data system. Other 

portions/functions of the system will be described individually. 

3 
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3.3.2 Temperature Controllers 

The AGCE contains nin eater control loops and three TEH control 

loops. Philoso , it is preferred that the control loops 

be autonomous wi ct to the on-board data system, except 

that it is t h r o ~ ~ h  this system that they receive the control 

setting. In the case of t heater based temperature controllers 

this is possible, but in t case of the TEM based loops, it may 

not be poss the non-linearity that occurs at the 

crossover poi ing operation. However, if 

xersiaed by electronics with only the 

crossover "wor ntrol of the computer, the 1 

act,, This is the recommended 

approach. Fi computers relationship to the 

ontrol task is to 

e Operator's Panel and pass 

r. As for telemetry, the 

riately and acquired by the 

sensor data could be 

etermined to be 

necessary. I c o ~ e n d e d  "work-around" 

cross-over is anticipated 

Y :  
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F i s u r e  3.3-2 T*wical  Tcmpcraturh Contro l  ler Data Bus 
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e cross-over region controlled via 

necessary settings, 

ts within the Thermal Assembly require 

tes  when eve^ the power is applied, open 

ver and so presents no control task. 

ate as power is applied and so are just 

wired in. 

trollers 

s that are crucial to the 

re the turnt ble motor and the 

e case of: the tempetature controllers, 

y the electronics. The 

rate derived from a precision 

terable, so there is no 

s 

de, The shaft of this 

nts and must also 

degree of turntable 

e the telemetry 

er to maintain a scan 

60 degrees, 

o t a ~ ~ ~ n  of the motor 
.. 

e 

e i iv us rates 3.1416 i 
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radians and .025 radians per second. The rate is not 

continuously variable; there must be an integer number of 

complete scans per degree of turntable rotdtion. Further, to 

simplify ground processing, it is recommended that there be an 

even integer number...... Additionally, each of these discrete 

rates, within the range cited, are also derived from the 

precision oscillator. Picture a countdodn from the scanner motor 

rate, whose length is determined by the turntable rotation rate 

selected by the PS. The shaft of this motor will also have to be 

encoded to yield position in one degre,& increments and to deliver 

a pulse for each degree of rotation. Thdse signals are also used 

by the telemetry acquisition function and by the microcomputer to 

maintain a rotation counter in software. 
% 

Other miscellaneous elements within the Turntable and Scanner 

Assemblies require mentioning; there is one pump that is powered 

for a short time after power application that is therefore under 

control of the microcomputer, there are two other pumps that are 

powered when AGCE power is applied, there is a light source and 

optical detectors that are also powered when the AGCE is powered, 

3.3.4 Other Non-Data System Elements 

3.3.4.1 Power Supply 

The Power Supply utilizes a fairly standard approach; a DC to DC 

converter which will provide the ground isolation required in 

18 
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SLP/2104 and convert from 28VDC to +5, +15 and -15 VDC. It is 

at the primary input current will not exceed 20 amps 

The appropriate 

uppression will be provided to allow the AGCE to meet the EM1 

which is well within one of the EPSP DC outputs, 

uirements of 

3.3.4.2 WV Power Supply 

The HV Power Su ply steps up its input voltage to correspond to 

some c o ~ a ~  ed level. This commahd is entered from the 

Operator's Panel by the PS and is passed to the HV Power Supply 

ange of settings are described in the BV 

ply section of the final repdrtii J 

This assemb free-runs, that is, when power is applied the 

at a predetermined rate, positien 

ntains a flash lamp, a power supply 

and positioning elements. 

3 . 3 ,  

the elements hown in Figure 

tion with S acelab/Space Shuttle, the 

the AGCE GSE makes up the total. 

re 3.3-4,  This section 
I 
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will discuss the data flow and the various configurations of this 

system, but first, think of the on-board system as having three 

mission tasks: 

To accept and interpret the experihent control parameters 
as entered by the PS. 

To provide conrol information to those elements under 
control of the microcomputer. 

To take measurements and acquire housekeeping data to be 
included in the downlink telemetry. 

Experiment control is accomplished by the PI via voice link to 

the PS, who enters the experiment parameters via the Operator's 

Panel shown in Figure 3.3-5. The experiment data is provided to 

the Spacelab HRM and transmitted to the earth where it goes to 

POCC. At POCC, the data is recorded for post mission use, A 

portion of the data is routed to the AGCE equipment at POCC, 

where diisplays are provided for  use by the PI, who is in voice 

contact with the PS, thus completing the loop. 

3.3.5.2 Data Acquisition 

There are two different data sources within AGCE. The 

housekeeping data is taken from virtually every subsystem of AGCE 

and can be used to determine the status and health of the 

facility. This is a very small amount of data and changes SO 

infrequently that it can be collected by the microcomputer for 

transmission. However, the high speed video data is generated so 

fast that the microcomputer could not keep up, so special data 

i acquisition hardware is recommended. A possible data profile is 
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shown in Figure 3.3-6. As can be seen, a t  the maximum turntable 

rotation rates, 330 degrees of rotation data is downlinkod in 

approximately 2 seconds. There is about 15 degrees worth of time 

and storage devoted to housekeeping data and another 15 degrees 

worth for fill data that can be used to simplify the ground 

processing algorithms. As the turntable rotation rates are 

decreased, more scans per degree rotation are taken. This is a 

nice fill data generation scheme because each of those scans, 

after the first, is redundant and the information can be 

discarded on the ground. At the maximum rotation rate, there is 

one scan per degree of turntable rotation; at the minimum 

rotation rate there are 126 scans per degree rotation. 

Figure 3.3-7 is a block diagram of the acquisition hardware. It 

can be explained with the help of Figure 3.3-8 which depicts the 

data acquisition time profile. 

Working back, from the output to the HRM, there is housekeeping 

data, fill data and scanner data input to the multiplexer. The 

data selection is tied to the position of the turntable shaft as 

suggested in Figure 3.3-6. The scanner data is made up of four 

channels called the preamble nd channels A, B and C. Channels A 

and B are identical in function and hardware; each is the 

difference of two detectors, amplified and converted to a digital 

- quantity for each degree of scan. Channel C is the 

differentiated sum of the four detectors that yields the dot 
\ 

i 
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pbsitions. As shown in Figure 3.3-8, channels A,  B and C are 

acquired simultaneously for 90 degrees of the apparent 360 

degrees of scan and placed in one bank of memories. At the 

conclusion of this active scan period, that same data is 

downlinked over the next 360 degrees of apparent scan. During 

this time, another active scan will occur and that data will be 

placed in the other bank of memories. During the 270 degrees of 

non-active scan, within the apparent 360 degrees, the micro 

computer will fill up the appropriate preamble memory with either 

the major or minor frame headers, whatever data is deemed 

necessary to help in the ground processing and the remaining fill 

necessary. Basically, three channels are acquired 

simultaneously, the fourth almost, and put in one bank of 

memories. While these memories are emptied, one at a time 

(preamble, then A ,  B and C), data from the next scan is filling 

the other memory bank. This arrangement is often called a 

"swinging door" or "ping-pong" memory. 

A possible telemetry format is shown in Figure 3.3-9. As the 

rotation rate is decreased the effect is to add more minor frames 

of redundant data. 

28 
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F i g u r e  3.3-9 P o s s i b l e  A W E  Telemetr--,* F o r m a t  
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3.3.5.3 Ground Support Equipment 

The GSE is multifunctional in that it is designed to service 

three distinct phases of the program; 

Software development. 

Ground testing for verification of equipment function. 

Operations support at POCC. 

Figure 3.3-10 provides the GSE block diagram. It consists of a 

stand-alone software development system flrovided by the flight 

microcomputer vendor, Spacelab resource simulators and a 

minicomputer based data processing system. The equipment 

recommended is the Digital Equipment Corp.'s PDP-lle 

A video terminal acts as the operator's console and will be 

manned by either a Test Conductor (TC) or a PI depending on what 

phase of the program is being supported at the time. 

The Spacelab resources that are simulated in the ground test 

environment are the HRM and the primary power supply. At POCC, 

the HRM simulator will be bypassed to receive data directly. A 

specially designed piece of hardware will provide the 

synchronization and decommutation functions in either case. 

3.3.5.4 End-to-End Data System Configurations 

Figure 3.3-11 shows the ground test/software development 

.L. configuration. The Operator's Panel is manned by a Test Man (TM) 

30 
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who is under the direction of the TC who mans the GSE console. 

Operational scenarios can be requested by the TC, by voice, which 

are input by the TM through the AGCE panel. Results are 

monitored by the GSE and displayed at the GSE console. During 

software development, the additional dotted lines apply and the 

SW console is manned by a Software Engineer(SE1 who determines 

what functions are requested by the TC. It should be noted that, 

if a cross assembler exists for the on-board microcomputer that 

is resident on DEC equipment, then the software development 

system could proba ly be eliminated and the remaining GSE could 

provide that function. e equipment is so inexpensive that it 

would not pay to write t 

Figure 3.3-12 shows the operatonal support configuration. In 

this configuration the GSE extracts the housekeeping data and the 

dot movement data and displays both to the PI who is manning the 

GSE console. We is in voice communication with the PS who is 

interacting with the AGC 

3.4 Preliminary ical Subsystem 

The functional recomme~ded esign of the 

electrical  subs^ n in Figure 3.3-1. It is to this 
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3.4.1 Power Supply 

The AGCE input powdr requirements are estimated to be 

approximately 520 watts. At 28VDC input, the current 

requirements would be i the order of 20Amps. This is well 

within the capacity of an EPSP. Of course the power supply must 

provide the three way ground isolation required in SLP/2104, as 

well as supply to AGCE the various voltages required. 

3.4.2 Flying Spot Scanner Assembly 

The Flying Spot Scanner ~ s s e ~ b l y  contains the scanner drive motor 

and its associate control, a shaft position encoder, a 

rotational counter, the light source and the optical detectors. 

Input power requirements are +28VDC Isolated, +5VDC and +/-15VDC. 

Signal outputs of this assembly are the detector outputs, the 

scanner rotation count and the incremental position encoder. All 

of these signal uts are utilized in the Data Acquisition 

System. 

3.4.3 Turntable 

The Turntabl~ 

and its ass 

rotation counter, thr drive module that 

controls the 
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Input power requirements are +28VDC Isolated, +5VDC and +/-15VDC. 

Inputs to the assembly are a pump drive pulse from the 

microcomputer and the turntable rotation rate command from the 

microcomputer. Outputs are the rotation count and shaft 

position, both to the microcomputer. 

3.4.4 Thermal Assembly 

The Thermal Assembly electronics consists of 25 (23 + 2 spare) 

thermistor temperature sensors and their associated signal 

conditioning circuits, 9 heater controllers and 3 TEM 

controllers. 

L Input power requirements are +28VDC, +5VDC and +/-1SVDC. Signal 

inputs to this assembly are the temperature commands to the 

controllers. These come from the microcomputer and are conveyed 

over a 12 bit data bus. Signal outputs of this assembly are the 

outputs of the analog signal conditioners that receive the 

thermistor inputs. These outputs enter the microcomputer analog 

front-end where they are converted to digital quantities. 

3.4.5 High Voltage Power Supply 

The High Voltage Power Supply is described under another task 

elsewhere, the only purpose in discussing it here is to identify 

a control input that is provided by the microcomputer: in the form 

of a voltage setting. 
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3.4.6 Optics Assembly 

The Optics Assembly electronics cons,ists of a flash lamp power 

supply and a flash lamp timer. 

Input power requirements are +28VDC Isolated, +5VDC and + / -15MC.  

There are no control inputs since the W lamp flashes at a fixed 

rate once power is applied. 

3.4.7 Operator's Panel 

The Operator's Panel electronics consist of 18 ten position 

decimal switches with CD outputs, 3 lighted push button 

i switches, one indicator light, a microcomputer adapter in the 

form of a digital input multi lexer I/O controller and a test 

connector input. 

. 

Input power requirem~nts are +28VDC Isolat d, +5VDC and +/-15VDC. 

Other inputs to this function are on the test connector that 

connects the GSE.  Outputs from this function all 

microcomputer and are ettings o the experiment variables 

entered by the o r. 

3.4.8 On-Board Data 
. 

The On-Boa~d ased on the 

1802 microprocessor, and output 

modules, 12 b es to the control 
...... panel and the data 
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Input power requirements are +5VDC and +/-15VDC. Other inputs are 

from the Operator's Panel, Turntable, HV Power Supply, Optics, 

Scanner and Data Acquisition assemblies. These inputs are 

primarily sensor data. Outputs are directed at mainly the 

Turntable, Scanner and Thermal assemblies and consist of commands 

for rates and temperatures. 

On-board memories are estimated to be lk RAM and 2k ROM. Another 

2k of RAM, that is used in the ground test configuration, will be 

flown but will not contain useful code. 

An estimated 3R lines of code (software) will be required to 

manage the AGCE facility. 

3.4.9 Data Acquisition System 

The Data Acquisition System consists of three analog front-ends 

for conditioning analog data, two 8 bit a/d converters, one 

threshold detector, one computer 1/0 port, four pairs of 

"swinging door" memories, the HRM adapter, two byte wide 

multiplexers, a fill generator and the scanner and turntable 

motors count down string. 

P 

Input power requirements are +5VDC and +/-15VDC. Signal inputs 

are the four optical detector outputs and the housekeeping data 

from the microcomputer. Output is to the Spacelab HRM in the 

form of a serial data stream. 
\".. 
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3.5 Equipment Recomendations 

Equipment recommendations ade for the on-board microcomputer 

system and €or the -1 and 3.4-2 respectively. 

Appendix B contains in  mati ion on the recommended flight 

hardware. I t  is assumed that, as in other Spacelab payloads, 

commercial or near-c mmercial uality hardware is useable and 

that only minor modifications, if any, dill be required to make 

it flight worthy. 
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FUNCTION RCA TYPE 

MICROCOMPUTER 
SYSTEM MEMORY 

ROM 
RAM 

DIGITAL OUTPUT 
DIGITAL INPUT 
A/D CONVERTER 
CONSOLE 
I/O TEST ADAPTER 

CDP18S 60 2 

CDPl8S6 2 5 
CDP18S620 
CDP18S660 
CDPl8 S6 60 
CDP18S643 
CDPl8S640 
CDPl8S6 5 9 

TABLE 3.5-1 ON-BOARD MICROCOMPUTER RECOMMENDATIONS 

COMPUTER PDP 11/34 
MEMORY 128 KB MOS 
DISK RLO 1 
LINE PRINTER LPllA 
VIDEO TERMINAL VTlOO 
PRINTING TERMINAL LA36 
OPERATING SYSTEM RT-11 

--------- 
RCA TYPE 
-I------- 

SOFTWARE DEVELOPMENT 
SYSTEM CDP18007 DEV. SYSTEM 

CDP18S030 MICROMONITOR 
CDP18S831 MICRO OS 
CDP18S840 PROM BURNER 

TABLE 3.5-2 GSE EQUIPMENT REC NDAT IONS 
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Training 

1 

Immediate reinforcement and correction is use the AVTR to record flight display dah 
an important factor in the learning process and externally observed conditions. lm- 
and is well known by educators. "I won't make mediately upon landing he reviews the fiigM 
that inistake again" is easy to say but does he.s just experienced, with or without 
the erring student clearly recall the conditions tin instructor's comments. 

performance the result of a newly acquired ~ ~ i ~ ~ $ ~ ~ ~  Gorp. and 
skill or of a sequence of rote-memory steps, 
so=:: ta bc forgatten unless imm&i&?ty 
reinforced? 

Videotape evaluation of student per- 
formance in the classroom has again proven 
the benefits of immediate feedback. Mote 
recent experience in the USAFs Tactical Air 
Command has added an extra dimension to 
that technique by recording pilot performance 
during training missions. One experiencbd 
pilot commented that he "learned more abdut 
the use of an F-15 System observing and 
debriefing with the VTR during the test 
period than (he) had in (his) previous 250 hours 
in the 515: The VTR he used was TEAC's 
Airborne Video Tape Recorder (AVTR). 

Typically, a studerit pilot (at any level) can 

which lead up to the error? Was proper Fihotos Courtesy of Cessna Aircraft Go.. 

, 

Debriefing 
i 
i 

Visual information almost overwhelms the systems, debriefing for maintenance can 
be a time consuming and often ineffedive 
procedure. Visionic systems recordings during 
malfunctions provide an ideal troublesbooiing 
tooi, especially for those pesky problem that 
don't occur again until the next mission. 

pilot or operator during a mission. What he 
needs is a "video note-book" to bring back 
the information to his debiiefings. Here the 
AVTR can make a valuaDle contribution to 
mission effectiveness. 

Operation and reconnaissance debriefings 
CF nc:l' !x perfcrme:! wfh vivid v:dm 
display rather than reliance upon man's 
meager memory. Whatever the crewmember 
saw during the mission can be reviewed by 
others immediately during debriefing. 
Often things which he didn't see 
are there to observe as well 

With such heavy reliance upon el 
optical sensors and displays in today's aircraft 

----% 

.- 

Reconnaissance and 
Surveillance 

Intelligence data - the facts displayed 
however briefly to a pilot or operator-can 
now be economically recorded as they 
appear during a mission. This means that 
the analysts can quickly review mnre data 
from the mission than the pilot could ever 
remember to bring back. More accurate than 
memory alone, faster than film, video tape 
is the ideal tool for intelligence gathering. 

Whether carried on an aircraft, ground 
vehicle, sea vessel, or a scout's back, the 
AWR will bring back the dzsired video 
images. Troop movements, transmitter 
patterns, mission effectiveness, or whatever 
the sensors detect for video recording is 
supplemented by concurrent voice com- 
mentary on one or both audio tracks. 

traffic Row, forestry. fish or crop conditions, 
nn1ltitit-m cnntml hnrrror  nntrni dicacztmr 

assessment, and many more. The AVTR can 
be adapted to most any rugged environment 
for obtaining the immediate data so Vital to 
decision makers. 

$ 
f '  

i 
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Other reconnaissance applications include 
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Typical Installation 

Camera head 
for instruments, 

FLlR - 

1 Camera head for 
HUD andlor horizon I Head down video display 

HUD/ 

3 - AVTR control switch 

-AWR 

E-0 sensor - 
TEAC has made video tape recording in Helicopters, and many others have proven 

airborne and other rugged environments the reliability, the desirability and even the 
more than just a "possibility." Recording with necessity of TEAC's AVTR for a variety of 
the AVTR system is so convenient, applications. 
economical and practical now that a pilot The AVTR was selected as the VTR for 
or other operator's mission is handicapped evaluation and acceptance flights of the F-15, 
without the AVTR. F-16, F-18 and AH-6.1. It was chosen for 

After extensive testing to MIL Spec and installation in thousands of aircraft by the 
MIL Standards, the AVTR was determined USAF Tactical Air Forces. And, the AVTR will 
qualified by the US Air Force for use in be used in NASA's Shuttle Orbiter spacecraft 
high-performance jet arrcraft. It IS the first flights. These and many other important 
videocassette recorder to be so qualified. applications demonstrate the experts' con- 
Hundreds of thousands of hours of actual fidence in the AVTR liecause of its con- 
use by the US Air Force, Army and haq, venience, economy, practicality and proven 
McOonnell Douglas Corporation, Hughes performance. 

Videocassettes bring no problems in higher video quaiity is demanded. System 
loading, changing, storing, dupiicatifig or compatibiiity with t ie  extensive inventor 
procuring tape, Available worldwide for the of 3/4" equipment in the field is also an 
AVTR and other systems, these CI-Mafic 'S' important consideration. Two audio tracks, 
tapes were conceived for and are extensively handy size, and error-proof loading make 
used by professionals-in the TV broadcasting them an ldehl format. 
industry, education and in the military AI- The AdTR itself is remotely controllea, 
though the 1/2" tvpe cassettes for ''home use" self-contained, and needs only a start/stop 
are widely availabfe today, the 3 / 4  U-FAatrc command from the operator. 
system is still the professional choice when 

Unlike completely MIL-spec'd equipment the related commercial recorder, parts logistics 
with their attendant high costs, the AVTR is and rnaintenance methods are less costly 
an adaptation from a commercial video- and more universally recognized than spe- 
cassette recorder, Not only is initial acquisition cialized MIL-spec products would be. Im- 
less expensive, but lead-time for production portant, too, is the availability of technical data 
is geared to commercial practices. Using and spare parts already in the USAF inventory 
readily available parts, many in common with for the AVTR and the Ground Playback Units. 

TEAC's AVTR does meet all important minimal at around30 watts. 
MIL-standards for reliable operation in the TEAC offers several models of the basic 
rugged airborne environment. Weight and AVTR to meet the specific needs of a given 
size conditions seldom pose a problem with installation. TEAC gives personal attention to 
this small unit. Operating from aircraft DC your video recording needs, both for airlmobiie 
power of 28 volts, pc)?yer concmption !s and fixed stabon quiprr!ent. 

-- 
Convenience 

Emnomy 

- - 
hcticality 

., 

An Effective Video is much more than "magnetic split-screen approach to share two or more 
Alternative to The movies: From years of working with tilm cameras on the same picture. 

nlm Tradition recording In aircraft, some pwpk  might Immediate playback of videotape, evpo 
try to impose the problems of filming onto inflight (with some models) is another g ,By 
their concept of video recording. For example, advantage of video recording over film. No 
data has to be displayed befcre it can be delays for developing, no danger of expasing 
filmed, but video signals can oe recorded the tilm, no film lab and no aeveloprnerlt 
directly from the source. Vida can use a technicians are needed with video. 

- 

I- 
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* Five selectable speeds of playback 
3 h A n ~ h m n n r i l  I V I L L I  I U I  I I L U I  fomlr4 l 1 C . l "  h t  ur' f I L 8 . A  g n l r l  r r , t m r r i n n  < Y ' r l c ) , ,  ,a 
0 Guard-band noise-free picture auiing 

a EVENT MARKER (EMK) functions 

0 Slow moticn over-ride control 
* L'-Matic standard, Record and Playback 

0 Uses standard KCS or KCA type cassettes 
* Scratch resistant case 

format 
still-motion 

While many cassette-type formats have 
recently been introduced, the 314" U-Matic 
type was the  first si~ccessful method for 
eliminating the hassle of tape handhng by 
the operator Since its introduction in 1565, 
w\:e:sai accepiarice of 3 4 "  as iiie stariuaru 
videocassette resulted in extensive corn- 
mitment to this format by industry. broadcast 
and cable TV companies, education 
institutions, scientific organizations, and 
tne government 

TEAC Corporation offers the only airborne 
qualified (Model V1000AB rJ, .R) 314" 
Videocassette tape recorder The V-4200G-hi 
also represents the hlghest reliability in 
convenient videocassette reproduction with 
the unique features it offers and the quality 
of the U-Matic format 

The V-42bI)G-N is a hiGh quality dual 
purpose (Anali/zer/Reproducer) Video- 
cassette machine While many of the 3/4" 
videocassette units availabie today are 
similar in appearance (a few may even have 
some analysis capability), none of them 
have the combined features and the 
performance capability of the V-4200G-N. 
Most of the videocassette Analyzing-type 

recorders operate under the closed-loop 
system (non U-Matic standard format). 
Tapes therefore must be recorded and 
played back on the same model unit. The 
TEAC V-4200G-N conforms to the 
STAKEAX2 ii-ivi&c toimat-so tapes 
recorded by other U-Matc machines can 
be played back or analyzed with complete 
c~mpatibtlity. 

and trme consuming The V-4200G-N is 
specially geared for analyzing video 
recordings. Time saving features like 
EVEN7 MARKER function quickly take you 
to the point of (predetermined) interest. 
The SLOW MOTION CONTROL, the 

and the STILL MOTION PLAYBACK (with 
no guard-band noise) feature give the 
operator control during the analysis pro- 
ceeding so that miormation can be quickly 
and carefully studied and evaluated. Careful 
design of the control functions, the com- 
bination of features and the unmistakable 
quallty of TEAC wake !he V-4200G-N 
unique-a pleasure to operate and own. 

Video recording analysis can be laborious 

FIELD-BY-FIELD REVERSING bECHANISM, 

This special lever, when in the Still 
playback mode, is used to "back-step" the 
video scene field by-field or for making 

The V-4200G-N has a special "speed 
rz!io" control knsS wh!ch se!ects playback 
tape speed. Selectable slow motion rates 

full use of the guard-band-noise elimina- 
tion feature. 

are 1/80, 1/60,1140.1/20.1/10. Normal play 
and noise-band-free stop-action mode are 
also available. 

This feature identifies certain preset scene is reached, the recorder immediately 
sigpals or stops (operator's option) at that 
portion of tape. 

the button returns the speed to the preset 
slow rnotion setting 

(operator's choice) scenes during fast 
forward or rewind mode L'Vhen a designated 

During the slow motion mode, when the 
"NORMAL" buttn~ 1s pushed, the tape speed 
IS cpickly brour;ht ?o normal. Releasing 

Feather-touch function select keys, 
offering "idiot-proof" selection of any mode 
(including EJECT) directly from any 
other mode 

@ Remote Control {optional) of any mode 
except EJECT Audio Dut? or slow motion. 

0 Audio commentary or additional data can 
be dubbed ontc, audio Thannel one during 
normal speed playback. 

* Video (and audio) recording levels are 
controlled by AGC (automatic gain control). 

0 Color or B/W recording and playback 
selection is automatic 

0 BNC-type video input and output 
connectors are standard, as is the 8-pin 
multijack for TV monitor connection. 

* Tape automatically rewinds to the 
beginning after reaching the end-of-tape. 

0 Complements TWC's Airborne Video- 
cassette Tape Recorder (AVTR") models 
'V-1000AB-N and -R. 
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and the type of mlssion, a typrc,nl SPiiice of 
can be a TV camera (including the 

new CCD type) for recording the 
outside view from an aircraft, 

either directly or through the 
Heads-Up Display (HUD) 

which wculd include the HUD 

* -. 
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Imaging Infra-Red illR). Forward-Looking 
Infra-Red (FLIR), or Low Light Level TV 
(LLLTV). Many other electm-optical (EO) 
signals can also be recorded, such as those 
from Maverick (TV or IR), TOW, Walleye, 
TISEO, TRAM, Pave Tack, Pave Spike, 
Enviropod, etc. 

For the Mission In the air or for a ground mobile installation, cassette tapes can be installed or replaced 
eo V-lOOO-seni?s recorders (AVTRs) withtr I a few seconds. 

are available in several different con- All models perform with distinction under 
figurations to met y w  needs. ,A!! rugged environments of acceleration and 
have a commori, proven mekhanhm shock Stress levels and low temperatures 
and are designed to give reliable that would halt or even damage most VTRs 
service under rLgged conditions. have no effect upon TEAC's AVTR. 

Ease of installation is assured with These rugged recorders take the punish- 
inimum of multi-pin connectors ment of life in a high-performance jet fighter 

and reliance upon the unregulated 28V and deliver both excellent video and high 
(or 12v) DC power source. MIL-standard MTBF, asking only for conventional shock- 

connectors are used and contacts are pro- mounting. AVTR also meets EM1 and explosion 
vided for a variety of remote status indicators protection requirements. 
and controls. Ease of operation is provided Other useful features include a color 

by the simplest possible procedure select recorder capability, an Event Marker system 
"Record" when desired and "Standby" for conveniently locating specific segments, 

when recording IS not requ!red. two audio tracks for flexibility and added data 
Status indicators for those conditions capacity; and an ability to accept any TV line 
as well as "End of Tape: "Power" rate such as 525, 625, 875, etc. 
and "Accumulated Recording Time" 
can be easily accommodated. Video- 

ack on the ground or at the operations recorded on the A V R .  The V-4000 series 
ou will want the finest playback offers many important features qualifying it 

for the category of a video analyse fool After the Mission equipment for reconstructing the mission. 
TEAC Video's V-4000 series iecorderl 

capability with its stop-motion pause control 
and you can find the exact fkld you wish to 
study. Or review a sequence of events field- 
by-field to analyze the specific chronology. 
A still-frame adjust lwer assures completely 
noise-band-free stop-rnotion playback 
when needed. 

Event Marker recording and detection in 
conjunction with the Memory Rewind function 
and ail-solenoid operation provide tremen- 
dous control and fast-search flexibility in 
performing playback/analysis functions. 0r;ly 
a conventional TV monitor IS required. 

TEAC CORPORATION OF AMERICA 
industrial Products Division 
7733 Telegraph Road 
Montebello. California 90640 U.S.A. 
Tel: (213) 726-0303 Telex 677014 

TEA.C Corporation 
VIPD. 3-7-3 Nakacho 

___ - 
Representative: 
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Scan video recorders IS during the still 
motion miode there 15 that Lor7?v\cin but 
irritating ~ ! J X C ~  harid rloisp a(:rC'ss the 
picture (pidure 1) If thc rctlntiw spwd of 
the tape and ttic ticad rfrurn ;ir,serribly IF 
constant then thp video hearis and video 
tracks are in sync. (tr iLkiny [)roIJeriy) thus 
producing a normal picture However ih the 
still motion mode the video tape IS stopped 

wnicn proauces a mistracking conaition 
in the video 7 he video heads now track ,3t 
a Qffsrent angle (diagram 2). The engiwer$ 
at fEAC Solvtd this problefv by dt-:si(jning 
in the V-4200G-N n special carnpcn!;ating 
meohanism This precision-hililt riiectianisrr~ 
tilts the head drum assembly thus correcting 
any errcm in tracking. The result IS a still 
motion picture without the guard-band 
noise (picture 3). 

VIDEO TRACK 
(uncorrected) 

- - -  
i 
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G E N E 4 4 1  
Format: 314 inch C1-Matic cassette 
Video Signal NTSC Color nr E14 B W  

Power Consumption 145 W 
Storage Temperature -2O'C to 60°C 

Operating Temperature: +5"C to +40°C 
(+4loF to +lJO"R 

Operating Positiofi hut wnial to 30" 
Dimensions. 25-318 (w) x 9 ih) x 18-3/8 ld) nches 

645 (2) x 223 (h) x 364 id) rnm 
Weight: 80 lbs (38.5Kg) 

VlDEO 
Input 1.0 +1.0 -0 5V (p-p: 75 Ohms 
Output: 1.0 t O  2V (p-pi 75 Ohms 
Horizontal Resolution BAV 32'3 lines or more 

Sigral-to-Noise Ratio More than 45 dB (BPW 

AUr,;O 
Input: MIC -60 dB 600 Ohms 

Line -10 dB :OOK Ohms 
Output: Line - 5 dB at t5OK Ohm load, 

Output Impedance 2K Ohms 
Monitor -5 dB at lOOK Ohms Load, 

Output Impedance 2K Ohnis 
Signal-to-Noise Ratio More than 40 rtB 

I 
I Power Requirements 120 i volts AC, 60Hz & 0 5% 

(-4°F to -+ 130"R I 
i 
1 

I 

Color 240 lines or rncre 

1 

i 
I 

c :: y ' 0  r- - 9  - r 
Tape Speeds: 3-3/4 ips (95 3mm/sec) +0.2% (nornial) 

1/10.1/20.1/40.?/63, 1/80 ~f r,orrnal (slow play) 
Remote Controls FORWARD STOP RECORD. 

FAST FORWARD, REWIND, PAUSEISTILL FIELD, 
EVENT MARK RECORD. 

i 

Rewind Time Less than 4 min (with KCA-60 tape) 
Fast Forward. Less than 6 min (with KCA 60 taDei 
Event Marker 1cloO H Z  A~Jdlble-tclne and 
30 Hz Fast-search signal (cornpasite) 

TEAC Corporation of America, Indlcs rial Products Division 
7733 Telegraph Road, Montebelio, CA 90640 Phone (213) 726-0303 i 



OF POOR QUALITY 

AVTR SYSTEM 
KEY FEATURES 

* RUGGEDIZED FOR MIL-SPEC ENV~RUN~ENTS (MlL-E-5400N, MIL-STD-8lOC, ETC.) 
e NON MIL-SPEC PRICE ~ ~ O ~ M E R C I A L  E ~ U I P ~ E N T )  
* FULLY FLIGHT-TESTED, LAB-TESTED AN'D QUALIFIED BY THE USAF FOR USE IN HIGH 

PERFOR~ANCE JET AIRCRAFT 
USAF CO~TRACTS AWARDED FOR MORE THAN 2,500 UNITS 
VfrILL BE USED IN NASA SHUTTLE ORBITER 

* ~ ~ C ~ L L E N T  HELICOPTER AND GROUND VEHICLE PERFOR~ANCE RECORD 
6 OPERATES FRU U~REG~LATED 28VDC 
6 WEIGHS LESS THAN 30 LBS. 

OTE ~ O ~ T R O L  FOR RECQRD/STANDBY 
* ~ O ~ V E N I E ~ T  3/4" U- ATlC VIDEOCASSETTE WITH WO AUDIO TRACKS 
* CClR V E ~ S I O ~  (625/50),  FLlR VERSI~N (875160) AND WIDER BAND VERSION 

(ABOUT 5MHZ) A V ~ I L ~ ~ L E  
*  ROUND PLA~BACK ANALYSIS REPRODUCER ALSO AVAiIABLE 
0 SAT IS FACTI ON G U A ~ A N ~ E  E D 

i 

"I 
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The RCA ClYPI8S600 Series offers a line of single-bo,ird 
computers plus a variety of exparision mcmor) and 1,'O 
boards and accessory hardware These boards may be coni 
bined to provide customized microcomputer systems for 
specific applications RCA offers designers low-poxer 
CMOS computer boards engineered and tested to reduce 
the time required for the user to develop the over-all sys- 
tem These ready-to-use microboard modules provide the 
following significant advantages 

4-S~nplp sclect the 4.5 x 7.5-inch hlicro. 
b x r d  modules your system needs plug them on to the 
Micioboard 5 or 25-card chassis with COSMAC Micrc~- 
boJril ITiiiscrsal Backplane, and a d d  3 milliwatt po\ser 
suppl;, You are ready 10 begin thc development of the 
softu ale for your application Zrt hand-wired bredc! 
hart, .Is no liaId\iare headaches, no Jc-sip delays. 

~)i'cratioe-Utiliziii~ all C'hIOS conponeins 
your KCA COSMAC Microboard system can be powered 
irom a small supply a wall supply, or even a battery 
The iriiqral battery option of the Microboard 8K RAM 
can be used to power the entiie system. 

v l , , ~  i ( . . I  Power Supply-The low power requirements 
of the Microboard modules coupled with their wide 
operaiing-range capabilities dlow use of low-cost power 
supplies having extended regulation limits. No locger 

- With the COS%$ \( Mrciobonrd Uni- 
versal Hachplane, any Microboard nictdule works in any 
location 1 se the broad selection of readily interchange- 
able Micr.?board modules. Simply e.:cli:lngc or add mod- 
ules t o  niatch your changing design requirements Lots 
of flexibility without hardware design headaches. 

4 I 1t*JIc! I l l lJ i .  

I f : v ~ i ~  ;,I 7 C L  c l e t m s  til f,.& ' i t  I i + ~ ~ l u  I ~ T  an,! 

ment S j  ~ i z i i i  CDPlSSOO7 protidss td i ror ,  Macroassem. 
bler, Utility. and many other programs for the neophyte- 
toexpert software designer And RCA provides ample 
technical literature and field engmeering support 

ulcs ilw ; L > ! . ! : d  to PI .? a i t f  \ ( oss1 \< 

S L ~ ~ . ~ ~ \ ~ ~ L  . - ~ < ! ~ ~ ~ I \ I c I I ~  The it( 1 ( \C UOS DcveioF 

?t 1 1  '. ', l a  = 1 14.d i<t~r1~-f~~--AIl  Microboard modules are 
fiinrtionally tested after manufacture, subjccted to a 72- 
hour, 5-volt burniti at 70"C, and theii functionally re- 
tested to assure reliable operation. 

DIGITAL 1)O 
WITH ROM 
AND RAM 
CDP18s6(io 

J 
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Single Board Compllterr 

,. 
COP 18S60 1 
CDP18SGO2 
CDP18S603 

Memory 

CDP18S620 
CDPl8S621 
CDP18S621V 1 
CDP 188622 
CDP 18S623 
CDP18S624 
CDP 18S625 

Clock 
Freq. 

2 MHz 
2 M H z  
2 MHz 

RAM 
(Bytes) 

4K 
16K 
16K 
8K 
8K 
4K - 

1/0 Expansion Boards 

CDP18S640,Vl 256 

CDP 18SG4 1 - 
COB18SE42 - 
COP 185643 - 
CDP18S660 2K 
COP 1 8S66 1 - 

f l  AM 

4K 
2K 
1K 

ROM/ 
EPROM 
(Sockets) 

I - - - - 
- 
8K/16K 

4KSK 

4Kl8K - 

ROM/ 
EPROM 
(Sockets) 

4K/6K 
2 K /4 K I8  K 
4Kl8K 

Serial 
1/0 Lines 

- - 
-- 
- 
- 
- 
- 

1 (UART) - 
- 

I - 
- 

Serial 
\!O Lines 

1 
1 (UART) 
1 

Pa rai I el 
1/0 Lines 

- 
- 
- 
- 
- 
- 
- 

- 
I 

- 
- 
40 - 

Parai lei 
1/0 Lines 

25 
21 
25 

Other 

- 
- - 
Battery Back-up 

Battery Back-up - 

i Control Switches 
6 Digit Hex Display 

DIP Corlverter 
A/D Converter 

Video-Audio- 
Keyboard Interface 
(40 Character 
1 Line X 24 Lines 
or 2 0 X  12 

- 

- 
I 

i 
! 

Microboard Prototyping Systems 

(,DP1SSC31 -Prototypt~iL, :vatern ( I i - t c ldes  cDP18Sb~l I LL,: icrswUJ, cDP16Sbb5 fv:onitor 

CDP18S602 -Prototypin.; Sy,tem (Same ds CDP18S6'tl E 13: Covt+lns CDP18SG132 
Firmware 5 Lard Encastd Chassis, C 3 J l k ~ .  Ooc..rvc:itatmn) 

Computer Board) 
\ 

Microbaord System Development Aids 

COP18SO23,V3 - 5-Volt Power Supply 
CDP18S659 - Blank Breadboard 
CDP18S670 
COP18S675 - 5-Card Chassis 
CDP18S676 - 5-Card Encased Chassis 
COP18S480 - PROM Programmer 
CDP18S502 - Extender Card 

- 25-Card Chassis with Power Supply 

1 FOI mot c information, request product description for specific Microboard modules, or the RCA COSMAC 
Microboard Computer Systems Booklet, CMB -250. 

j !  
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The RCA CDP18S series of COSMAC microprocessor de- 
velopinent and support systems include an extensive line of 
ha1 dware, software, and accessory items. This series offers 

As guidance for choosing appropriate equipment for your 
specific needs, the following arc some suggested RCA De- 
velopment Svstehs configurations 

,arc: I' : ' 
1 the following basic features: 

Full spectrum of design aids, including software, hard- 
ware, support, and literature 
Low-cost systems for complete system design and debug 
ging functions 
Readily available hardware and software applications sup. 
port 
"C, rad ua ted steps" to niicr opr O C E ~ S O  r ci esign 
CoinpIele series of technical ina~iuals and other literature 
that provide detailed explanations of the operation and 
t..\t* o! izrious hardware and W I I U  31 e systems 

RC A's api;,c.ach in the devclopnient of the CDPl8S-serm 
haidwart arid software h a  been "graduated steps to micro 
proccssin_r." With respect to bo th  function and dollar in 

i vestment, the user is given logical steps that help him pro- 
gess  from a learning stage un through integral hardware/ i software system prototyping. And for each step, he is pro- 
vided with an appropriate tool, as shown in the chart be- / low 

This development system configuration provides an eco- 
nomical tape-based system complete with resident assem- 
blarleditor for assembly language software development as 
well as prototype system real-time hardware and software 
debugging capability 

\~, 

i 1 CDP18S312 COSMAC hlicrotutor To learn about programming and microprocessors 
I 

COSMAC Development System I1 
C 0 S M . C  WS Development System (CDS III)  development i 

For complete hardware and software system 

CDPIGSIOS Floppy Disk System For high-speed program development 

i 

1 

CDP18S020 
CDP 1 S O 2 4  

CDP18S021 

CDPl8SO23, V3 

CDPl8SO35 

CDPI 85030 

CDPlSS.180 
CDPlSS831 .-' 
CDP18S826 
CDP18S82 7 

C!?I'I xss31 
I CDP18S837 

COSM AC 1. 'r J 1 ti.\ tion Kit 
EK/AscembI?r-Tditor Design Kit 

COShl4C !+licrotcmiinal 

Power Supply 

Evaluation Kit Microterminal, and P o u e ~  

COSMAC Micromonitor 
SUDPlY 

Camplete system for machine-language pro- 
gramming and prototyping 

Low-cost alternative for TTY CRT or other terminals 
in a CDPl 800-scries microprocessor-based system 

Lightweight inexpensive spstcm power supply 

Coni binat ion package - unassembled 

For in-circuit real-time hardware and software 
debugging 
For progrminiing industr) stiinclxd PROM's 
Optional package for operating Micronionitor 
with disk files 

To ease programming of often used routincs 

r 

f4' 
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3.6 APPARATUS CONFIGURATION 

PIR NO. 

Task 9.1 - Configuration Guide1 ines -01 8 

Task 9.2 - Interchangeable Fluid Flow Cell Assembly, -022 
Feasi bi 1 i ty Report 
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L SPACE DIVISION 

I 1.0 SCOPE 

The AGCE configuration guidelines a re  in tended  t o  be used, via preparation of non- 
detai led assembly drawings and assembly/disassembly procedures, t o  assess the compat- 
i b i l i t y  of the AGCE system w i t h  a standard spacelab rack. 

I 2.0 GENERAL 

The AGCE configuration guidelines a re  based on GFFC experience, ins ta l la t ion  requirements 
as defined by the Spacelab Payloads Accomodation Handbook SLP/2104 and a current estimate 
o f  AGCE f l i g h t  design requirements. 

I 3.0 GUIDELINES 

3.1 Hechanical I x I The AGCE shall  be configured to  be ins ta l led  w i t h i n  a standard spacelab single rack 
(or e i the r  s ide o f  a standard double rack) equipped w i t h  an R A U ,  EPSP and an intercom 
s ta t ion .  Allowable use volume and mechanical interface d e t a i l s  a r e  shown on the 
attached figures (from SLP/2104, Appendix B ) .  

3 . 2  Thermal 

The AGCE shall  be configured t o  use available rack avionics a i r  for  heat diss ipat ion.  
The control e lectronics  and mechanical assembly packages shall  be connected fo r  suction 
cool i n g  

Rack f ront  panel close-outs shall  be provided as  part  of  the AGCE system ( t o  prevent 
m i x i n g  o f  avionics and cabin a i r ) ,  

3 . 3  Electrical  

The AGCE power will be provided via a spacelab standard EPSP, w i t h  voltage and allowable 
power diss ipat ion as  specified i n  SLP/2104. 
a RAU. 
Spacelab HRM. 
as  par t  o f  the  AGCE system. 

Time reference data will be provided by 
I f  on-board recording i s  not provided, AGCE data telemetry shall  be via the 

Interrack cabling between the AGCE and RAU and EPSP shall  be suppl ied  



- 2- 

3 . 4  Assembly/Instal l a t ion  

The AGCE shall be configured for  ease o f  assembly and ease o f  ins ta l la t ion  into the 
spacelab rack under KSC Phase IV integration constraints.  

3.5 Operator Interface 

Operator interface for  control and monitoring of the AGCE shall  be via the AGCE 
control panel only. 

3.6 Weight/Safety Constraints 

The AGCE shall  be configured t o  be consistent w i t h  safety and weight constraints as 
defined in SLP/2104. 
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EXP POWER 5vulTCHINo PANEL 

v/////, Nominal Envelope 

Envelope of 1 I 5  mm available for 

completely passive stowage racks which do 

not contain cables, airduct, and f i  

suppression tine. 

........................... , .......................... .......................... .......................... This space is available for payload but 
I ......................... 

cannot be used for 19" type equipment. 

tXN 
020 

EXP. POWER 
SWITCHING CAMEL 

I 

Reduced Envelop I 

when Atrlock i s  f l o w  in order ts 
allow clearance during inte- 

gratim of rack train with the 

lock already installed (see also 

Section 6.2 in the main volu 

Figure 3.2 - 5b: Payload Envelope - Single Rack. 
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RACK 

SECTION 6-G 
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SECTION 8- 8 
. 

S T A N M D  DOUBLE RACK 
(WITHOUT MIDDLE FRAME) 

SECTION A-A 

r.:= 

STANDARD OOUBLE RACK -- 
c 

SECTlON A-A 

see Fig. 3.2 -5a/b for definition of 
cross sections 

PRECEDING PAGE BLANK MOT FILMED 

Figure 3.2 - 5d: Payload Envetopee - cross Sections J 
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FIRE SUPPRkSSIOH LtNE 

Utility Rwtlng Hole  

tn rack (exclusive lower tapered part) YS PANEL 
12 cable tie struts delivered per single rack (see Table 3.2-1). 

* *) EPSP access panel 177 mm i f  no RAU is installed. R b u  access panel 265.91 mm. 
(see also Fig.3.2 - 13b) 

F b J r C  3.2 - 6 .-i 

Experiment Single Rack 5 ( same for kack 6, 11  and 12 ) 

- 
L 
\ 

L A ~ K  NOT FILMED 
- 1 1  1- rcl- c 
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I 
VIEW WITHOUT STRUTS Location of EXQ. Vent Line see Fig. 3.9-5 

Hole 

-t  
7- m 

CD 
0 
(u 

'u 

1 c52 4 

b 

PANEL 

see Fig. 3.2 - 32a .a 

* EPSP access panel 177mm if f-10 RAU is installed+RAU access panel 265.91mm 

(see also Fig. 3.2 - 134) DCN 

t 
1 

. \ 
Ftgure 3.2 - fa: Experiment Double Rack 3 ( same for Rack 8 and 9) 

- L  
1 
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3.2.2.1.1 Panel Size 

SLOT DETAIL 

5 

/'37 

VERTICAL TOLERANCES BETWEEN EACH SLOT 5 0.4 mn 
(NOT TO BE ACCUMULATIVE1 

Torque : 4.0 - 4.3 NIW 

A*= VERTICAL PANEL TOLERANCES 

-- 
Figure 3.8 - 1% ; Panel Dinlension (mm) MIL - STD - 189 

For the front panels closed slots accordmg to MIL-STD-189 shal1 be used. The panel thickness 

recommended shall be 3.2 mm, 4.8 mm, 6.3 mm or  8.0 mm in accordance with referenced MIL-Standard. 

8 3.2 - 23 



i 

3.2.2.1 -2  ~ Q x  S l Z O  

ORIGINAL PAGE IS 
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The box width i s  defined in Fig. 3.2-12b. However, the bax height and width, i.e. the recess at the box behind 

the panel depends on the actual location in the rackand i s  defined in Fig. 3.2-12b. The POCCss Is  as follows: 

+.4 
- 0  

- normally the recess is 9 4 . 6  mrn 

DCN 
039 

- at dlagonal shear b a d  struts where a front panel shall overlap 

half the strut clearance the recess is 5 20 mm. 

L 

1-482*6----1 

dANEL SIZE ACCORDING TO MIL-STD-189 f 

Ffguce 3.2 - 12b: Equipment Clearencas 

E3 3.2 - 24 
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3.2 .2 .2 .2  

a 
Detail I and I1 sea Fig.3.2 - 14b 

Detail 111 see Fig. 3.2 - 14c 

Note: 
Vertical tolerances 
mounting holes f 0. 
accwnmuiative). 

Sections A - A 
8 - B  

j 

L 

-j W ~ N  
0:o 

ORIGINAL PAGE IS 
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I /--- 

? 
d c 

,Experiment cable tie 
strut attachment ho!cs 
( $ . F i g .  3 .2  - 14d ) 

Side 
Attachment Holes 

UPPER SECTION 155 40  2 

LOWER CLCTION 675 t 0-2 

+--- -- d 

3 

Figure 3.2 -14a: S i d e  Attachment - Outer Walt8 

B 3.2 - 33 

UPPER SECTION 155 40  2 

LOWER CLCTION 675 t 0-2 

+--- -- d 

3 

Figure 3.2 -14a: S i d e  Attachment - Outer Walt8 
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Figurm 3.2 - 19d: Example - Slngte Rack Equipment Support 
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UPPER PART 
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?#u) see Fig. 3.2 - 25-3 

OF AIR OUCT ** 

* Flow Calibration Pressure Taps - 
Accessable Prior to kear Wall 
Installation 

see Ftg. 3.2 - 2 2 d C  ! I  
3 4-3 
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Stnit 3 thru 7 are part of the RAU support structurv. 
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listed in Table 3.2 - 1 if no W U  i s  installed. 
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3.2.6 Rack Load Carrying Capability 

Tha dmenstonlng loads of the rack (para 3.2.7) are : 

bracket loads for the local carrying capability. These loads are applicable for  the equip- 

ments at  the interface of the rack to the equipment (attachments). 
(1 ) 

I 

I 
Equipments must be attached to the rack in such a manner that a "hard-mountedll fundameh 

tal frequency above 35 H t  is reached - 
flight loads for the overall carrying capability. (2) 

The bracket loads and the night loads can be independently determined because of the decoupllng of the 

equipment frequencies from the overall rack frequencies, i .  e. to 

for the reck. 

35 Hz for  equipments and Po a 15 Hz 

For certain mass COnf&JUMt~OtIS, t t  is possible 

3.2-2 and 3.2 - 3): 
to have the following rack configurations (see Tabkes 

e dwbke r a c k e l o w e r  center post and 4, 3, 2, 1 or  0 diagonal shear load struts, whereas 

the number of diagonals depends on the masses to be accommodated in the rack. 

e double rack without lower center post with 2, 1, o r  0 diagonal shear load struts; however, 

no suitabte diagonals are Spacelab provided. 

single rack with 2, 1 o r  0 diagonal shear load struts 0 

For the accommodation of payload equipment in the racks, three types of integration are standardized 

as per para 3.2.6.2 : 

e fmntmounted 

0 

0 shelf mounted 

front mounted / back supported 

J t 
a 8.2 - 103 
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3.2.8.1 Overall Rack Load Carrying Capability 

The load carrying mpabilttles quoted comprise pay1 oad and Space!ab mission &pen&$ empmont 

(EPSP, RPU, ICRS etc). Masses accommodated in experiment racks have to .cornply with the following 

constratnts : 

/ 

- Ths msxlmum allowable mass for the entlra rack ts 

for double racks wokg tots1 

290 kg each side 

for double racks, lower center wall rein&ed 480 kg (tehtatlve valuS). 

for single racks =kg 

Thest, values apply only as long as the c.g. %i of the acwmmodated masses are within 

the envelopes given in Figun? 3.2- 34 . For c.g. ?3 outside these envelopes, the 

maximum allowable masses w i l l  decrease and case-by-case analyses wi l l  be required. 

- The maximum allowable mass for the upper part of the rack is  72.5 kg for single 

racks and each side OF double r a c k  
Y 

The allowable mass for the lower part of the rack dependson the number and locations of the shear load 

5 t ~ t S  installed, and tke mass distribution between the planes of the shear load stmts. The allowable 

masses for th. lower parts of ttie racks are given in Tables 3.2- 2 and 3.2 - 3 as a fw=Ewr CQ these 

parameters. 

I 

I1 
'I f 

I 

L 
B 3.2 - 104 
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DISTRIBUTION 

I 
1.0 SUMMARY 

The bas ic  AGCE system c o n f i g u r a t i o n  can be designed t o  accomodate f l u i d  f l o w  c e l l @  

o f  var ious diameters. 

the h igh  vo l tage  power supply and thermal c o n t r b l  i n t e r f a c e  elements must be scaled 

t o  t h e  requirements o f  each f l o w  c e l l  assembly. 

c e l l  assemblies must a l s o  i n c l u d e  t h e  simultaneous replacement o f  o t h e r  system 

elements s i zed  t o  match t h e  new f l o w  c e l l  assembly. 

be saved i n  development o f  subsequent experiments wherein d i f f e r e n t  ( f rom t h e  i n i t i a  

AGCE) f l o w  c e l l  assemblies a r e  requ i red .  

However, t h e  design o f  t h e  scanning and UV i r r a d i a t i o n  o p t i c s ,  

Thus i n t e r c h a n g e a b i l i t y  o f  f l o w  

Even so, t ime and d o l f a r s  can 

, 

2.0 BACKGROUND 

Task 9.1 i s  concerned w i t h  t h e  o v e r a l l  AGCE system. A key design d r i v e r  i n  generat ing 

t h e  o v e r a l l  system con f igu ra t i on  i s  t h e  phys ica l  s i z e  o f  t h e  f l o w  c e l l  assembly. 

Based on t h e  s i z e  range s p e c i f i e d  f o r  study by t h e  program work statement, a 6.0 cm 

radium was Selected as t h e  maximum expected s i z e  f o r  t he  i n n e r  diameter o f  t h e  f l o w  

c e l l  o u t e r  sphere. 

The i n t e n t  o f  TASK 9.2 then i s  t o  assess t h e  f e a s i b i l i t y  o f  i n te rchang ing  f l o w  c e l l  

assemblies (based on TASK 9.1 r e s u l t s  and us ing  modular techniques) t o  s a t i s f y  

p o t e n t i a l  requirements o f  subsequent AGCE f l i g h t  programs. 

The assembly drawings generated under TASK 9.1 r e f l e c t  t h i s  s i ze .  

This f e a s i b i l i t y  assess- 

ment i s  addressed below. ment i s  addressed below. 
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3 . 0  IMPLEMENTATION 

Two degrees of interchangeabili ty a re  apparent. F i r s t ,  interchangeability wherein 

only internal dimensions o f  the flow cel l  assembly have been changed and second, 

interchangeability wherein both internal and external dimensional changes have 

occurred. 

AGCE system elements remain unchanged whereas i n  the l a t t e r  case, physical re la t ion-  

ships with other system elements will have changed even t h o u g h  some interfaces  may 

n o t  be effected.  

must be modified t o  maintain optimum performance of the system. 

external and internal diameters of the flow ce l l  assembly impacts the scanning and 

U V  i r radiat ion opt ics ;  a change i n  d i e l ec t r j c  f l u i d  volume and gap  spacing e f f ec t s  

the load on the high voltage power supply; thermal control elements must be scaled 

In  the former case, the physical re la t ionship and interfaces w i t h  surrounding 

However, i n  b o t h  cases, some o f  the surrounding system elements 

Thus a change i n  

) to  f i t  the changed dimensions. Table 1 summarizes the potential impact of flow cel l  

s i ze  changes on other AGCE system elements. 

From tHe above, i t  i s  apparent t ha t  except for  minor f low ce l l  changes, many AGCE 

system elements must be redesigned or  relocated i n  order t o  accomodate a d i f f e ren t  

s i z e  flow ce l l  assembly. However, the impact i s  minimized i f  the i n i t i a l  AGCE system 

is  configured for the la rges t  s i z e  flow ce l l  assembly expected i n  the future.  W i t h  

t h i s  approach, su f f i c i en t  mounting space will be available w i t h i n  the  AGCE protective 

outer enclosure and on the rotat ing turntable to  accomodate the modified (and 

presumably same s ize  o r  smaller) components, consistant w i t h  a smaller s i ze  flow 

c e l l ;  relocation of system components will n o t  be required. 

point, t h i s  approach also permits the establishment of standard mount ing  interfaces  

fo r  the effected system elements. 

TASK 9.1 i s  a lso consistant w i t h  this approach. 

From a modularity view- 

The system configuration being generated under 

f 



4.0 CONCLUSIONS/RECOMMENDATIONS 

Flow ce l l  assembly interchangeabili ty i s  complicated by the need to  a lso redesign 

surrounding system elements to  match the specif ic  flow ce l l  assembly selected.  

so, development time and dol la rs  can be saved on future  programs, par t icu lar i ly  i f  

subsequent flow cel l  assemblies a r e  smaller i n  s i z e  t h a n  tha t  selected for the 

i n i t i a l  AGCE system design. 

Even 

' 
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3.7 EXPERIMENT DESIGN 

Task 9.1 - AGCE Con f igu ra t i on  
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inner and outer spheres t o  simulate the ea r th ' s  atmosphere. 

elements are  provided to control the surface temperature of the  inner sphere and 

the pole and equator of the outer sphere. 

f l u i d  a r e  measured by means of a Rouchi r u l i n g  shadowgraph technique; flow ra tes  

a re  measured by observing the motion o f  UV activated photochromic dye "marker dots" 

w i t h i n  the d i e l ec t r i c  f l u i d .  

op t ica l ly  recorded on film for post f l i g h t  analysis,  see Figure 5 .  

Thermal control 

Thermal gradients w i t h i n  the  d i e l ec t r i c  

T h i s  data,  as  well as  other experiment data,  a r e  

Operation of the GFFC hardware is  controlled by a microcomputer located i n  the 

electronics assembly. Via the  control panel, the operator se lec ts  the desired 

experiment scenario (one of 24 timelines stored i n  memory). 

executes the experiment as directed by the scenario instruct ions.  

panel, f igure 6, provides system s ta tus  indicators as well as  indications o f  computer 

commanded vs. actual values for  cer ta in  parameters. 

monitor GFFC system performance. 

As compared to the GFFC system, the basic thrust of the AGCE system i s  t o  enhance 

experiment capabi l i ty  of the f l u i d  flow ce l l  by increasing the s ize  of the cel l  and 

by reversing the direction of heat flow t h r u  the d i e l ec t r i c  f l u i d  i n  the flow cel l  

(outward for  GFFC; inward f o r  A G C E ) .  The proposed implementation of the f l u i d  flow 

ce l l  enhanced capabi l i ty ,  which has been assessed under TASKS 1 thru 8, will r e su l t  

i n  a AGCE system configuration exhibiting s igni f icant  differences as compared to  the 

current GFFC system configuration. Thus, the larger  flow cel l  requires a new opt ics  

approach, a higher cel l  voltage and a larger  turntable.  Reversing the heat flow en- 

compasses cooling the inner sphere of the flow ce l l  as well as  cooling the outer 

sphere pole. The new opt ics  approach selected provides real time data i n  a form 

su i tab le  for telemetering to  the POCC. 

control panel and enhanced PI participation a t  the POCC. These features have been 

The microcomputer then 

The display 

This permits the  operator t o  

J 
i 

T h i s  permits simplification of the system 

!incorporated into the AGCE system configuration as discussed i n  the following sections.  
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D i  s t r i  bu t ion 

SUBJECT 

TASK 9.1, AGCE CONFIGURATION 

INFORMATION REQUESTED/RELEASED 

1 .O SUMMARY 

An AGCE f l i g h t  configuration has been generated which i s  compatible w i t h  Spacelab 

ins ta l la t ion  and operational constraints ,  

the la rges t  size spherical capacitor specified by the contract work statement (5.0 

cm inner sphere diameter), plus the opt ica l ,  thermal control 

control concepts result ing from TASKS 1 t h r u  8 and assumed AGCE system performance 

requirements. Sketches showing key dimensions as well as a f u l l  scale  mockup were 

generated t o  define and i l l u s t r a t e  the AGCE f l i g h t  configuration. Estimated total  

system w e i g h t  i s  104.3 Kg. 

2.0 BACKGROUND 

A precursor to  the AGCE system, the  GFFC (Geophysical Fluid Flow Cell)  experiment 

system, i s  currently under development as a Spacelab experiment, and as such conforms 

t o  Spacelab design and operational constraints and resource l imitations.  

system i s  comprised o f  two major assemblies, a mechanical assembly and an electronics 

assembly, plus anci l lary elements such as e lec t r ica l  cabling, closeout panels and 

support s t ructure .  

Spacelab s ingle  bay rack. 

i n  the mechanical assembly. 

configured as a spherical capacitor w i t h  the  d i e l ec t r i c  f lu id  confined between the 

The configuration i s  based on accomodating 

d u s t  removal and electronic 

?I 

The GFFC 

Figures 1 and 2 show the GFFC system instal led i n  a standard 

The heart of the system, the f lu id  flow c e l l ,  i s  located 

As shown i n  Figures 3 and 4 ,  the  f luid flow cel l  i s  

PACE mo. 
cc: R .  Homsey 

S.  Neste 
G ,  Fogal 



3.0 - TASK IMPLEMENTATION 

Although the general requirements for  the GFFC and AGCE systems a r e  s imilar ,  the  

approach recommended fo r  acquiring and processing AGCE experimental data as well 

as the approach recommended for providing the f lu id  flow ce l l  temperature conditions 

d i f f e r  s ignif icant ly  from those used i n  the GFFC system. 

accommodate a larger  flow c e l l ,  has resulted i n  a AGCE system configuration consider- 

ably different i n  de ta i l  from tha t  for the  GFFC system. However, wherever pract ical ,  

the  AGCE configuration i s  based on the corresponding portion of the  GFFC system. 

For example, both systems use an a i r  t o  a i r  heat exchanger t o  t ransfer  heat from the 

rotat ing turntable t o  the Spacelab's avionics a i r  flow. 

w i t h  the  AGCE turntable/heat exchanger combination somewhat larger t o  accommodate 

the larger  AGCE f l u i d  flow c e l l .  

i 

T h i s ,  p l u s  the need t o  

Design de ta i l s  a r e  s imilar  

T h u s ,  the  general approach employed t o  generate the AGCE system configuration was t o  

re ta in  as much of the GFFC system configuration as pract ical ,  consistant w i t h  the 

recommendations of TASKS 1 t h r u  8. General configuration guidelines were also 

generated, see PIR 1254-AGCE-018, t o  assure compatibility of the AGCE configuration 

w i t h  the Spacelab. I t  should be noted tha t  the AGCE system configuration described 

below i s  intended only t o  demonstrate tha t  a successful AGCE system can be developed; 

the described configuration is  not intended t o  necessarily represent i n  detai l  the 

f inal  f l i g h t  des ign  configuration. 

3.1 System Description 

For the purpose of this configuration study, the  AGCE system was assumed t o  provide 

the functions shown by Figure 7. As shown, the f l u i d  flow c e l l  i s  the heart o f  the 

system, simulating planetary o r  s t a r  conditions depending on the direction of heat 

flow. 

desired experiment. 

sequence to  carry out the experiment. 

experiment, the d i e l ec t r i c  f l u i d  i n  the  flow cel l  i s  f i l t e r e d  t o  remove particulates.  

System operation i s  in i t i a t ed  by the operator who selects and s t a r t s  the 

The microcomputer then issues commands i n  the appropriate time 

Periodically, o r  a t  the beginning of each 
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The thermal control capabi l i ty  establishes the desired thermal conditions on the 

inner and outer spheres of the flow cel l  (as  well as transporting excess heak from 

’\ a l l  system elements t o  the Spacelab avionics a i r ) .  High voltage i s  applied t o  the  

flow ce l l  t o  simulate a gravitational f i e l d .  The UV optics  generates marker dots 

by act ivat ion of d i scre te  areas i n  the d i e l e c t r i c  f l u i d .  The scanner opt ics  generates 

real time data ( i n  e lectronic  form) for  thermal and flow mapping of the d i e l ec t r i c  

f l u i d .  This experiment data,  and other housekeeping data,  a r e  formatted by the data 

h a n d l i n g  electronics for  transmission t o  the POCC via the Spacelab HRM. 

Figure 8 shows a fu l l  scale  mock-up of the AGCE system ins ta l led  i n  a simulated 

Spacelab s ingle  bay rack. The  mock-up shown i s  consistant w i t h  the  system functions 

noted above. Figure 9 shows the act ive interfaces  w i t h  the  Spacelab. Figure 10 shows 

de ta i l s  of the mechanical i n s t a l l a t ion  i n  a Spacelab rack. The AGCE system i s  con- 

tained w i t h i n  the dimensional envelope allowed by the Spacelab Payloads Accommodation 

Handbook SLP/2104. Note t h a t  the  AGCE system may be ins ta l led  i n  e i ther  a s ingle  o r  

double bay rack. 

used. 

A r i g h t  hand s ide ins ta l la t ion  is  preferred i f  a double bay rack i s  

T h i s  i s  because the avionics a i r  duct connections for  the r i g h t  hand side a re  

identical  to those fo r  a s ingle  bay rack. Figure 11 shows the cabling diagram fo r  

the system. 

3.2 Mechanical Assembly 

The Mechanical Assembly contains the f l u i d  flow cel l  along w i t h  most o f  the  remaining 

mechanical elements of the system. Specif ical ly ,  the following major elements a r e  

i ncl uded : 

o F l u i d  flow ce l l  assembly 
o Turntable 
o Turntable dr ive motor/encoder 
o Turntable s l i p  r i n g  assembly 
o High  voltage power supply 
o Coolant loops for  inner/outer spheres 

Pump ( 2 )  
accumulator (2) 
TEM cooler assembly ( 2 )  
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o Dust removal assembly 
o Air to  a i r  heat exchanger assembly 
o Scanner optics assembly 
o UV optics assembly 
o TEM/blower assembly 
o Structure 

enclosure 
base 

o Viewport 
o Electronic driver c i r cu i t s  (TEM's/HeaterS) 
o Sensor signal conditioning c i rcu i t s  

Figure 1 2  shows a ful l  scale mock-up of the Mechanical Assembly. Figure 13 shows 

the relative location of equipments mounted on the turntable; Figure 1 4  shows the 

instal la t ion of the scanner and UV optics assemblies and the TEM/blower assembly for  

transferring heat from the flow ce l l  pole TEM to  the avionics a i r  flow. Figure 15 

shows overall key dimensions of  the Mechanical Assembly. Figures 16 t h r u  21 show 

instal la t ion of the scanner and UV optics assemblies, the viewport and the TEM/blower 

assembly . 
' Figure 22 shows a cross-section t h r u  the f l u i d  flow ce l l .  Figures 23 and  24 show 

the overall configuration and construction of the inner sphere assembly. Note t h a t  

the inner sphere can be readily disassembled and repaired i n  case of damage or component 

f a i lu re  d u r i n g  assembly and t e s t .  ( T h i s  i s  not possible w i t h  the welded GFFC design). 

The overall s i ze  of the Mechanical Assembly was based on accommodating a flow cel l  

having a 5.0 cm radius inner sphere and associated s u p p o r t i n g  hardware. This accommo- 

dation c r i t e r i a  p l u s  the resul ts  from TASKS 1 t h r u  8 were used to  define the dimensions 

of  the individual components. T h i s  dimensional data a re  reflected i n  the  mock-up, 

see section 5.1. However, i n  b u i l d i n g  the mockup, no attempt was made to  show non- 

c r i t i c a l  detai l  or internal detai l  below the turntable. T h i s  l a t t e r  was assumed to  

be similar t o  t h a t  shown for the GFFC system (Figure 4 ) .  

3.3 Electronics Assembly 

The primary requirement of the Electronics Assembly i s  t o  provide the system control 

and data h a n d l i n g  functions. Specifically, the following major elements a re  included: 

,,.*--- 
, . I  - 
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FIGURE 24 INNER SPHERE ASSEMBLY 
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Control Panel 
Microcomputer 
Memory 
HRM Adapter 
Power Conditioning 
EMI/Circuit Protection 
1/0 Adapters 
A / D  Converters 

Figure 25 shows a simplified block diagram of the Electronics Assembly; FiguFe 10(d) 

shows instal la t ion of the 9 X 15.75 X 17.5 inch package. 

electronics and control panel 

For more detai l  on the AGCE 

see PIR 1254-AGCE-035, 

3.4 Ancillary Equipment 

In addition to  the Mechanical and Electronics assemblies other hardware elements 

are  needed t o  complete the AGCE f l i gh t  system. These items are:  

o Electrical cabling between AGCE and the HRM and EPSP. 
o Hose connections between AGCE and avionics a i r  return duct. 
o Rack front close-out panels. 
o S u p p o r t  s tructure elements. 

The support structure provides the mechanical interface between the AGCE Mechanical 

and Electronic Assemblies and the Spacelab Rack. The front close-out panels are  

required t o  i so la te  the rack avionics airflow from the Spacelab cabin airflow. 

3.5 Ground Suppor t  Equipment 

Figure 26 and 27 show the type of ground support equipment anticipated for the AGCE 

system. 

support ground operations a t  the POCC and pre-integration checkout a t  KSC. 

1254-AGCE-035 for  additional discussion concerning the electr ical  GSE). 

This equipment i s  needed d u r i n g  the system development cycle as  well as t o  

(See PIR 

3.6 Mass Properties 

Total weight of the AGCE system i s  estimated a t  104.3 Kg. T h i s  compares w i t h  a 

projected 108 Kg (including 22 Kg of film) for the GFFC. 

breakdown for the AGCE system. 

included based on the contingency schedule of Table 3 .  

Table 2 shows the weight 

Note that  a growth weight contingency has been 
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Table 2(a) Estimated AGCE System Weight Compared w i t h  GFFC weight 

SYSTEM ELEMENT AGCE FLIGHT SYSTEM GFFC FLIGHT SYSTEM* 

Mec han i cal  As sembl y 

Elect ron ic  Assembly 

A n c i l l a r y  Equipment 

Expenda b l  es 

58.9 Kg 

31.7 

13.7 

N/ R 

66.6 Kg 

13.8 

5.6 

21 .8 

TOTAL 104.3 Kg 107.8 Kg 

* 
Data from GFFC I I A  o f  10/14/80 

Table 2( b) Estimated Weight AGCE Electronics Assembly 

ELEMENT RAW EST I MATED TOTAL 
ESTIMATED GROWTH EST I MATE D 

WEIGHT CONTINGENCY WEIGHT 

PC board assembl i e s  

Enclosure 8.08 

Power Supply 11.40 

Control Panel Assembly 3.00 

5.22 Kg 18% 6.16 Kg 

13 9.13 

13 12.88 

18 3.54 

* 
27.70 Kg 14.5% 31.71 Kg 

Table 2(c) Estimated Weight AGCE A n c i l l a r y  Equipments 

ELEMENT RAW EST1 MATED TOTAL 

WEIGHT CONTINGENCY WEIGHT 
GROWTH ESTIMATED ESTIMATED 

~~ ~- ~ ~- ~ 

Support St ructure (2) 3.02 Kg 

Close-out panels 3.65 

Avionics a i r  connections 1.53 

Cab1 i n g  3.60 

18% 

13 

18 

18 

3.56 Kg 

4.12 

1.81 

4.25 

TOTAL 11.80 Kg 16.45%* 13.74 Kg * 
Composite value 



Table 2(d) Estimated Weight AGCE Mechanical Assembly 
' 

ASSEMBLY 
ELEMENT 

RAW ' ESTIMATED TOTAL 
ESTIMATED GROWTH ESTIMATED 
WEIGHT CONTINGENCY WEIGHT 

Flow Cell Assembly 
UV Optics Assembly 
Scanner Optics Assembly 
V i  ewpor t 
Enclosure 
Baseplate 
Lower Cover 
Rotating Heat Exchanger 
Turntable 
Pumps (3) 
Accumulators (3) 
TEfl/Heat Exchanger (2)  
Filter 
Drive Motor Mount 
Shaft/bearing/sl i p  r i n g  

TEM/B1 ower Assembly 
Drive Motor/encoder 
HV inductor 
Dielectric f l u i d  
Cool an t  
P1 umbi ng 
PC board assembl i es 

ass embl y 

7.04 Kg 
1.41 
2.75 
0.27 
5.06 
3.26 
1.04 

12.45 
2.26 
3.72 
0.57 
0.64 
0.16 
0.41 

1.14 
0.61 
0.46 
3.50 
0.27 
0.23 
1.29 
3.96 

10% 
13 
18 
13  
13  
10 
10 
10 
10 
3 

13  
18 
13 
13  

13  
18 
18 
18 
25 
25 
18 
18 

7.74 Kg 
1.59 
3.25 
0.31 
5.72 
3.59 
1.14 

13.70 
2.49 
3.83 
0.64 
0.76 
0.18 
0.46 

1 

1.29 
0.72 
0.54 
4.13 
0.34 
0.29 
1.52 
4.67 

* 
TOTAL 52.50 Kg 12.2% 58.90 Kg 

* 
Composite value 



(1 1 
TABLE 3 WEIGHT GROWTH CONTIWGENCY SCHEDULE 

DESIGN MATURITY 

Co nce p tua 1 Est imate 
(Based on Sketches, 
Desc r ip t i on ,  Experience o r  
F i n i t e  E l  ement Model ) 

Layout C a l c u l a t i o n  (Equ iva len t  
t o  Major M o d i f i c a t i o n  o f  
E x i s t i n g  Hardware o r  S o f t  
Mockup) 

Pre-re1 eased Drawings 
(Equ iva len t  t o  Minor 
M o d i f i c a t i o n  o r  Hard 
Mockup Engineer ing Model) 

Re1 eased Drawing 

Actual  Gleight 

Spec i f i ed  Weight n o t  t o  Exceed 
Value 

I_ 

I % Contingency 

13 

__I 

3 

1 

0 

0 

I__ 

18 

- 
13 

I_ 

3 

- 
1 

0 

0 

7 

- 

ELECTRICAL AND 1 ELECTRONIC 

(1) SOURCE - NASA SPACE TELESCOPE PROJECT OFFICE 



Figure 28 shows t h e  est imated cen te r  o f  g r a v i t y  l o c a t i o n  f o r  t h e  AGCE system. 

Both weight  and center  o f  g r a v i t y  l o c a t i o n s  a r e  cons is tan t  w i t h  Spacelab requ i re -  

ments, see P I R  1254-AGCE-018. 

3.7 Assembly/Disassembly Sequence 

I t i s  a n t i c i p a t e d  t h a t  t h e  AGCE system assembly sequence w i l l  be s i m i l a r  t o  t h a t  

shown i n  F igure 29. Th is  sequence assumes t h a t  i n d i v i d u a l  component/black box 

assembly and checkout has been completed p r i o r  t o  e n t r y  i n t o  t h e  system assembly 

cyc le .  

f o r  t h e  GFFC system. 

on a comparable schedule i n  o rde r  t o  perform checkout and acceptance t e s t i n g .  

Disassembly w i l l  be t h e  i nve rse  o f  t h e  assembly sequence and w i t h  t h e  checkout and 

acceptance t e s t  e l im ina ted .  

The assembly sequence appears t o  be s t r a i g h t f o r w a r d  and s i m i l a r  t o  t h a t  

Note t h a t  system sof tware and GSE hardware must be a v a i l a b l e  

5 3.8 Safe ty  

The AGCE system c o n f i g u r a t i o n  was reviewed f o r  p o t e n t i a l  s a f e t y  hazards u t i l i z i n g  

t h e  hazard c o n t r o l  ca tegor ies  o f  Table 4 ( i n  t h e  con tex t  o f  t h e  AGCE system design 

and opera t i ona l  use). Safe ty  assurance has been implemented by use o f  t h e  general 

methods shown i n  Table 5. 

a l l  a n t i c i p a t e d  hazards can be c o n t r o l l e d  by des ign o f  t h e  AGCE hardware. 

and warning sensor appears t o  be necessary. 

making t h e  d e t a i l  f l i g h t  des ign compat ib le w i t h  bo th  t h e  Spacelab Payload Accomodations 

Handbook SLP/2104 and t h e  STS Safe ty  P o l i c y  NHB 1700.7. 

> 

Table 6 shows r e s u l t s  o f  t h e  s a f e t y  assessment. As shown, 

No cau t ion  

No t r o u b l e  should be experienced i n  
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4.0 CONCLUSIONS AND RECOMMENDATIONS 

The resu l t s  of TASK 9.1 have established the f e a s i b i l i t y  of configuring the AGCE 

system as  a Spacelab experiment. The generated f l i g h t  configuration i s  consistent 

w i t h  the la rges t  flow ce l l  sphere rad i i  combination as  specified i n  the work 

statement. 

a l l  de t a i l s .  

Note tha t  the configuration described i s  not necessarily optimum i n  

Although the AGCE and GFFC system configurations a re  fundamentally s imi la r ,  imple- 

mentation o f  some system features is  s ign i f icant ly  d i f fe ren t .  

t rue  i n  the following areas:  

T h i s  i s  par t icular ly  

0 Optics 

e Flow cel l  construction 

e Data Management 

0 PS/PI/POCC involvement 

The AGCE uses a flying s p o t  scanner arrangement t o  generate thermal gradient and 

flow data .  

to the POCC. 

control capabi l i ty  d i f f e r s  from tha t  needed by the GFFC. 

be operated i n  the outward heat flow mode required for the GFFC. 

may be disassembled for  repair/replacement of heater/thermistor elements i f  required. 

T h i s  repair  capabi l i ty  is  n o t  possible w i t h  the GFFC flow ce l l  design. Telemetry of 

flow ce l l  data t o  the POCC provides a number of operating capabi l i t i es ,  see Table 7 .  

These reduce the cost  of the AGCE f l i g h t  hardware while increasing PI control of the  

experiment as compared to the  GFFC implementation. 

The scanner e lec t r ica l  output i s  digi t ized and formatted for  telemetering 

The AGCE flow cel l  i s  configured for inward heat flow t h u s  the thermal 

Note t h a t  the AGCE may also 

The AGCE flow ce l l  

As previously noted, the flow cel l  dimensions were selected to  conform t o  the maximum 

noted i n  the contract  work statement, i . e .  an inner sphere radius of 5.0 cm and an  

outer sphere inner radius of 6.0 cm. However, the mechanical assembly can accomodate 

a somewhat larger  flow c e l l ,  on the order of 9.0 cm outer radius for  the outer sphere 

(7.5 cm inner rad ius) ,  w i t h  estimated re la t ive ly  minor impact as  shown i n  Table 8. 

Figure 30 shows this larger  configuration. 



TABLE 7 AGCE DATA MGMT., PS/PI INVOLVEMENT 

DATA MANAGEMENT 

DATA TO POCC VIA HRM; NO ON-ORBIT RECORGING 

0 LIMITED REAL TIME DATA AVAILABLE TO AGCE GSE FOR ACCESSING SYSTEM 

PERFORMANCE AND CONTROLLING THE EXPERIMENT: 

TEMPERATURES 

ROTATION RATE 

VOLTAGE 

MARKER DOT LOCATION 

SCENARIO NUMBER 

0 ALL DATA RECORDED BY POCC FOR POST MISSION ANALYSIS BY PI 

PS/PI INVOLVEMENT 

0 PS SELECTS ALL EXPERIMENT VARIABLES AT START OF EACH EXPERIMENT 

SCENARIO AND INITIATES EXECUTION; EXPERIMENT VARIABLES PROVIDED TO 

PS IN AGCE FLIGHT INSTRUCTIONS DOCUMENT. NO S/W STORED SCENARIOS. 

0 PI MONITORS EXPERIMENT SCIENCE STATUS USING AGCE GSE LOCATED AT THE 

POCC. PI CONTROLS DURATION OF EACH SCENARIO. SCENARIO TERMINATED 

AND NEW SCENARIO START VIA VOICE INSTRUCTION TO PS FROM PI. PI MAY 

DEVIATE FROM PLANNED SCENARIO SEQUENCE OR CHANGE SCENARIO PARAMETERS 

BY VOICE INSTRUCTION TO PS (AS LONG AS PLANNED PEAK POWER, DATA RATES, 

TOTAL EXPERIMENT TIME ARE NOT EXCEEDED). 



TABLE 8 LARGER FLOW CELL IMPACT 

ITEM 

1 .  Mechanical Assembly Size 

2. Scanner Optics Assembly 

3 .  UV Optics Assembly 

4 .  HV Transformer Assembly 

5. Thermal Design 

6. Weight 

ESTIMATED IMPACT 

Overal 
25 cm 
optics 

Overal 
sphere 

1 ength increased an estimated 
o accomodate larger scanner 
assembly. 

s ize  increased to  match larger 
dimensions. 

Redesign t o  eliminate interference 
w i t h  r o t a t i n g  flow cel l  assembly. 

Degrade Linearity, harmonic content 
and/or lower voltage to  maintain 
present s i ze  (footprint  on turntable) + 

Cool i ng/Di s s i  pati on requirements 
increased; TEM/heat exchanger assemblies 
and TEFl driver c i r cu i t s  larger .  
o f f se t  by operating flow cell  a t  
higher hean temperature. 

May 

An estimated 4 to  6 Kg weight increase 
(primarily for the  mechanical assembly) 
may be anticipated. 1 



rr 7.8 PIA. 

FIGURE 30 7.5 CM FLOM C E L L  ASSEMBLY (DIMENSIONS I N  INCHES) 



Substantially larger  flow ce l l  ra.dii can be accomodated by designing the mechanical 

assembly to f i t  w i t h i n  a double rack. W i t h  the  double rack center strut removed, 

the mechanical assembly maximum diameter can be increased to  612 mm (from the 451 

mm limit for  the s ingle  rack).  

15 cm. 

outer sphere. 

creased substant ia l ly .  

assembly should be minor. 

T h i s  suggests a flow ce l l  outer r a d i u s  limit of  about 

T h i s  s i ze  would require the more cost ly  segniented construction o f  the sapphire 

Also to ta l  weight and power of the mechanical assembly would be i n -  

For e i the r  o f  the above s i tua t ions ,  impact on the electronics  

For a number of reasons, avionics a i r  i s  used a s  the  heat re ject ion media for  the 

AGCE.  T h i s  use could be more e f f i c i en t ,  i . e .  l e s s  thermoelectric module power required, 

i f  the flow ce l l  operating temperature range were shif ted upwards 5 or 10°C (or more). 

5.0 APPENDIX 

5.1 AGCE MOCKUP 

The in ten t  of the AGCE mockup i s  t o  show re l a t ive  s i ze  and physical re la t ionship of 

the various AGCE system elements w i t h  each other and w i t h  a simulated Spacelab rack. 

W i t h  the exception of the a i r  to  a i r  heat exchanger and drive motor, which a re  similar 

to tha t  for  the GFFC, a l l  major system elements a re  included i n  the  mockup. 

housing, w i t h  scanner opt ics  and UV opt ics  assemblies and TEM/blower assembly attached, 

i s  removable to  show turntable mounted components. 

The 

The shape of  each system element portrayed has been simplified t o  reduce fabrication 

cos t ,  however, c r i t i c a l  dimensions/details have been retained. Copies o f  the sketches 

used to construct the mockup a re  attached (1 thru 21) .  

( t o  simplify fabr ica t ion) ,  p a r t  of one element has been incorporated into another 

element. 

(sketch 16) have been incorporated w i t h  the corresponding mounted element (sketches 10,  

11 and 1 2 ) .  

exis t ing (a1 be i t  s l i gh t ly  smaller outer radius) glass outer hemisphere. 

Note tha t  i n  some instances 

T h u s ,  fo r  example, mounting flanges which a r e  normally par t  of the housing 

Also, some scanner assembly dimensions were modified to  accomodate an 
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