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Ahs t r a c  t 

Ef f i c i ency  59 percent 

The hea te r  has  been operated over a broad range of s t agna t ion  
pressures  (up t o  2 a t m ) ,  e n t h a l p i e s  ( t o  57,000 B t u / l b ) ,  and power 
l e v e l s  ( t o  1 MW) w i th  except ional  j e t  s t a b i l i t y .  A five-hour l i f e  
t es t  r e s u l t e d  i n  no appreciable  component d e t e r i o r a t i o n  or measur- 
able  performance change. Complete experimental  performance maps are 
presented.  

Semi-empirical design c h a r t s  and s c a l i n g  r u l e s  f o r  l a r g e r  con- 
s t r i c t e d  arc h e a t e r s  are a l s o  included.  
f e a s i b i l i t y  of a 10-MW hea te r  w i t h  enthalpy-pressure performance 
c a p a b i l i t i e s  similar t o  those of t h e  1 - M W  model. 

An axisymmetric (Hal l -arc  j e t )  a c c e l e r a t o r  w i t h  an arc  power of 
approximately 0.5 MW was designed and f a b r i c a t c d .  
was t e s t e d  with n i t r o g e n  a t  tank pressures  t o  7 mm lig, and i t s  capa- 
b i l i t y  for continuous ope ra t ion  was demonstrated. 
p r o f i l e s  were obtained. 

They i n d i c a t e  t h e  general  

The a c c e l e r a t o r  

P i t o t  p re s su re  
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SYMBOLS AND UNITS 

the MKS system of units is used 

. sionally used, generally for convenience or in qu 
to many readers, Thus, gas flow rates are frequently giv 

second, wall heat loads in kilowatt/square centimeter, in 
kilowatt or in megawatt, etc, 

In writing the empirical heater design relations, it was 

the numerical values of the constants should only be used in eo 

tion with the MKS system, 

the defining equation (given in the table below) whenever numerical 
values of the empirical constants are to be used, 

The reader should refer, in each case, 



A 

cC 

cE 

Q 
D 

E 

I 

C 

KA 

KL 
KV 

L 

M 

pT 

R 

T 

vA 

Cross s e c t i o n a l  a r e a  of flow passage, m 2 

Empirical  mass flow f a c t o r  (Eq. 4 - 6 )  

Defined by E q o  4-6 

Empirical  w a l l  hea t  load f a c t o r  (Eq. 6-10) 

Diameter, m 

E l e c t r i c  f i e l d ,  volt/m 

Arc c u r r e n t ,  amp 

Defined by Eq.  6-7 

Defined by E q o  4-13  

Defined by E q ,  4 - 6  

C o n s t r i c t o r  length ,  m 

Gas mass flow r a t e  , kg/sec 

To ta l  i n p u t  power, W 

C o n s t r i c t o r  r ad ius ,  m 

Temperature, 0 K 

Arc p o t e n t i a l  drop, v o l t  

Va Anode p o t e n t i a l  drop, v o l t  

VB 
V Cathode p o t e n t i a l  drop, v o l t  

VT To ta l  p o t e n t i a l  drop, v o l t  

P o t e n t i a l  across  b a l l a s t  r e s i s t o r s ,  v o l t  

C 

0 

Water flow r a t e ,  kg/sec 'H,O 



C 

ht 

kE 
n 

P 

PJC 

Pa 

{A 

9L 
S 

t 

V 

V* 

Z 

2' 

Y 

rl 

F 

@ 

S p e c i f i c  hea t  of water, joules/kg-OK 

T o t a l  enthalpy,  joules/kg 

Local e l e c t r i c  f i e l d  f a c t o r ,  defined 

Exponent of cur ren t  (Eq. 4-13) 

Pressure,  newtons/m 

Pressure a t  sonic  t h r o a t ,  newtons/m 

Atmospheric pressure ,  newtons/m 

Energy t r a n s f e r  per  u n i t  a r e a ,  W/m 

Energy t r a n s f e r  per  u n i t  c o n s t r i c t o r  

Pressure exponent (Eq. 6-1) 

Pressure exponent (Eq* 6-2) 

2 

2 

2 

2 

in Eqo 

length 

Veloci ty ,  m/sec 

Sonic v e l o c i t y ,  m/sec 

Axial d i s t a n c e ,  m 

Nondimensional a x i a l  d i s tance  z / L  

r a t  i o  S p e c i f i c  heat  

Ef f i c  iency 

Defined by Eq 6 -2 

Heat conduction p o t e n t i a l ,  f k(T) dT 
0 
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1. INTRODUCTION 

T h l s  r e p o r t  documents t h e  ob j e c t i v c s ,  methodology , 
of a program undertaken t o  des ign ,  develop, and Fabr i ca t  

high-enthalpy, cons t r i c t ed -a rc  type materials test  hea te r .  

p r o j e c t  w a s  motivated by two f a c t o r s .  

materials tes t  jets of appreciably higher  e n t h a l p i e s  t han  those av 

a b l e .  

and gas a c c e l c r a t o r  r e sea rch  which made the  r equ i r ed  1 Mw high-enthalpy 

materials tes t  hea te r  a rea l i s t ic  development goa l .  

High enthalpy tes t  j e t s  are r equ i r ed  (a) f o r  t h e  s imulat ion of 

atmospheric e n t r y  cond i t ions  a t  very high f l i g h t  speeds (on t h e  order 

of 15 kmjsec and h ighe r )  and (b) more g e n e r a l l y ,  f o r  imposing very 

high heat  loads on material t es t  samples and v e h i c l e  components under 

r e l a t i v e l y  low p res su re  cond i t ions .  

The f i r s t  was t h e  need 

The second w a s  t h e  knowledge of r ecen t  advances i n  arc hcate  

The p r o j e c t  had as i t s  o b j e c t i v e s  t h e  fol lowing hea te r  performance 

goals : 

1. The development and d e l i v e r y  of a c o n s t r i c t e d  arc gas hea te r  

s u i t a b l e  f o r  r o u t i n e  materials t e s t i n g  w i t h  n i t r o g e n ,  a i r ,  

and o the r  gas mixtures s imulat ing p l ane ta ry  atmospheres, and 

having t h e  following performance c a p a b i l i t i e s :  

Mass averaged enthalpy 
(40,000 B t u / l b )  

Input power l e v e l  (nominal) 1M.J 

Minimum h e a t i n g  ef  f i c  ie,ncy 

Stagnat ion p res su re  range 

Minirnun l i f e  (without maintenance) 

(at maximum enthalpy)  5 0% 

- 0.5 - 2.0 a t m  

5 hours 



2, The f e a s i b i l i t y  demonstration of an  axisymmetric (Hal l  

cu r ren t  type)  MHD gas a c c e l e r a t o r  u l t i m a t e l y  capable  

s imula t ing  s t i l l  higher  e n t r y  f l i g h t  speeds (higher  

e n t h a l p i e s )  than those given above. 

The materials t e s t  hea t e r  w a s  t o  be designed t o  be compatibl  

e x i s t i n g  dc power supply,  cool ing  water supply,  and tes t  tank a 

NASA-MSC Entry Environments Simulation Laboratory Also ,  t he  he 

would be l i f e  t e s t e d  under condi t ions  c lose ly  approximating a mater 

t e s t i n g  ope ra t ion ,  inc luding  f requent  s t a r t i n g  and shutdown sequences,  

long and shor t  du ra t ion  runs ,  and repeated cyc l ing  through a sequence 

of t y p i c a l  ope ra t ing  p o i n t s  ( t o  demonstrate r e p e a t a b i l i t y ) .  

A c o r o l l a r y  goa l  was the  development and accumulation of a r c  

hea te r  des ign  information and c a l c u l a t i o n s  t o  permit t he  r e a l i s t i c  

planning and eventua l  development of l a r g e  (- 10-MW c l a s s )  ma te r i a l s  

tes t  h e a t e r s  f o r  t h e  same performance l e v e l  as the  present  1 MW h e a t e r .  

The o r i g i n a l  premise t h a t  a 1 MW-class hea te r  w i t h  the  given per -  

f orrnance would be f e a s i b l c  was based p a r t l y  on t h e o r e t i c a l  c a l c u l a t i o n s  

(Refs. 1 and 2) and p a r t l y  on smal l - sca le  experiments w i th  the  Maecker 

cascade-type a r c  r e sea rch  apparatus  (Ref. 3 ) .  Shor t ly  before  t h i s  

p ro jec t  w a s  s t a r t e d ,  r e s u l t s  from a NASA-Ames high enthalpy c o n s t r i c t e d  

a r c  hea te r  (1/2-inch diameter)  became a v a i l a b l e  (Ref .  4 )  which con- 

firmed the  previous t h e o r e t i c a l  p red ic t ions .  

When t h i s  p ro jec t  was s t a r t e d ,  t h e  i n i t i a l  e f f o r t  w a s  put i n t o  

c r o s s - c o r r e l a t i n g  a l l  t h i s  e x i s t i n g  information and at tempting t o  s c a l e  

i t  up t o  the  1 MW l e v e l ,  us ing  t h e  e x i s t i n g  s c a l i n g  r u l e s  f o r  con- 

s t r i c t e d  a r c  columns. I n  p a r t i c u l a r ,  t he  e x i s t i n g  choked mass flow 

versus pressure  and enthalpy po in t s  of Shepard were immediately use 

f o r  the choice of the proper c o n s t r i c t o r  s i z e  ( see  Sect ion 4 ) .  So 

a d d i t i o n a l  smal l - sca le  (1/2-cm diameter)  cascade tests were a l s o  run  

during t h i s  pe r iod ,  t o  explore  the  e f f e c t s  of segment and i n s u l a t o r  

th icknesses  on t h e  p o t e n t i a l  g rad ien t s  and the  en tha lp i e s  reached and 

t o  test the  r e l i a b i l i t y  of purely t h e o r e t i c a l  p red ic t ions .  

given i n  Appendix A .  
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2.  HEATER DESIGN AND DEVELOPMEN 

2 . 1  

by a v a r i e t y  of design approaches and h e a t e r  configura 

example, the gas flow may be coax ia l  t o  the arc o r  perpen 

i t ;  t h e  a r c  can be r o t a t e d  w i t h i n  a chamber of nea r ly  s t a t i o n a r y  

gas;  t h e  e l e c t r o d e s  may be consumable ( the o r i g i n a l  Gerdien idea )  o 

nonconsumable; and so f o r t h .  

Experience and some b a s i c  th ink ing ,  however, w i l l  quickly 

r u l e  o u t  many of t hese  a l t e r n a t i v e s ,  f o r  t he  design of  h e a t e r s  under 

cons ide ra t ion  f o r  t h i s  program. I n  f a c t ,  i t  i s  widely agreed, although 

d i f f i c u l t  t o  conclusively psove, t h a t  t he  most e f f i c i e n t  way of r a i s -  

ing a gas t o  h ighes t  p r a c t i c a l  e n t h a l p i e s ,  a t  l e a s t  w i th  dc power, i s  

by passing the  gas c o a x i a l l y  through the  a r c ,  i n  a c o n s t r i c t o r  of 

s u i t a b l e  s i z e  and length.  

Once i t  i s  decided t o  develop a dc-heater  o f  t he  c o n s t r i c t o r  

type (or  coax ia l  f low-arc) ,  t he  remaining design a l t e r n a t i v e s  a r e  

p r imar i ly  r e l a t e d  t o  the loca t ions  and general  des ign  of  t he  two o r  

more e l e c t r o d e s  which must be a t  oppos i t e  ends of t h e  c o n s t r i c t o r ( s ) .  

The c o n s t r i c t o r  diameter can be r e a d i l y  determined f o r  any p a r t i c u l a r  

set  of  ope ra t ing  cond i t ions .  The f i r s t  choice i s  which e l ec t rode  t o  

p u t  a t  t h e  upstream end of the c o n s t r i c t o r  and which a t  t he  downstream 

end, t o  achieve a simple c o n s t r i c t o r  design.  When p a i r s  of c o n s t r i c -  

t o r s  are used ("Double-Gerdien" approach) then both o r  a l l  e l ec t rodes  

can be "upstream." The numbers and s i z e s  of c o q s t r i c t o r s  t o  be used 

could a l s o  be optimized bu t  t he  use of more than one e n t a i l s  t h e  use 

of a mixing o r  plenum chamber, and the  d i f f i c u l t  problems a s soc ia t ed  

with i t .  
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It i s  d i f f i c u l t  t o  eva lua te  p r e c i s e l y  the  r e l a t i v e  ad 

and disadvantages of t he  s i n g l e  c o n s t r i c t o r  as compared wi th  t 

c o n s t r i c t o r  (Double-Gerdien) conf igu ra t ions ,  bu t  t h e  performan 

t i a l  of both should be nea r ly  the  same a t  high p res su res .  Th 

tage of e l e c t r o d e  co r ros ion  p r o t e c t i o n  by ope ra t ing  w i t h  t 

e l e c t r o d e s  i n  t h e  Gerdien type arc can a l s o  be achieved w i  

e l e c t r o d e  i n  a s i n g l e  c o n s t r i c t o r .  For low pressures  and e x t r  

high e n t h a l p i e s  t he  s i n g l e  c o n s t r i c t o r  design appears most fav 

s ince  t h e r e  i s  no plenum chamber i n  which the  gas energy i s  d i s s i p  

The s i n g l e  c o n s t r i c t o r  design a l s o  permits t he  p l ac ing  of  one e l e c t r  

set ,  e . g . ,  the  anodes, downstream of t he  t h r o a t  i n  t h e  low-pressure 

p a r t  of  t h e  supersonic nozzle.  

tendency on the anodes and has worked extremely w e l l  i n  p r a c t i c e .  

This g r e a t l y  reduces the  spo t  formatio 

The advantages o f f e red  by the  s i n g l e  c o n s t r i c t o r  design a r e  

thus (1) t h a t  e i t h e r  low-pressure o r  high-pressure anodes may be  used 

and; (2) t he  mechanical s i m p l i c i t y  of axisymmetric cons t ruc t ion .  Because 

of t hese  advantages the EOS group chose the  s i n g l e  c o n s t r i c t o r  con- 

f i g u r a t i o n  over the double (or  mul t ip l e )  c o n s t r i c t o r  approaches. Once 

t h i s  d e c i s i o n  i s  made, t he  following important choices remain regarding 

t h e  e l ec t rodes :  

1. Location of  the anode upstream o r  downstream of the  con- 

s t r i c t o r .  

2 .  Location of the downstream e l e c t r o d e  upstream o r  downstream 

of the nozzle t h r o a t  ( i f  supersonic t e s t i n g  i s  contemplated). 

3 .  Primary method o f  e l e c t r o d e  cool ing ( t r a n s p i r a t i o n  o r  i n t e r n a l  

water cool ing) .  

4 .  Electrode materials. 

5. Location of  i n l e t s  f o r  ox id i z ing  gases .  

6. Necessi ty  of  i n e r t  gas s h i e l d i n g  f o r  e i t h e r  e l e c t r o d e ,  and 

gas t o  be used. 

7 .  Submerged o r  c a v i t y  e l e c t r o d e s  versus  e l e c t r o d e s  i n  contac 

with main gas stream. 



8. Single  o r  m u l t i p l e  e l ec t rodes  (with ind iv idua l  b a l l a s t  

r e s i s t o r s )  f o r  e i t h e r  anode o r  cathode. 

9 .  Method of a r t i f i c i a l  a r c  movement t o  be used on e i t h e r  e l ec -  

t r o d e ,  i f  any (vortex flow and/or magnetic f i e l d s ) ,  together 

with s i z e s  and shapes of t he  e l e c t r o d e s .  

A complete and unbiased i n v e s t i g a t i o n  of a l l  t hese  choices 

would have l ed  f a r  beyond the scope of t h i s  program. Since the p r i -  

mary o b j e c t i v e  of t h e  program w a s  t o  develop, l i f e  t e s t  and d e l i v e r ,  

a high-enthalpy m a t e r i a l s  t e s t  h e a t e r  w i t h i n  one y e a r ,  i t  w a s  neces- 

sary t o  immediately choose t h a t  one approach and design conf igu ra t ion  

which, based on p r i o r  experience and c a l c u l a t i o n s ,  o f f e red  the g r e a t e s t  

p r o b a b i l i t y  of success .  

On t h i s  b a s i s  t he  following i n i t i a l  choices were made: 

1. Single  c o n s t r i c t o r  design with constant  diameter ,  which 

implies  choking t o  occur a t  the c o n s t r i c t o r  e x i t .  

2 .  Single  tungsten cathode located a t  upstream end o f  c o n s t r i c t o r .  

3. Mult iple  p in  anodes located i n  t h e  supersonic nozzle ,  a s  the 

f i r s t  choice.  

Single  tungsten cathodes f o r  t h e  1000-2000 amperes regime a t  1 to  2 a t m  

pressure were known t o  be f e a s i b l e ,  though i n  p a s t  experience some 

cathode e ros ion  occured. The problem was t o  minimize e ros ion  by proper 

cathode and gas flow design.  M u l t i p l e  cathodes were a poss ib l e  

a l t e r n a t e ,  but  i t  w a s  not  c l e a r  whether t h i s  would r e a l l y  reduce the 

o v e r a l l  e ros ion  r a t e .  I n e r t  gas sh i e ld ings  of the cathode would be 

au tomat i ca l ly  provided by the  upstream l o c a t i o n  of t he  cathode (choice 

2 above). 

Mult iple  anode pins i n  the low-pressure p o r t i o n  of  the expan- 

s ion  nozzle were the  f i r s t  choice.  This design conf igu ra t ion  would 

completely e l imina te  the problem of t e s t  j e t  r o t a t i o n  a s soc ia t ed  with a 

s i n g l e  anode and r o t a t i n g  a r c  attachment po in t .  A t  the t i m e  EOS w a s  

f irming h e a t e r  design p l ans ,  C.  Shepard (NASA Ames Research Center) had 

' I  

j 
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success fu l ly  demonstrated t h e  ope ra t ion  of mul t ip l e  anodes.  O t  

anode designs were considered a s  p o s s i b l e  a l t e r n a t e s  should 

r equ i r ed .  From t h e  s t a r t  i t  was expected t h a t  s eve ra l  d i f f e  

anodes might be  r equ i r ed  t o  accommodate the  f u l l  range of op 

condi t ions  ( o u t l e t  p r e s s u r e s )  of which these  hea te r s  a r e  capab 

However, t h e  use of a vacuum tank f o r  t e s t i n g ,  i . e . ,  a low pres  

supersonic  tes t  j e t ,  was s p e c i f i e d  a s  t h e  usual t e s t  mode f o r  t 

h e a t e r .  The anode design ob jec t ive  was f o r  a d i f fused  anode a t t ach -  

ment achieved by low pres su re  and argon sh ie ld ing .  

each anode attachment was t o  be l i m i t e d  t o  50 amps which appeared 

t o  be  t o l e r a b l e  even wi th  a con t r ac t ed  s p o t .  

The c u r r e n t  of 

Some of t he  r a d i c a l l y  d i f f e r e n t  design approaches such a s  

t ranspi ra t ion-cooled  e l ec t rodes  were ru l ed  out  because o f  u n c e r t a i n t i e s  

and l imi t ed  t i m e .  However, t h e  labora tory  model hea te r  provides  f l e x -  

i b i l i t y  t o  permit ex tens ive  s tudy of  s eve ra l  of the  o ther  design 

v a r i a b l e s .  For example, t he  oxid iz ing  gas  i n l e t s  can be loca ted  a t  

any d i s t ance  along t h e  c o n s t r i c t o r  l eng th .  The r eces s  of t h e  anode 

p ins  can be optimized, a s  can t h e  q u a n t i t y  and type of anode bleed 

( sh i e ld ing )  g a s .  

t o  t h e  h e a t e r ,  

Such s t u d i e s  would be poss ib l e  without modi f ica t ion  

2 . 2  Theore t i ca l  Ca lcu la t ions  and Design Optimizat ion Procedures 

When t h e  p r o j e c t  was i n i t i a t e d  i t  was expected t h a t  genera l  

dimensionless hea te r  design c h a r t s  could be developed i n  a manner 

s i m i l a r  t o  t h a t  used i n  developing dimensionless c h a r t s  fo r  long 

(asymptotic) f low-arc columns. The hope was t h a t  a l l  e x i s t i n g  i n -  

formation on s i m i l a r  h e a t e r s  (from smal l - sca le  experiments,  a few 

f u l l - s c a l e  experiments,  and pure ly  t h e o r e t i c a l  s t u d i e s )  could  be 

c o r r e l a t e d  and eva lua ted  t o  y i e l d  da ta  f o r  t h e  1-MI? hea te r  design 

and des ign  estimates f o r  f u t u r e  1O-HW h e a t e r s .  

The w r i t e r s  had t h e  oppor tuni ty  t o  wi tness  one of t h e  e a r l i e s t  runs 
e 1- inch diameter A m e s  high-enthalpy h e a t e r .  
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e tc  , use t h e  "corresponding i n f i n i t e  o r  asymptotic" a r c  column 

a s  t h e  po in t  of depar ture .  This  corresponding asymptotic s o l u t i o  

however, i s  no t  known f o r  e i t h e r  t h e  experienced o r  t h e  t h e o r e t i c a l  

data  p o i n t s  which were t o  be c o r r e l a t e d .  

under s tudy ,  a corresponding asymptotic flow-arc s o l u t i o n  cannot ex is t  

i n  t h e  s t r i c t  sense ,  because here  the  choking po in t  i s  always a t  t h e  

hea te r  e x i t ,  i . e . ,  before  the  gas  reaches t h e  f u l l  asymptotic mean 

en tha lpy .  A new genera l  s c a l i n g  approach i s  the re fo re  needed which 

depar t s  from t h e  choking (o r  hea te r  o u t l e t )  po in t  r a t h e r  than  t h e  

"corresponding asymptotic' '  f low-arc;  bu t  t h i s  has n o t  y e t  been worked 

out .  

I n  f a c t ,  f o r  t h e  hea te r s  

One o the r  € inding  inf luenced  t h e  hea te r  design approach 

which was eventua l ly  used. 

and u n c e r t a i n t i e s  involved i n  t h e  use of t h e  t h e o r e t i c a l  c a l c u l a t i o n  

of t h e  flow-arc s o l u t i o n  (by numerical  i n t e g r a t i o n ) .  The uncer ta in-  

t i e s  a r e  i n  t h e  gas  t r a n s p o r t  p r o p e r t i e s  (dens i ty  of e m i t t e d  r a d i a t i o n ,  

thermal and e l e c t r i c  c o n d u c t i v i t i e s ) ,  and i n  t h e  omission of s e l f -  

absorp t ion  of r a d i a t i o n  energy and of poss ib l e  turbulence .  

s e l f - abso rp t ion  and turbulence tend  t o  become more important w i th  

inc reas ing  c o n s t r i c t o r  s i z e s  and increas ing  p res su res .  

t o  t hese  u n c e r t a i n t i e s  t h e r e  may a l s o  be o the r  d i f f i c u l t i e s  which 

have not  y e t  been i s o l a t e d .  

There a r e  s t i l l  cons iderable  d i f f i c u l t i e s  

Both 

I n  a d d i t i o n  

T h i s  approach proved t o  be more d i f f i c u l  

than expected. The reasons a r e  manifold and w i l l  

cussed here .  F i r s t ,  most s c a l i n g  r u l e s  are vzry  d 

conduction-governed and the  lax- e r a ~ i ~ ~ i ~ ~ - ~ ~ ) v e s  

any very genera l  s c a l i n g  procedure which inc ludes  

radiat ion-governed,  a s  w e l l  a s  mixed cases ,  such a s  

of Mar lo t te  and Cann (Ref .  3 )  f o r  simple a r c  columns, a 

and d i f f i c u l t  t o  use f o r  design c h a r t s .  A second d i f f i c  

t he  usua l  hea t e r  s c a l i n g  t h e o r i e s ,  Stine-Watson (Ref.  4 ) ,  Pa 
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I n  any case ,  t he  computer i n t e g r a t i o n s  d id  not  agree 

wi th  t h e  experimental  r e s u l t s .  (This i s  discussed i n  more de t  

i n  Appendix B ) .  I t  was evident  t h a t  less confidence could be 

i n  the  computer r e s u l t s ,  i n  terms of a c t u a l  hea t e r  design, t 

been a n t i c i p a t e d .  A s  a r e s u l t ,  a more s t r o n g l y  empir ica l  appr 

was chosen f o r  both t h e  design of the  1-FIN h e a t e r  developed i n  

program phase, and t h e  performance p red ic t ions  f o r  the  10-MW hea 

One very genera l  and use fu l  design c h a r t  was obtained 

i n i t i a l l y ,  pe r t a in ing  t o  t h e  choked flow cond i t ion  a t  t he  hea te r  

" throa t" ,  i . e . ,  a t  t h e  c o n s t r i c t o r  o u t l e t  where t h e  choking must 

occur .  The c h a r t  c o r r e l a t e s  t he  mass flow p e r  u n i t  of c r o s s  sec-  

t i o n a l  a r e a .  With t h e  c r i t i c a l  p ressure  and t h e  mass-averaged 

en tha lpy  a t  t he  c o n s t r i c t o r  e x i t .  This  c o r r e l a t i o n  (discussed i n  

Sec t ion  4 )  immediately f i x e s  t h e  c o n s t r i c t o r  s i z e ,  f o r  a given de- 

s i r e d  t h r o a t  pressure ,  mass flow r a t e  and t o t a l  en tha lpy .  

The fol lowing approach was thus  taken f o r  t h e  design of 

t h e  1-MW hea te r :  

1. A "design point" was chosen, based on t h e  s p e c i f i e d  hea te r  

enthalpy,  minimum o v e r a l l  hea t e r  e f f i c i e n c y  and a t h r o a t  

pressure  ha l f  of the  des i r ed  s t agna t ion  p res su re .  

2 .  Corresponding t o  t h i s  "design point" a c o n s t r i c t o r  diameter 

was c a l c u l a t e d  from t h e  mass flow-enthalpy-pressure cor -  

r e l a t i o n .  

3 .  The remaining major v a r i a b l e s  t o  be  determined were then 

t h e  c o n s t r i c t o r  length  o r  the  cu r ren t  ( the  choice of 

e i t h e r  one of t hese  f i x e s  the  o t h e r ) ,  t he  nozzle  angle  

and length  and the  number of anode p i n s .  These q u a n t i t i e s  

were determined or  chosen l a r g e l y  on an  empir ica l  b a s i s ,  

a s  w i l l  be discussed i n  t h e  fol lowing paragraphs.  

The i n i t i a l l y  es t imated  "design point"  was taken a s  follows: 

2-6 
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(- 40,000 Btu / lb)  

- 
mass-flow averaged h = 9 . 3  x 1 0  j o u l e s /  t o t a l  en tha lpy  t 

power i n  gas  (minimum) W = 500 kW 
(50% of t o t a l  hea t e r  g 
power) 

mass flow r a t e  fi = 5 . 3 7  g/sec 

t h r o a t  ( c o n s t r i c t o r  p = 0.50 atm 
e x i t )  p ressure  

9; 

The t h r o a t  pressure  of one ha l f  atmosphere corresponds t o  about 1 

upstream s t agna t ion  pressure ,  which i s  i n  the  middle of t he  expected 

hea te r  opera t ing  range ( p  

and es t imated  e f f i c i e n c y  were chosen on the  b a s i s  of t he  o r i g i n a l  

c o n t r a c t u a l  agreement. 

- 0.5 - 2 . 0  atm). Tile "design" en tha lpy  
0 

The r e s u l t i n g  c a l c u l a t e d  c o n s t r i c t o r  r ad ius  

was then  ad jus t ed  t o  accommodate t h e  nea res t  s tandard  reamer s i z e  . 

c o n s t r i c t o r  diameter.  2R = 1.985 c m  

= 0.7813 in. 

The nozzle  length  and angle  were s e l e c t e d  somewhat a r b i t r a r i l y ,  based 

on a nozzle  ex i t  diameter of 4.962 inch  (12.6 cm) f o r  an assumed 

d e s i r a b l e  range of tes t  p re s su res  and Nach niimbers. 

nozzle was chosen f o r  s i m p l i c i t y ,  w i t h  a r e l a t i v e l y  l a r g e  ha l f  a n g l e .  

(26degrees)  t o  make t h e  nozzle  a s  s h o r t  a s  p r a c t i c a l .  

t h a t  l a t e r ,  f o r  very s p e c i f i c  test  Mach numbers and flow uniformity 

requirements,  more e l a b o r a t e  nozzle  shapes could be evolved. For t h e  

i n i t i a l  t e s t s  30 p in  anodes were used. These were f i t t e d  i n t o  a 

simple anode r i n g  near  t h e  nozzle e x i t .  

a d d i t i o n a l  anode p ins  could  be  placed i n  the  nozzle  i f  necessary.  

The number of anode p ins  corresponded t o  an e s t ima ted  s a f e  cu r ren t  

limit of 50 amp pe r  p in .  

A s t r a i g h t  con ica l  

It was f e l t  

With t h i s  arrangement 

632 0-Fina 1 2- 7 



The remaining design value of the c o n s t r i c t o r  l eng t  

based on t h e  des i r ed  maximum a r c  c u r r e n t  of 1500 amps a t  f u l l  

of one megawatt. This current-power r e l a t i o n  was chosen a s  a 

match f o r  t h e  e x i s t i n g  NASA-'fEC r e c t i f i e r  pawer supply.  

s t r i c t o r  l eng th  had t o  be determined experimental ly  i n  the ma 

descr ibed i n  Sect ion 4 .  

The 

The i n i t i a l  choice of the c o n s t r i c t o r  diameter proved t 

very good a s  was e s t a b l i s h e d  by the  t e s t  r e s u l t s  of  t he  l abora to ry  

hea te r  ( s ee  Sect ion 4 ) .  

The f i n a l  mass flow r a t e  a t  t h e  "design" enthalpy and t h e  

corresponding c o n s t r i c t o r  pressure were s l i g h t l y  higher t han  t h e  

i n i t i a l  estimates, s ince  t h e  h e a t e r  e f f i c i e n c y  was higher than 50 

percent  on which t h e  f i r s t  design values  were based. 



3 .  TE ST 

3.1 

EQUIPmNT MEASUREMENTS, AM) PROCEDURES 

F a c i l i t i e s  and Equipment 

3.1.1 Test F a c i l i t x  

The t e s t i n g  of t h e  1-MM l abora to ry  mo 

u l t r a h i g h  enthalpy a c c e l e r a t o r ,  and t h e  materials t e s t  h e a t e r ,  was 

conducted i n  t h e  Plasma Laboratory of EOS. A l l  h e a t e r s  were t e s t e d  

i n  a G x 3 f o o t  water-cooled vacuum tank which i s  equipped with a 

copper c o i l  heat  exchanger. 

w i t h  a gas flow rate of G g/sec i n  the  tank. 

A vacuum of 5 mm Hg can  be  maintained 

I 3 . 1 . 2  Heater I n s t a l l a t i o n  
J 

The h e a t e r s  were i n s t a l l e d  on vacuum f l anges  which 
1 were mounted on d o l l i e s  f o r  ease df handl ing,  

h e a t e r  and the  materials t e s t  tieater were mounted on t h e i r  f l anges  

and are shown i n  Figs .  3-1 and 3-2. In t h e  l abora to ry  t e s t  h e a t e r ,  

J t h e  coo l ing  water w a s  de l ive red  t o  t h e  segments by ind iv idua l  water 

l i n e s  which permitted t h e  measurement of t he  flow ra te  through each 

ind iv idua l  flow c i r c u i t  of t h e  heater, and the> temperature r i5e oi 

t h e  coo l ing  water i n  each segment. I n  the  materials tes t  h e a t e r ,  t h e  

I component cool ing water is  suppl ied from two manifolds whiclz n r p  port  

The laboratory tes t  1 
i 

I 

of t he  support s t r u c t u r e  of t h e  h e a t e r .  
I 

1 
For the  monitoring of t h e  c u r r e n t  c a r r i e d  by each 

i n d i v i d u a l  anode p i n  of t h e  l abora to ry  model h e a t e r ,  30 vol tmeters  

were connected ac ross  t h e  anode pin b a l l a s t  r e s i s t o r s .  Since t h e  

test  r e s u l t s  of t h e  l abora to ry  model hea te r  i nd ica t ed  t h a t  t h e  b a l l a s t  

r e s i s t a n c e  of 1.4 ohms f o r  each anode p in  was s u f f i c i e n t  t o  a s su re  t h e  

d e s i r e d  c u r r e n t  d i s t r i b u t i o n  over a l l  30 anode p i n s ,  vo l t age  measure- 

ments ac ross  t h e  b a l l a s t  r e s i s t o r s  i n  the materials t e s t  hea te r  were 

unnecessary 
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FIG. 3-2 MATERIALS TEST HEATER MODEL HE-J.6.Iw MOUhTED Of1 
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3.1.3 Coolant Water Supply 

Cooling water f o r  t h e  h e a t e r s  and t h e  hea t  e 

was provided from two sources:  

d e l i v e r i n g  200 gpm af r e c i r c u l a t e d  chemically t r e a t e d  w a t  

200 p s i g  supply,  capable of d e l i v e r i n g  100 gpm from the  wate 

a 1000 p s i g  water supply,  c 

3.1.4 E l e c t r i c  Power Supply 

The e l e c t r i c a l  power f o r  t he  hea te r  was d e l i v e r  

GOO kW r a t e d  A .  0. Smith r e c t i f i e r  power supply which can be ope ra t e  

a t  almost double i t s  r a t e d  capac i ty  f o r  10 minutes.  

r e c t i f i e r s ,  each w i t h  a r a t e d  capac i ty  of 50 kW, were a v a i l a b l e .  

I n  a d d i t i o n ,  s i x  

3.2 Measurements 

3.2.1 Coolant Flaw Measurement 

The water flow rates were measured with two water 

flow panels  each having twelve sepa ra t e  water c i r c u i t s .  The 200 p s i g  

water flow panel measures, with ind iv idua l  mercury columns, t he  pres-  

su re  drops ac ross  commercial p r e c i s i o n  f law o r i f i c e s .  

water flow rates are determined from t h e  p re s su re  drops a c r o s s  com- 

mercial p rec i s ion  o r i f i c e s  measured w i t h  a s i n g l e  d i f f e r e n t i a l  pressure 

gage (Mid-West Instrument) e 

weighing t h e  t o t a l  water flow, during a given t i m e  i n t e r v a l ,  a t  s e v e r a l  

p re s su re  d i f f e r e n t i a l s .  

The 1000 p s i g  

Each water flow panel was c a l i b r a t e d  by 

3.2.2 Power Measurement 

The e l e c t r i c a l  power input t o  t h e  hea te r  w a s  d e t e r -  

mined from t h e  product of t h e  a r c  c u r r e n t  and t o t a l  vo l t age .  

electrical  va lues  were measured wi th  a Rowan D . C .  Volt-Amp Panel Model 

DR 630/631 S e r i a l  No.  001. 

t o  measure vol tage and c u r r e n t  w i t h  il percent f u l l - s c a l e  accuracy. 

The c a l i b r a t i o n  of t he  two instruments i nd ica t ed  t h a t  they performed 

wi th in  t h e  s p e c i f i e d  accuracy (Ca l ib ra t ion  T e s t  No. 00518, 24 June 1965).  

Both 

The instruments  of t h e  pane1 are guaranteed 
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3.2.3 Gas Flow Measurement 

A l l  gas flow rates were measured wi th  sonic  o r i f i c e s .  

Each o r i f i c e  was c a l i b r a t e d  w i t h  a w e t  t es t  meter (AL 1 7 )  o r  aga ins t  a 

c a l i b r a t e d  o r i f  i ce ,  depending on the  o r i f  i c e  s i z e .  The o r i f  i c e s  were 

mounted on a flow panel  on which the  upstream pressures  as w e l l  as t h e  

downstream pressures  were measured wi th  1/4 percent  Gasco pressure  

gages. 

3.2.4 Temperature Measurement 

The temperature rise i n  the  cool ing  water c i r c u i t  w a s  

measured wi th  commercial sh ie lded  copper -constantan thermocouples 

whose d i f f e r e n t i a l  output  was displayed on a d i g i t a l  vo l tmeter .  

f o r e  each  power r u n ,  the  temperature r ise of t h e  water due t o  f r i c t i o n  

(pumping power conversion) was es t ab l i shed  (zero  reading)  and sub- 

t r a c t e d  from t h e  t o t a l  temperature r ise measured during a r c  opera t ion .  

Be-  

3.2.5 Enthalpy Determination 

The t o t a l  mass-averaged enthalpy de l ivered  by t h e  

hea te r  was determined by two methods, one of which w a s  based on t h e  

fol lowing r e l a t i o n :  

PT - *>- %,o 'Yr 

B + 11 - 
ht - if 

where 

ht = t o t a l  mass-averaged enthalpy 

PT = t o t a l  e l e c t r i c a l  power input 

= coolant  water flow rate ' H 2  0 

hg = base enthalpy of gas 

C = s p e c i f i c  heat  of water 

if = gas mass flow rate  
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The o the r  method employed t h e  t h e o r e t i c a l  r e l a t i o n  

between t h r o a t  p re s su re ,  en tha lpy ,  mass flow rate ,  and t h r o a t  area 

Ccp*A* = f (h t )  

This r e l a t i o n  incorporates  a c o r r e c t i o n  f a c t o r  C which t akes  i n t o  

account t h e  nonunif ormity of t h e  enthalpy d i s t r i b u t i o n  and t h e  viscous 

e f f e c t s  at t h e  c o n s t r i c t o r  e x i t .  The c o r r e c t i o n  f a c t o r  was determined 

by a comparison of e n t h a l p i e s  measured by the f i r s t  method. 

c ’  

The poss ib l e  e r r o r  i n  the  t o t a l  mass averaged enthalpy 

evaluated by t h e  f i r s t  method can be est imated from 

L 1 -  
%=A 

When using r e a l i s t i c  va lues  f o r  a l l  poss ib l e  e r r o r s  OE thc ope ra t ing  

parameters measured, one f i n d s  a poss ib l e  e r r o r  i n  t h e  enthalpy d e t e r -  

mined by t h e  above equat ion t o  be: 

6320-Final 3 -6 



For t h e  e r r o r  a n a l y s i s  of t h e  second method, t he  approximate r e l a t i o n  

- = cl: Jqj 
MZ’ 

ht - 

can b e  w r i t t e n ,  so t h a t  

l e l - iap* 42 1 + l$i)++q- &1 

1 
With r e a l i s t i c  va lues  f o r  poss ib l e  e r r o r s  i n  p re s su re  and mass flow 

rate 

1 &t - - M f 1.5% + -  
ht cl 

E L -  LA* + -  % 
cC 

A* 

When t h e  tes ts  f o r  t he  determinat ion of t he  constant  C were performed, 

a l l  measurements were made w i t h  g r e a t  ca re  over a wide range of operat-  

ing cond i t ions .  

f o r e ,  be considerably b e t t e r  t han  t h e  accuracy of a n  ind iv idua l ly  

determined, mass-averaged enthalpy determined by t h e  f i r s t  method. 

One can  estimate 

C 

The accuracy of t h e  c o r r e c t i o n  f a c t o r  should,  therc-  

- 2.3 45% 
c1 

For t h e  e r r o r  a n a l y s i s  of t h e  second method, t he  approximate r e l a t i o n  

can b e  w r i t t e n ,  so t h a t  

l e l - iap* 42 1 + l$i)++q- &1 

1 
With r e a l i s t i c  va lues  f o r  poss ib l e  e r r o r s  i n  p re s su re  and mass flow 

rate 

1 5  &t - - 
ht cl 

M f 1.5% + 

E L -  LA* + -  % 
cC 

A* 

When t h e  tes ts  f o r  t he  determinat ion of t he  constant  C were performed, 

a l l  measurements were made w i t h  g r e a t  ca re  over a wide range of operat-  

ing cond i t ions .  

f o r e ,  be considerably b e t t e r  t han  t h e  accuracy of a n  ind iv idua l ly  

determined, mass-averaged enthalpy determined by t h e  f i r s t  method. 

One can  estimate 

C 

The accuracy of t h e  c o r r e c t i o n  f a c t o r  should,  therc-  

- 2.3 45% 
c1 

where 
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s o  t h a t  t h e  second method w i l l  determine t h e  t o t a l  

poss ib l e  maximum e r r o r  o f  

which is only  h a l f  t h e  p o s s i b l e  maximum e r r o r  f o r  

determined by t h e  hea t  balance method. 

en tha lpy  

ind  ividua 
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4 .  TESTING AND EVALUATION OF LABORATORY PIODEL HEATER 

T e s t i n g  of t h e  l abora to ry  h e a t e r  was performed with two general  

o b j e c t i v e s  i n  mind. 

t i o n  of t h e  b a s i c  c o n s t r i c t e d - a r c  h e a t e r  design with a l l  c r i t i c a l  

components. The second ob jec t ive  was t o  e s t a b l i s h  design procedures 

f o r  cons t r i c t ed -a rc  h e a t e r s  i n  t h e  1 MW power s i z e  and € o r  h e a t e r s  of 

l a r g e r  power c a p a c i t y ,  i . e .  up t o  l e  MW,by means of c o n s i s t e n t  t es t  

da t a  and t h e i r  c o r r e l a t i o n s .  The test da t a  obtained i n  the course of 

t he  t e s t i n g  program,and t h e i r  c o r r e l a t i o n s  and eva lua t ions ,  a r e  p r e -  

sented i n  the form t h a t  led t o  t h e  s a t i s f a c t o r y  completion of t h e  

second o b j e c t i v e .  This  i s  ind ica t ed  by the design c h a r t s  e s t a b l i s h e d  

f o r  a 10-megawatt c o n s t r i c t e d - a r c  h e a t e r  presented i n  Sect ion 6 .  

The f i r s t  o b j e c t i v e  was t h e  t e s t i n g  and v e r i f i c a -  

4 . 1  T e s t i n g  of Laboratory Model H e a t e r  

The t e s t i n g  of t h e  laboratory moclel h e a t e r  had t h r e e  bas i c  

ob jec t ives :  

1. 

2 .  

3.  

Evaluat ion of t h e  c o n s t r i c t o r  segments, t h e  cathode and the 

anode des ign .  

Experimental determinat ion of the c o n s t r i c t o r  length €o r  

f u l l  power input  of 1 megawatt a t  1500 amps. 

Determination of flow r a t e  and e f f i c i e n c y  a t  the design point  

of 40,000 Btu/ lb  ( 9 . 3  x 10 joules/kg)  a t  1 megawatt t o t a l  

power i n p u t .  

7 

Evaluat ion o f  C o n s t r i c t o r  Segments, Cathode and the 
Anode Design 

The c o n s t r i c t o r  segments, t h e  cathode and t h e  anode design were 

evaluated with a h e a t e r  conf igu ra t ion  c o n s i s t i n g  of f i v e  (5 )  c o n s t r i c t o r  

segments, t he  complete nozzle and anode s e c t i o n  with 30 anode p i n s ,  and 

a 3/4-inch-diameter cathode with a 0.60-inch-diameter tungsten t i p .  The 

c o n s t r i c t o r  segments, t h e  nozzle s e c t i o n ,  t he  cathode assembly, t he  t es t  
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t ank  l i d  wi th  t h e  anode p in  manifolds,  and the assembled f i r s t  t e s t  

conf igura t ion  of t h e  hea te r  a r e  shown i n  F i g s .  4-1 t o  4-6 ,  This  c 

f i g u r a t i o n  was t e s t e d  up t o  the  f u l l  design cu r ren t  of 1500 amps 

a n i t rogen  flow r a t e  of 5.37 g /sec .  I n  t h i s  conf igu ra t ion ,  t he  an 

pins  a s  w e l l  a s  t h e  cathode performed without any ind ica t ion  of p r  

The c o n s t r i c t o r  segments remained i n  t h e i r  o r i g i n a l  condi t ion .  

The second conf igura t ion  of t h e  h e a t e r  cons is ted  of 15 con- 

s t r i c t o r  segments, i . e .  a c o n s t r i c t o r  of 9 . 1  inch i n  length .  This  

conf igura t ion  was t e s t e d  up t o  1500 amps success fu l ly .  

Determination of Cons t r i c to r  Length and Heat Transfer  
t o  Cons t r i c to r  

During the  t e s t i n g  of t he  9.1-inch c o n s t r i c t o r ,  t he  hea t  

t r a n s f e r  t o  the  c o n s t r i c t o r  wa l l  was measured and ex tens ive  c o r r e l a t i o n s  

between a r c  cu r ren t  and t o t a l  vo l tage  were made. These t e s t s  gave the  

f i r s t  i nd ica t ion  t h a t  t he  energy t r a n s f e r  t o  the c o n s t r i c t o r  wa l l  was 

predominantly a func t ion  of the  a r c  currer i t .  Ext rapola t ion  from the 

two c o n s t r i c t o r  lengths  t e s t e d  ind ica ted  t h a t  tlie t o t a l  power of 

1 megawatt could be d i s s i p a t e d  i n  the  hea te r  a t  1500 amps with a 

12.75 inch (32.4 cm) long c o n s t r i c t o r  a t  a gas flow r a t e  of approxi- 

mately 6 g / sec .  

S i x  more c o n s t r i c t o r  segments were added t o  the  c o n s t r i c t o r  

t o  b r ing  i t s  t o t a l  length t o  3 2 . 4  cm. 

t e s t e d  a t  1500 amps, problems were encountered with the  cathode.  Even 

with a new cathode of the  o r i g i n a l  des ign ,  t he  ab la t ion  of t he  tungsten 

t i p  p e r s i s t e d  when reaching an a r c  c u r r e n t  of approximately 1450 amps, 

The cathode was redesigned.  I ts  diameter was increased t o  1 inch and 

t h e  tungsten t i p  diameter was made 0.700 inch. Small modif icat ions on 

the  cathode housing and the assoc ia ted  components had t o  be made t o  

accommodate the  new cathode.  

up t o  t h e  f u l l  cu r ren t  of 1500 amps and f u l l  power of 1 megawatt. 

h e a t e r  was t e s t e d  with n i t rogen  and with simulated a i r .  

When t h i s  conf igura t ion  was 

With these  changes the  hea te r  was operated 

The 

The main gas flow was i n j e c t e d  i n t o  t h e  c o n s t r i c t o r  near  t h e  

cathode t i p .  
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FIG. 4-3 NOZZLE SECTION WITH ANJDE PINS (FROW VIEW) 
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FIG. 4-5 VACUUM TANK LID FOR LABORATORY ElODEL IEEATER WITH ANODE PI1E 
MANIFOLDS ANI) .COOLANT DLSTRIBUTION FXXTURES 
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FXG, 4-6 LA330RATOR'II MODEL HEATER (5 SEGMENT COIJFEGUFUTION) IHSTALLED 

, 
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When ope ra t ing  t h e  h e a t e r  w i th  simulated a i r ,  the  oxygen was 

i n j e c t e d  i n t o  the  h e a t e r  between the  f i f t e e n t h  and s i x t e e n t h  segment 

downstream of the cathode. This  was found necessary t o  prevent the 

oxygen from a f f e c t i n g  the  tungsten of t he  cathode. 

The test  r e s u l t s  obtained with the 1 2 . 7 5  inch ( 3 2 . 4  cm) long 

c o n s t r i c t o r  conf igu ra t ion  o f  t h e  l abora to ry  model h e a t e r  a r e  discussed 

i n  t h e  fol lowing paragraphs.  

4.2 Test Resu l t s  Obtained with t h e  Laboratory Tes t  Heater :  
The i r  C o r r e l a t i o n  and Evaluat ion 

4.2.1 C o r r e l a t i o n  Between T o t a l  Enthalpy, C o n s t r i c t o r  E x i t  
P r e s s u r e ,  and Elass Flow Rate f o r  Choked Flow Conditions 

The following r e l a t i o n s  a l l  apply t o  the  c o n s t r i c t e d - a r c  

h e a t e r  which exhausts  d i r e c t l y  i n t o  a vacuum tank,  without an in t e rven ing  

mixing chamber or  "second" nozzle  t h r o a t .  

c o r r e l a t i o n  between the  t o t a l  enthalpy,  t he  s t a t i c  pressure a t  t h e  e x i t  

of t h e  c o n s t r i c t o r ,  and the  t o t a l  nass-flow r a t e  can be founll. 

For t h i s  ca se ,  an a n a l y t i c  

v* * --L = f (h t )  
PJc (4-1)  

I f  the  following assumptions f o r  the cond i t ion  a t  the 

c o n s t r i c t o r  e x i t  a r e  made : 

1. One -dimensions 1 flow, i .e. , uniform v e l o c i t y  and enthalpy 

d i s t r i b u t i o n ,  no f r i c t i o n a l  e f f e c t s  

2 .  "Chemical" ( s p e c i e s  d i s t r i b u t i o n )  and thermodynamic equ i l ib r ium 

3 .  Sonic flow cond i t ions  

then i t  is  a l s o  t r u e  t h a t  

where v* = f (h,p*) = t h r o a t  ( son ic )  v e l o c i t y  

p* = f (h,p*) = t h r o a t  (sonic) d e n s i t y  

and t h e  t o t a l  enthalpy i s  
n 

V3iL ht  = h + -  
2 

(5 -2 )  

( 4 - 3 )  
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r e f e r r e d  t o  a 

constant  f o r  the p re s su re  r a t i o  p*/po was l a t e r  ve 

ments such a s  those shown i n  F i g .  4-8. Th i s  c o r r e l a t i o n  

t h e  r a t i o  of t he  me 

s l i g h t l y  lower than p,), t o  t h a t  of the e x i t  segment p2, remai 

s t a n t  a t  a value of 0.49.  The important f a c t  i s  t h a t  n e i t h e r  e n t  

flow r a t e s  nor abso lu t e  pressure l e v e l  have any appreciable  e f f ec t  on 

the  sonic  t h r o a t  t o  i n l e t  p re s su re  r a t i o  of t h e  c o n s t r i c t o r ,  w i t h i n  t h  

regLme of interest .  

The Shepard mass-flow da ta  were thus converted t o  

fi 
ht = f ( A v )  

and compared with the  one-dimensional a n a l y t i c  va lues  of F i g .  4-7. 

This  comparison i s  shown i n  F i g .  4-9. 

through t h e  converted tes t  d a t a  runs p a r a l l e l .  

experimental  d a t a  can be c l o s e l y  approximated by the one-dimensional 

a n a l y t i c  curve,  though a small  cons t an t  c o r r e c t i o n  f a c t o r  might have 

t o  be app l i ed  t o  b r i n g  t h e  experimental  da t a  i n t o  f u l l  agreement with 

t h e  t h e o r e t i c a l  curve.  Th i s  c o r r e c t i o n  f a c t o r  lumps toge the r  a l l  t h e  

e f f e c t s  neglected i n  t h e  simple one-dimensional flow model, 1 .e. 
nonuniform enthalpy and v e l o c i t y  d i s t r i b u t i o n ,  f r i c t i o n  (boundary l a y e r ) ,  

e tc .  The f a c t o r  was found f o r  t h e  1 MW h e a t e r ,  i . e .  f o r  t h e  1.9895 cm 

diameter c o n s t r i c t o r ,  t o  be C c  = 0.9674; t h i s  led t o  the  quas i - theo re t  

r e l a t i o n  

It was found t h a t  t h e  mean curve 

This  i nd ica t ed  t h a t  the 

= = f (ht)  k;r 
C cA*p* 
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The verv  s i g n i f i c a n t  r e s u l t  found (Pig,  4 -  

a 

where pa i s  atmospheric r e fe rence  p res su re .  

t he  a r c  vo l t age  a g a i n s t  t he  i n l e t  pressure would have yielded a 

c o r r e l a t i o n  d i f f e r e n t  only i n  the cons t an t  f a c t o r  Kv.  

empi r i ca l  t r ends  a r e  compared they  a r e  found t o  be q u i t e  c o n s i s t e n t .  

They can be approximated by t h e  very simple r e l a t i o n s :  

It i s  evident  t h  

When d i f f  

'A - a  (p*) 112 Empir ical ,  F i g .  4-17 
. - .42 

h t  -a I M  Empir ical ,  F i g .  4-16 

p * - a I  Empir ical ,  F i g .  4-15 

Since a l l  pressures  along t h e  c o n s t r i c t o r  a r e  propor 

112 ;1/2 

t i o n a l  t o  t h e  t h r o a t  p re s su re ,  w e  can immediately conclude from the  

r e l a t i o n  4-9 t h a t  t h e  p o t e n t i a l  g r a d i e n t ,  E ,  a long the c o n s t r i c t o r  m 

have the. same f u n c t i o n a l  dependence on the p r e s s u r e ,  namely: 

p ( d ) 1 ' 2  
E (2) R3 "E ( 

'a 

The same pressure dependence can be obtained f r o  

d e t a i l e d  p o t e n t i a l  g rad ien t s  along t h e  c o n s t r i c t o r  of one s i n g l e  

e 4-18 shows the  p o t e n t i a l  and vo l t age  g rad ien t s  

i c t o r  a t  a c u r r e n t  of 1008 A and a mass flow r a t e  

n .  The g r a d i e n t s  range from -118.8 V / c m  near  t h e  

-113.6 V/cm near  t h e  o u t l e t .  The r a t i o  1s almost p r e c i s e l y  ,,/ 
This  would i n d i c a t e  th  square r o o t  of t he  p re s su re  r a t i o .  

i n  t h e  i n l e t  region of t h e  h e a t e r  near  the cathode,  the vol tage g rad ien t  

appears t o  be l a r g e l y  dependent only on the p re s su re .  

6 320 -F ina  1 4-24  
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The complete energy t r a n s f e r  t o  t h e  c o n s t r i c t o r  w a l l  

depends on a l a r g e  number of parameters and cond i t ions .  Some of t he  

more important ones a r e  t h e  gas temperature p r o f i l e  ac ross  the  con- 

s t r i c t o r ,  t h e  r a d i a n t  emission and s e l f  absorpt ion p r o p e r t i e s  of a l l  

gas l a y e r s ,  t h e  r e f l e c t i v i t y ,  r e a c t i v i t y ,  roughness of the c o n s t r i c t o r  

w a l l  s u r f a c e ,  t h e  magnitude of t u r b u l e n t  energy and mass t r a n s p o r t  

( r e a c t i n g  s p e c i e s ) ,  t he  h e a t  conduction and molecular recombination 

nea r  the w a l l ,  and the symmetry and s t a b i l i t y  of t h e  discharge as w e l l  

a s  t h e  flow. 

means a lone .  

None of t h e s e  can be r e l i a b l y  p red ic t ed  ye t  by a n a l y t i c a l  

For the  1.9845 c m  diameter c o n s t r i c t o r ,  r a d i a t i o n  

appears t o  dominate the  energy t r a n s f e r  t o  t h e  c o n s t r i c t o r  w a l l ,  bu t  

conduction and tu rbu len t  convection s t i l l  c o n t r i b u t e  a r e l a t i v e l y  

important p a r t  of t he  t o t a l  h e a t  t r a n s f e r ,  e s p e c i a l l y  near  t h e  con- 

s t r i c t o r  o u t l e t .  The combined t e s t  r e s u l t s  of the l abora to ry  model h e a t e r  

and the small  a r c  column (Appendix A )  i n d i c a t e  the maximum convection 

hea t  t r a n s f e r  i n  the  l abora to ry  model h e a t e r  t o  be approximately 10 pe rcen t .  

The numerical computer c a l c u l a t i o n s  by Watson , which assume purely laminar 

flow, s t i l l  predicted about h a l f  of t he  hea t  t r a n s f e r  near t h e  o u t l e t  t o  

come from conduction (Appendix E) e Unfortunately,  t he  energy t r a n s f e r  

r a t e s  produced by these  computer c a l c u l a t i o n s  n e i t h e r  agree i n  magnitude 

nor i n  a x i a l  d i s t r i b u t i o n  with those measured in  the 2 c m  diameter con- 

s t r i c t e d  a r c  h e a t e r .  We a r e  t h e r e f o r e  forced t o  r e l y  t o  a l a r g e  e x t e n t  

upon purely empi r i ca l  c o r r e l a t i o n s  a t  t h i s  s t a g e .  

The important empi r i ca l  r e s u l t  was t h a t  a t  t h e  h ighe r  

c u r r e n t s  t h e  h e a t  l o s s e s  t o  t h e  c o n s t r i c t o r  w a l l  depend s u b s t a n t i a l l y  

only on the  c u r r e n t .  

whole c o n s t r i c t o r  a s  w e l l  a s  f o r  a group of 3 i nd iv idua l  segments, 

These t es t  r e s u l t s  suggest an energy t r a n s f e r  dependency f o r  t h e  2 cm 

diameter h e a t e r  with c u r r e n t  of t h e  form 

Th i s  c o r r e l a t i o n  i s  shown i n  F i g .  4-19, f o r  the 

4, M 151" (4-16) 

where n - 1.62. 
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Thus, whatever e f f e c t  p re s su re ,  mass flow, an 

have on t h e  energy t r a n s f e r  t o  t h e  w a l l ,  the 

only i n  such a combination a s  t o  be p r o p o r t i  

t h e  c u r r e n t ,  a t  l eas t  f o r  a given a r c  c o n s t r i c t  

choked o u t l e t  flow. 
Rela t ion  4-16 was der ived f r o  

duced t h e  h e a t  load d i s t r i b u t i o n  along t h e  c o n s t r i c t o r  

c u r r e n t s  e This  i s  shown i n  F i g .  4-20. The h e a t  load d i s  

a l l  c u r r e n t  l e v e l s  a r e  r a t h e r  f l a t .  The c o r r e l a t i o n  of t 

l o s s  with t h e  enthalpy a lone ,  which was fairly good for t h e  

1 /2  c m  r e sea rch  cascade (see Appendix A ) ,  f a i l s  h e r e ,  as i s  sh 

F i g .  4 ~ 2 1 ,  

duction-governed o r  convection-governed energy t r a n s f e r  process .  

Such a c o r r e l a t i o n  would be t y p i c a l  f o r  a s t r o n g l y  c 

The experimental  w a l l  h e a t  loads on the 1.984 cm 

2 
they a r e  - 1.3 t o  1.4 kW/cm f o r  t h e  1500 amps a r c  c u r r e n t ,  and pro 

t i o n a t e l y  lower a t  lower c u r r e n t s .  These hea t  loads a r e  based on t 

e n t i r e  c o n s t r i c t o r  w a l l  i nc lud ing  the  boron n i t r i d e  su r face  a r e a .  

4 -2.4 Heater E f f i c i e n c y  

With the  empi r i ca l  c o r r e l a t i o n s  which were found f o r  

t he  e l e c t r i c  f i e l d  and t h e  energy t r a n s f e r  t o  the  c o n s t r i c t o r  w a l l ,  

i s  now p o s s i b l e  t o  a r r i v e  a t  a c o r r e l a t i o n  between the ope ra t ing  

parameters of t he  h e a t e r  and t h e  e f f i c i e n c y .  

The t o t a l  e l e c t r i c  power consumed i n  the  c o n s t r i c t  

a r c  h e a t e r  i s  

I n s e r t i n g  now t h e  r e l a t i o n  f o r  t h e  a r c  vol tage from E q .  4-15, s o l  

f o r  VA, 
L 

0 a VA = E dz = 1.239 x L $(?) 
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5 .  

a l l  

the  

ONE MGAWATT MATERIALS TEST HEATER 
(Mater ia ls  T e s t  Heater ,  Node1 HE-INW) 

5.1 

Af te r  t e s t i n g  of t he  l abora to ry  model hea te r  had c o n f i  

b a s i c  design d e t a i l s  f o r  t h e  1-megawatt cons t r i c t ed -a rc  heat 

Ma te r i a l s  Test Heater ,  Model HE-lMW, was designed. The design 

of t he  Mate r i a l s  T e s t  Heater incorporates  s e v e r a l  improvements which 

were developed a s  a r e s u l t  of experience gained w i t h  the  l abora to ry  

model h e a t e r .  The design a l s o  provides f o r  t h e  f i n a l  i n s t a l l a t i o n  

of t he  h e a t e r  a t  t h e  NASA t e s t  f a c i l i t y  of t h e  Manned Spacecraf t  

Center i n  Houston. 

A special  aluminum support  s t r u c t u r e  was designed, i n  which 

the h e a t e r  i t s e l f  i s  mounted. T h i s  s t r u c t u r e  con ta ins  t h e  fou r  water  

manifolds {two i n l e t  manifolds and two o u t l e t  manifolds),  from which 

a l l  hea t e r  cool ing water c i r c u i t s  a r e  suppl ied.  The support s t r u c t u r e  

makes the  hea te r  a s e l f - con ta ined  u n i t  t o  which only the  e l e c t r i c  

power and t h e  main water l i n e s  have t o  be a t t ached .  

Another f e a t u r e  of the H a t e r i a l s  T e s t  Heater design i s  the  

segmentation of t he  h e a t e r  i n t o  two d i s t i n c t  assemblies which can be 

assembled and disassembled independently of each o t h e r .  

and anode assembly i s  assembled on the  f r o n t  p l a t e  of the support  

s t r u c t u r e  while  t h e  c o n s t r i c t o r  assembly can be bench-assembled 

and then mated w i t h  the  nozzle and anode assembly. The con 's t r ic tor  

assembly con ta ins  the  tungsten cathode, the main and a u x i l i a r y  gas 

i n l e t s ,  the water-cooled copper c o n t r i c t o r  column segments, and 

a s s o c i a t e d  hardware. The nozzle and anode assembly con ta ins  t h e  

30 copper anode p i n  assemblies and the nozzle segments, and provides 

the  mounting p l a t e  f o r  i n s t a l l a t i o n  of the hea te r  on the vacuum tes t  

The nozzle 

chamber. The complete design of t h e  hea te r  i s  shown i n  t h e  assembl 



whg,  Fig,  5-1, The assembled h e a t e r  i s  shown i n  Figs ,  5-2 and 

5-3. An exploded view of t h e  c o n s t r i c t o r  and nozzle s e c t i o n s  is shown 

t e r i a l s  Tes t  Heater i s  s h  n s c ~ e m ~ t i c ~ l l ~  3x1 F i g .  5-5, 

The hea te r  i s  designed f o r  a cool ing water supply o f  500 p s i g  at: a flaw 

r a t e  of 140 gpm, and an i n l e t  temperature of less than 100 E' .  The 
e 

water i s  chemically t r e a t e d  t o  prevent s c a l i n g  of t he  component 

coolant  passages.  Coolant flow i s  provided from the  i n l e t  manifolds 

f o r  t h e  housing coo l ing  segment, t h e  c o n s t r i c t o r  column and nozzle 

segments, t he  cathode, t h e  anode manifold r i n g s ,  and the  mounting 

p l a t e .  

The main gas f low of nonoxidizing or i n e r t  gas i s  i n -  

troduced i n t o  t h e  c o n s t r i c t o r  s e c t i o n  through i n l e t s  located a shcjrt 

d i s t ance  downstream of t he  cathode. I f  i t  i s  necessary t o  s imulate  

a i r ,  o r  t o  otherwise provide ox id iz ing  gases ,  such gases  a r e  i n t r o -  

duced i n t o  t h e  c o n s t r i c t o r  through t h e  s i x t e e n t h  c o n s t r i c t o r  segment 

located approximately 10-inches downstream of the cathode.  The 

downstream l o c a t i o n  of t he  a u x i l i a r y  i n l e t s  prevents  e ros ion  of the 

tungsten cathode by oxygen o r  o the r  oxidizing gases .  

t he  c o n s t r i c t o r  t a n g e n t i a l l y  a t  low v e l o c i t i e s .  

A l l  gases  e n t e r  

Argon gas i s  suppl ied t o  a plenum i n  the anode p ins  support 

r i n g  fromwhere i t  flows around each of t h e  30 anode p ins  t o  p r o t e c t  

the p i n s  from highly concentrated a r c  attachment and t h e  a f f e c t s  of 

oxidizing gases .  

E l e c t r i c a l  power and coolant  requirements,  and o the r  operat ing 

requirements and c h a r a c t e r i s t i c s  o f  the hea te r  a r e  given i n  t h e  follow- 

ing Table 5-1, 

5.2 P i t e r i a l s  Tes,t Heater, Model HE-I.NW, Operation 

The ope ra t ion  of the Mate r i a l s  T e s t  Heater i s  the  same a s  

t h a t  of t he  l abora to ry  tes t  h e a t e r .  

breakdown from the  cathode t o  the  anode pins  i n  an argon atmosphere. 

The a r c  i s  i n i t i a t e d  by a vol tage 

6320-Final 5 -2 
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TABLE 5-1 

LEAD ING PART I CULfiRS 

MATERIALS TEST HEATER, NODEL HE-1MW 

Tota l  E l e c t r i c a l  Power 1-megawat t 

Arc Current 1500 amperes 
(1600 amperes maximum) 

7 
Tota l  Average Enthalpy 9 . 3  x 1 0  jou le s /kg  

(40,000 Btu / lb )  

Gas Flow Rate 6 g /sec  

G r i t i c a l  Sonic (Throat)  0.55 x 10 newtons/m 
Pres  su re  (0 .54 atmospheres ) 

5 2 

Coolant Chemically Trea ted  Water 

Coolant Flow Rate 140 gpm 

Coolant I n l e t  Temperature 

Coolant I n l e t  Pressure 500 ps ig  minimum a t  F u l l  f l o w  

Coolant Ou t l e t  Pressure  150 ps ig  maximum a t  F u l l  Flow 

Dimensions, Overa l l  40 inches diameter x 30 inches 

Weight (approximate) 295 l b s  

Chamber Mounting Provis ions  12 3/4-inch - 16 b o l t s  on c i r c l e  

1 OOOF maximum 

of 13.625 diameter 

6320-Final 5-8 



The i n i t i a l  breakdown occurs a t  about 560 v o l t s  open c i r c u i t  vo l t age  

with 0.5 g/sec argon flow. The a r c ,  however, cannot be maintained 

f u l l  n i t rogen  flow i f  t he  onset  of c u r r e n t  flow causes the supply 

vol tage t o  drop below 460 v o l t s .  This  vo l t age  l e v e l  appeared t o  b 

the minimum operat ing vo l t age  requirement f o r  t he  heater-power suppl 

combination a t  t h e  EOS Plasma Laboratory.  The f u l l  main gas  flaw is  

i n i t i a t e d  by an automatic s t a r t i n g  device,  which is  a c t i v a t e d  by t h e  

p o t e n t i a l  d i f f e r e n c e  developed ac ross  t h e  anode p i n  b a l l a s t  r e s i s t o r  

upon s t a r t i n g  of t h e  a r c .  

5 .3  L i f e  and Endurance Tes t  of Plater ia ls  Tes t  Heater ,  Model 
KE - 1rlW 

On 1 and 2 November, 1965, t h e  Mate r i a l s  T e s t  Heater ,  

Model HE-lMW was l i f e  and endurance t e s t e d  fo r  a t o t a l  accumulated 

t i m e  of 5 hours and 3 minutes w i t h  2 1  s t a r t s .  During t h i s  t es t ,  

the t o t a l  vo l t age  and a r c  c u r r e n t ,  a s  well a s  the temperature r i s e  

of t h e  coo lan t ,  were recorded f o r  each t e s t  p o i n t .  The t o t a l  vol tage 

and a r c  c u r r e n t ,  and the  downstream pressure of  t h e  sonic c o n s t r i c t o r  

o r i f i c e  were recorded cont inuously on a c h a r t  recorder .  

Throughout t h e  f i v e  hours of operat ion,  the lieater per- 

formance, i . e . ,  t h e  vol tages  and l ieater e x i t  p re s su res  (and hence, 

t he  e n t h a l p i e s  and e f f i c i e n c i e s )  f o r  given values  of c u r r e n t  and 

mass flow rates were repeated w l t h i n  the  measuring accuracy. 

no cathode 

flow l e v e l s  t e s t e d  (.io0 t o  1550 amps wi th  N up t o  1600 amps with 

argon, 3 t o  12 g/sec mass flow).  

and c l e a n  under a l l  condi t ions covered by t h e  t e s t .  Run dura t ions  

were l i m i t e d  only by tank, window, and power supply cool ing l i m i t s ,  

which permit ted continuous operat ion a t  maximum c u r r e n t  f o r  10- 

minute per iods and continuous runs a t  lower power (below 800 kW) f o r  

30 t o  50 minutes. The hea te r  i t s e l f  showed no s i g n s  of overheating 

and could have been operated continuously fo r  5 hours o r  longer .  

There was 

"spitt.Lng" or  "sparking" a t  any of the cu r ren t  and mass 

2 '  
The j e t  appeared extremely s t a b l e  
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However, the many s t a r t s ,  s t o p s ,  and changes i n  operat ing cond i t ions ,  

represented a more seve re  and r e a l i s t i c  t e s t  of the hea te r  i n  terms 

of i t s  intended purpose. 

The s t a t i s t i c s  of t h e  e n t i r e  t e s t  i nc lud ing  the ope ra t ing  

p o i n t s  covered and t h e  du ra t ion  f o r  each a r e  compiled i n  Table 5-2. 

The performance of t he  hea te r  during the  t e s t  is shown i n  F igs ,  5-6 

t o  5-9, 
13.4 x 10 joules/kg (58.6 x l o 3  B t u / l b )  w i th  an e f f i c i e n c y  of 50 .4  

percent .  At  a mass-averaged t o t a l  enthalpy of 9 . 3  x 10 jou le s /kg  

(40,000 B t u / l b )  t h e  e f f i c i e n c y  was 59 pe rcen t .  

ance during the t e s t  i nd ica t ed  t h a t  a 2 1  design Spec i f i ca t ions  were 

s u b s t a n t i a l l y  exceeded. 

The highest  enthalpy a t  which the h e a t e r  was t e s t e d  was 
7 

7 

The hea te r  perform- 

Following t h e  l i f e  t e s t ,  t h e  hea te r  was c a r e f u l l y  inspected 

and found t o  be i n  p e r f e c t  cond i t ion .  There was no need €or any 

r e p a i r ,  modif icat ion,  o r  c l ean ing .  There was a s m a l l  rough spot  

a t  t h e  c e n t e r  O E  t h e  cathode, probably the r e s u l t  of the cold 

s t a r t i n g .  I n  Fig.  5-10 t h e  cathode, t h e  cathode i n s u l a t o r ,  and one 

anode pin,  which were used during the f i v e  hour t e s t  a r e  compared 

with new h e a t e r  components. T h i s  f i g u r e  provides a graphic demon- 

s t r a t i o n  of the e x c e l l e n t  cond i t ion  o f  t h e  c r i t i c a l  par t s  of  t he  h e a t e r .  

The normal l i f e  expectancy of a l l  hea t e r  p a r t s  can be conse rva t ive ly  

est imated t o  be a t  l e a s t  50 hours .  

5-10 
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YL'ERIALS TEST 
:o 2 November 

HEATER IIEGII-:! (colxtd)  

1 9 6 5  

Tank 
P r e s s  
mm Iig 
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between a l l  ope ra t ing  parameters f o r  t h e  2-cm diameter c o n s t r i c t e d - a r  

h e a t e r  enable  EOS t o  des ign  c o n s t r i c t e d - a r c  h e a t e r s  of t h i s  s i z e  f o r  a 

broad range of ope ra t ing  condi t ions and t o  accu ra t e ly  p r e d i c t  t h e i r  

performance c h a r a c t e r i s t i c s .  The tes t  r e su l t s  have furnished two 

' 

constants"  f o r  t h e  2-cm diameter h e a t e r  which must be assumed t o  be 

t h e  heat  loss  constant  KA, and func t ions  of t h e  c o n s t r i c t o r  r ad ius :  

The choked flow r e l a t i o n s  discussed i n  Subsection 4 .1  are con- 

1 s ide red  v a l i d  and s u f f i c i e n t l y  accu ra t e  f o r  use i n  t h e  design of 

h e a t e r s  of any contemplated s i z e .  These r e l a t i o n s  w i l l  determine t h e  

proper c o n s t r i c t o r  s i z e  f o r  a given mass flow, enthalpy,  and t h r o a t  

J 

A J  i pres su re .  

Two a d d i t i o n a l  r e l a t i o n s  are needed t o  complete design ca l cu la -  

t i o n s  and performance p r e d i c t i o n s  f o r  h e a t e r s  l a r g e  than  1 MW; namely, 

one f o r  t h e  e l e c t r i c  f i e l d  along the  c o n s t r i c t o r ,  and one f o r  t he  heat  

loss  t o  t h e  w a l l .  

design and performance inf orma,tion can  be obtained,  including:  

With these  two r e l a t i o n s  determined, a l l  necessary 

1. Cons t r i c to r  l eng th  and t o t a l  vol tage versus  a r c  c u r r e n t ,  

given o u t l e t  gas  condi t ions 
B 
j 

2 .  Conerr ic tor  w a l l  heat  load d i s t r i b u t i o n ,  and hea t ing  

e f f i c i e n c y  ve r sus  c u r r e n t  

From these  r e l a t i o n s ,  a l l  o the r  necessary h e a t e r  c a l c u l a t i o n  

made except those f o r  t h e  e l e c t r o d e s  which are s t i l l  i n  t h e  

mental s t a g e  e 

To o b t a i n  the necessary e l e c t r i c  f i e l d  and c o n s t r i c t o r  w a  

load r e l a t i o n s ,  t h e  r u l e s  must be found by which t h e  correspond 



1 

b 
I 

1 

i 
, 6 

reasonable  t o  p o s t u l a t e  t h a t  the dependence of t h e  e l e c t r i c  f i e l d  on 

pressure and of t he  w a l l  heat  loss  on cu r ren t  w i l l  remain v a l i d ,  so  

t h a t  only the f a c t o r s  KA (R) and % (R)  w i l l  be s i z e  dependent. Th 

amounts t o  a "separation of v a r i a b l e s "  concept which i s  j u s t i f i e d ,  

least  t o  f i r s t  o rde r ,  from t h e  na tu re  of t he  p e r t i n e n t  equat ions.  

Thus, i t  is  pos tu l a t ed  t h a t  expressions of t he  form 

4A A KA (R) X f A  (1) 

E = ( R )  x f E  (p) 

and 

will be adequate f o r  s c a l i n g ,  where f 

found f o r  t h e  1 MW h e a t e r .  

on the  assumptions t h a t  t h e  1 MW and t h e  10 MW h e a t e r s  a r e  i n  t h e  same 

energy t r a n s f e r  regime, namely, predominantly governed by r a d i a t i o n  

r a t h e r  than thermal conduction. Because of t h i s ,  i t  i s  assumed t h a t  

fA = f A  (I only)  and f E E  = f (p  only)  as ind ica t ed  above, because these  

dependencies were found t o  hold f o r  t h e  1 Eilw hea te r  over t h e  range 

t e s t e d .  

t h e  r a t h e r  gene ra l ,  though complicated,  s c a l i n g  r u l e s  of Ref. 

and f will be the  same as those A E 
The v a l i d i t y  of t h i s  p o s t u l a t i o n  i s  based 

The v a l i d i t y  of t h i s  approach w i l l  be checked by r e s o r t i n g  t o  
3 .  

The e s s e n t i a l  assumption made he re  i s  t h a t  t he  t h e o r e t i c a l  arc 

column r e s u l t s  should give s u f f i c i e n t l y  accurate  s i z e  and p res su re  

dependencies although t h e s e  r e s u l t s  do not y e t  y i e l d  abso lu te  va lues .  

In t h e  p a s t ,  t h i s  has been the  c a s e ,  i n so fa r  as t h e  assumption has 

been t e s t e d  a 

Eventual ly ,  r e sea rch  t e s t s  w i t h  s e v e r a l  h e a t e r s  l a r g e r  than 1 EIW 
and ope ra t ing  over a wide range of p re s su res  will have t o  be c a r r i e d  

out and t h e  r e s u l t s  compared with more t h e o r e t i c a l  c a l c u l a t i o n s .  

would permit v e r i f i c a t i o n  of t h e  s c a l i n g  r u l e s  and enhance t h e  under- 

s tanding of high-powered arcs. 

This  
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6.1 A Combined Ana ly t i ca l  and Experimental Approach t o  t h e  
Design of Large-Diameter Constricted-Arc Heaters 

The l ack  of experimental  d a t a  from l a r g e  diameter c o n s t r i c t e d  

arcs and of a complete a n a l y s i s  of t h e  c o n s t r i c t e d  a r c  column f o r  t h i s  

size regime makes it  necessary t h a t  t h e  approximate dependency of t h e  

constants ' '  K and % on t h e  c o n s t r i c t o r  s i z e  be  determined from t h e  11 

A 
a n a l y t i c a l  cons ide ra t ions  given i n  Ref. 3 .  The r e s u l t s  of Ref e 3 

provide s c a l i n g  r u l e s  which c o r r e l a t e  t h e  numerical a r c  column in t eg ra -  

t i o n s  of Yos (Ref. l)  and i t  i s  assumed t h a t  t hese  r u l e s  w i l l  a l s o  

be  v a l i d  f o r  cons t r i c t ed -a rc  h e a t e r s .  

I n  Fig.  11 of Ref. 3 i t  i s  shown t h a t  f o r  high c u r r e n t s  

t h e  e l e c t r i c  f i e l d  i s  a very weak func t ion  of t h e  a r c  c u r r e n t  and can, 

t h e r e f o r e ,  be expressed by 

E R  s /2  - - c1 T P  
( 1  + f ) : '  

where from Fig.  13 of t h e  same re fe rence  t h e  r e l a t i o n  f o r  t h e  func t ion  5 
can be found t o  be 

2 t -  r a d i a t i v e  heat  loss  
conductive heat l o s s  E: w C 2 R  p - 

For l a r g e  diameters 

5 >> 1 

so t h a t  

l - ! - % z Y ?  

I n s e r t i n g  r e l a t i o n  6 . 2  i n t o  E q .  6.1,  one can f i n d  

.. 
R p-I- 

L 





5 
e 

t ( l - n / 2 )  - ns/2 = 1.31 x 0.1915 - 

and the  exponent of the  r a d i u s  R 

2 n-1 = 2.234 

1 
1 

- J  The complete r e l a t i o n  €or  t h e  energy t r a n s f e r  4 is  then A 

Again, a good agreement between test data and the  derived approximation 

i s  found wi th  t h i s  r e l a t i o n .  The a n a l y t i c a l  r e l a t i o n s  i n d i c a t e  t h a t  

t h e r e  should be no dependence between energy t r a n s f e r  t o  t h e  c o n s t r i c t  

w a l l  and the  p re s su re .  

i n  agreement w i t h  test  r e s u l t s .  The i n t e r e s t i n g  f a c t  i s  t h a t  i n  

r e l a t i o n  6.10 t h e  c o n s t r i c t o r  rad ius  exponent i s  a c t u a l l y  s o l e l y  de te r -  

mined by t h e  experimentally found value of n .  Comparing r e l a t i o n  6.7 

This a n a l y t i c a l l y  determined independence i s  



i .. 4 

1 1 
e, ‘4 

wi th  r e l a t i o n  6.10, t h e  f a c t o r  K i s  found t o  be  the following func t ion  

of t h e  c o n s t r i c t o r  r a d i u s  
A 

KA(R) = co R2.234 (6.11) 

where C i s  a func t ion  of t h e  gas .  
Q 

From t h e  test resu l t s  f o r  n i t r o g e n  it  i s  concluded t h a t  

C 
c -  

= 3.38 i M ~ S  ( 6  e 12) 
L -1 

N2 
Q 

Rela t ions  have now been e s t a b l i s h e d  between the  ope ra t ing  

parameters and t h e  phys ica l  parameters of c o n s t r i c t e d  a r c s  i n  n i t rogen .  

These r e l a t i o n s  are based on combinations of a n a l y t i c a l  and experimental 

c o r r e l a t i o n s  and can now be used i n  t h e  design of c o n s t r i c t e d - a r c  

h e a t e r s  of l a r g e r  s i z e .  The procedure f o r  t h i s  d e s i g n  and performance 

p r e d i c t i o n  is ou t l ined  i n  t h e  next subsect ion.  

6.2 Design and Performance Calculat ions f o r  a 10-Megawatt 
Constr icted-Arc Heater 

The fol lowing procedure may be used i n  designing any 

cons t r i c t ed -a rc  h e a t e r  i n  t h e  megawatt s i z e  range. From what has been 

sa id  p rev ious ly ,  i t  i s  c l e a r  t h a t  t h e r e  e x i s t s  no unique design f o r  

any p a r t i c u l a r  s i z e  h e a t e r .  The design of a hea te r  w i l l  gene ra l ly  be 

governed by s e v e r a l  f a c t o r s ,  the importance of which w i l l  depend UPOR 

t h e  p a r t i c u l a r  design i n  ques t ion .  Some of t hese  f a c t o r s  are: t h e  

required enthalpy-pressure envelope; t h e  maximum power; c u r r e n t  and 

vo l t age  envelope a v a i l a b l e ;  t h e  r equ i r ed  j e t  s i z e  and, hence, lowest 

allowable e f f  i c i ency ;  t h e  maximum heat  load on the  c o n s t r i c t o r  w a l l ;  

t h e  t e s t  gases  t o  be used; and t h e  required s e r v i c e  l i f e  between 

over hau 1 s 

For the  10 E1w cons t r i c t ed -a rc  h e a t e r ,  t he  fol lowing design 

l i m i t s  have been t e n t a t i v e l y  e s t a b l i s h e d .  
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The e f f i c i e n c y  can then be p l o t t e d  by s u b s t i t u t i n g  E q .  6,15 i n  

fro e l imina te  t h e  l eng th  parameter. This  p l o t  i s  s h a m  i n  F ig .  

t h i r d  des ign  c h a r t  i s  constructed from t h e  r e l a t i o n  between the 

enthalpy and c r i t i c a l  flow parameters , 

which i s  given i n  F i g .  6-1, and the  simple e f f i c i e n c y  r e l a t i o n  

q P T  = f i h T  

This p l o t  is  shown i n  F i g .  6-3. 

heat  load on t h e  c o n s t r i c t o r  wal l ,  with t h e  arc c u r r e n t ,  

t h e  c o n s t r i c t o r  r a d i u s  R (Fig.  6 - 4 ) .  

The f i n a l  design c h a r t  c o r r e l a t e s  t h e  

c .  
Because boron n i t r i d e  i s  used i n  t h e  c o n s t r i c t o r ,  t h e  general  

philosophy f o r  t h e  10 MW hea te r  des ign  should be  t o  l i m i t  t h e  con- 

s t r i c t o r  w a l l  hea t  load t o  a minimum. Figure 6-4 i n d i c a t e s  a l o w  cur- 

r e n t  and l a r g e  c o n s t r i c t o r  diameter design should be chosen f o r  t h i s  

purpose. From F ig .  6-1, i n d i c a t i o n s  are t h a t  t h e  arc c u r r e n t  should 

f a l l  i n t o  a range between 9000 t o  12,000 amps. From F ig .  6-2, one 

can expect a hea te r  e f f i c i e n c y  of 65 t o  72  percen t .  

enthalpy between 9.3  x lo7 t o  10 x 10 

t o  77.5 g/sec and a c o n s t r i c t o r  radius,  R ,  of 3.525 c m  t o  3.65 cm arc 

For a t o t a l  
7 j ou le s /kg ,  a flow ra te  of 69.0 

designed f o r  a c o n s t r i c t o r  w a l l  hea t  load between 1.2 and 2 ,4  kW/cm . 
The c o n s t r i c t o r  l eng th  f o r  such a design would be  between 47 and b5 c m .  

The design areas determined by t h e  above l i m i t s  f o r  t h e  10 MW c o n s t r i c t  

arc heater design have been ind ica t ed  on F i g s .  6-1 through 6-4 .  

cour se ,  t h e  ope ra t ing  po in t  can be s h i f t e d  t o  a lower c u r r e n t  i f  power 

equipment cons ide ra t ions  so i n d i c a t e .  

Of 

The new design r e s u l t s  and performance p r e d i c t i o n s  make the  

10 MW high enthalpy hea te r  much more f e a s i b l e  and promising. The 
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2 c o n s t r i c t o r  w a l l  heat  loads of about 2 kW/cm 

problems f o r  e i t h e r  t he  segments o r  t h e  i n s u l a t o r s ,  even i n  r eg ions  

where t h e r e  i s  a high oxygen concentrat ion.  

present  insurmountable problems, s i n c e  they can be scaled t o  higher 

c u r r e n t s  and can  also be subdivided. Only a t  much higher p re s su res  

w i l l  t h e  anode problem become a c r i t i c a l  onea 

should present  no sever  

Neither should t h e  anodes 

The cathode,  however, does present  a d e f i n i t e  problem f o r  

the 10,OOO-k ampere regime. Here, t h e  p re s su re  must be a t  least on t h e  

order  of one atmosphere, and subdividing i s  gene ra l ly  more d i f f i c u l t  

than w i t h  the  anodes. 

operat ion i n  t h e  1 t o  2 atmosphere p re s su re  range should not be i m -  

poss ib l e .  

i n  several l a b o r a t o r i e s ,  w i l l  c o n t r i b u t e  t o  t h e  s o l u t i o n  of t h i s  problem. 

However, designing a 10,000-ampere cathode f o r  

Also,  it can be hoped t h a t  cathode s t u d i e s ,  now i n  'progress  

It i s  concluded t h a t  t h e  development of an e f f i c i e n t ,  10 Mw 

high-enthalpy , cons t r i c t ed -a rc  type hea te r  i s  p r a c t i c a b l e  and may be 

undertaken w i t h  an e x c e l l e n t  p r o b a b i l i t y  of success .  

6 

4 
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7,  AXISYMHETRIC MHD ACCELERATOR 

7 , 1  Purpose 

The inc lus ion  of an u l t r a -h igh  enthalpy axisymmetric 

a c c e l e r a t o r  i n t o  the  high enthalpy h e a t e r  program was intended 

demonstrate the  f e a s i b i l i t y  and the  p o t e n t i a l  s u i t a b i l i t y  of a Hal l  

cur ren t  type a c c e l e r a t o r  device f o r  s t r u c t u r a l  t e s t i n g  a p p l i c a t i o n s ,  

Such a device was expected t o  achieve mass-averaged en tha lp ies  i n  

excess of t h e  en tha lp ies  t h a t  were believed a t t a i n a b l e  w i t h  con- 

s t r i c t e d - a r c  h e a t e r s  i n  the  near  f u t u r e ,  It was t h u s  considered 

as a backup t o  the high-enthalpy c o n s t r i c t e d - a r c  h e a t e r s ,  I n  addi- 

i 
‘t 

i 

i 

I 

1 

t i o n ,  i t  i s  bel ieved t h a t  the a c c e l e r a t o r s  can achieve higher  gas 

v e l o c i t i e s  than the  c o n s t r i c t e d - a r c  hea ters  w i t h  expansion nozzles ,  

The work t o  be performed was l imi ted  i n  scope and was to provide a 

foundation f o r  poss ib l e  fu tu re  development of such a device.  

7,2 Design of the Axisymmetric MKD Accelerator  

Very l i t t l e  background m a t e r i a l  w a s  a v a i l a b l e  €or use i n  

the design of t he  a c c e l e r a t o r ,  p a r t i c u l a r l y  i n  terms of the  power, 

tank pres su re  regimes and type of gas of i n t e r e s t  here.  Most of the 

work on Hal l -current  devices had been done on propulsion devices f o r  

which the  t o t a l  t h r u s t  i n  a high-vacuum tank had been measured, Flow, 

dens i ty ,  enthalpy,  and p i t o t  p re s su re  d i s t r i b u t i o n s  were not a v a i l -  

a b l e  f o r  design purposes,  

The des ign  of t h e  a c c e l e r a t o r  had only  one bas ic  design 

c r i t e r i o n .  This was the  est imated a r c  cur ren t  of 2000 amps minim 

t o  be c a r r i e d  by a tungsten-tipped cathode and copper anode i n  o rde r  

t o  reach a power l e v e l  of a t  l e a s t  200 kW, The copper anode s i z e  was 

determined by t h e  inner  diameter of a magnetic f i e l d  c o i l  which was 

t o  be made a v a i l a b l e  from another p r o j e c t .  The design was, i n  genera l ,  

6320 -F ina l  7 - 1  
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a scaled-up ve r s ion  of the  Ha l l  a c c e l e r a t o r  t h r u s t o r s  which had 

operated up t o  an a r c  power of approxtmately 90 kW. H 
and s t ronge r  c o i l  was used t o  permit a s u f f i c i e n t l y  h i g h  Hall p 

a t  tank pressures much higher  than those used f o r  propulsion work 

(say 2 t o  10 mm Hg or h i g h e r ) ,  

The a c c e l e r a t o r  design t h a t  evolved from these cons ide ra t  

i s  shown i n F i g .  7 -1 . In  P igs ,  7-2 and 7-3 the  a c c e l e r a t o r  i s  shown 

mounted on the  vacuum door f lange w i t h  t h e  f i e l d  magnet i n  p lace .  

The f i e l d  magnet was a c o i l  w i t h  the  c a p a b i l i t y  of develop- 

ing a x i a l  f i e l d  s t r e n g t h s  of 24,660 gauss a t  i t s  c e n t e r ,  and 27,000 

gauss a t  i t s  ins ide  diameter,  w i t h  a cur ren t  of 3000 amps. Under 

these  c o n d i t i o n s ,  the  t o t a l  power i n  the  c o i l  would be 612 kW, The 

a c c e l e r a t o r  was mounted w i t h  t he  c o i l  i n  such a p o s i t i o n  t h a t  the  

anode remained 1-inch i n s i d e  t h e  c o i l ,  A t  t h i s  p o i n t ,  t he  a x i a l  

magnetic f i e l d  s t r e n g t h  on the  c e n t e r l i n e  was 6,7 gausslamp o r  81,7 

percent of the maximum a x i a l  f i e l d  s t r eng th .  

7,3 Test ing of t h e  Axisymmetric MND Accelerator  

Test ing of the  a c c e l e r a t o r  w a s  i n i t i a t e d  t o  determine a 

regime of s t a b l e  and s a f e  operat ing condi t ions,  The a c c e l e r a t o r  w a s  

s t a r t e d  with a small  flow of argon a t  a tank p res su re  of approximately 

1,6 mm Hg. After  i g n i t i o n ,  the main n i t rogen  flow was s t a r t e d  and the  

argon flow turned o f f .  Since the  s t a r t  of the a r c  occurred a t  an 

open vo l t age  of less than 200 v o l t s ,  no s p e c i a l  precaut ions aga ins t  

high s t a r t i n g  c u r r e n t s  were indica ted .  

The i n i t i a l  t e s t  was run w i t h  a magnet cur ren t  of 500 amps, 

This magnet cur ren t  appeared t o  be i n s u f f i c i e n t  t o  move the  a r c  a t -  

tachment poin t  on the  anode., When the  magnet c o i l  cur ren t  was ra i sed  

t o  1000 amps, t he  a r c  attachment poin ts  on the cathode a5 we l l  as  on 

t h e  anode appeared d i f f u s e ,  A t  t h i s  po in t ,  t h e  no i se  on t h e  recorded 

magnet cur ren t  t r a c e  disappeared, i n d i c a t i n g  t h a t  t he  prev ious ly  

p re sen t  small a r c s  t o  the  c o i l  had a l s o  been el iminated by the  s t ronger  

f i e l d ,  
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FXG. 7-1 HALL CURREEL€' ACCELERATOR ASSEMBLY 
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FIG. 7-2 HALL CURRENT ACCELERATOR INSTALLATXON ON 
VACDUM TANK LID 
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FIG. 7-3 HALL CURRENT ACCELERATOR WITH MAGWETIC FIELD GOIL 
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the  j e t  is a good ind ica t ion  t h a t  t h  

-200 kW, the  anode diameter should be decreased i f  r e a l l y  i n t e r e s t i n g  

p i t o t  p ressures  (say 1/10 atmosphere o r  higher) a r e  to  be obtained,  

For the  given a c c e l e r a t o r  a l l  r e s u l t s  pointed i n  the  d i r e c t i o n  of 

s t ronge r  f i e l d s  ( fo r  higher  a r c  vo l t age ) ,  higher  a r c  cur ren t  and re-  

duced mass flow through the  a c c e l e r a t o r ,  bu t  w i t h  the  tank pressure  

held a5 high q r  higher  than before ,  

While the  mean j e t  v e l o c i t i e s  achieved t o  date  w i t h  t h i s  

a c c e l e r a t o r  (estimated from the  p i t o t  p ressures)  were not yee spec- 

t a c u l a r  (M 1600 m/sec) some u s e f u l  information was gained from the 

t e s t s .  F i r s t ,  the  p i t o t  p re s su re  p r o f i l e s  a r e  uniform across  the 

j e t ,  and they ind ica t e  a wel l  def ined j e t  s i z e .  

was roughly equal t o  the  inner  anode diameter, a t  the  a x i a l  s t a t i  

where most of t he  surveys were made, 

Th i s  j e t  diameter 

Second, the  p i t o t  p ressures  increased s t eep ly  w i t h  i n  

c u r r e n t ,  Thus one can e s t ima te  the cur ren t  regime required for  

des i r ed  p i t o t  p ressures  and gas v e l o c i t i e s .  

The success fu l  opera t ion  of the  axisymmetric ( u l t s a -  

enthalpy) a c c e l e r a t o r  w i t h  n i t rogen  was demonstrated. The 

that permit ted good p i t o t  p ressure  surveys and some i n i t  

tions and eva lua t ions  of the  device,  The t e s t  data  a r e  not  

f i c i e n t  o r  i n  the r igh t  regime t o  permi t  t h e  f u l l  eva lua t ion  

e f o r  high-speed en t ry  s imulat ion,  However, the  i n i t  









t h e  inpu t  gas p r o p e r t i e s  prevent r e l i a n c e  on t h e  theory alone a t  

p re sen t .  

make a l O M w  h e a t e r  f o r  t h e  same enthalpy and pressure range a s  t h e  

l M N  Model seem e n t i r e l y  f e a s i b l e  and promising, w i t h  c u r r e n t s  of - 8000 amp and c o n s t r i c t o r  wa l l  heat  loads of t he  order  of 2 kW/cm , 

Both t h e  t h e o r e t i c a l  and t h e  semi-empirical  p r e d i c t i o n s  

The e l e c t r o d e  design o f  t hese  a r c  h e a t e r s  i s  s t i l l  almost 

e n t i r e l y  empir ical  and i n t u i t i v e ,  except f o r  a few s i m p l e  heat  flow 

c a l c u l a t i o n s .  I n  the  p re sen t  h e a t e r  the low p res su re  anode pins  

were v i r t u a l l y  t r o u b l e - f r e e  from the s t a r t .  The cathode f i r s t  p re -  

sented e ros ion  problems, which were co r rec t ed  by redesign ( b e t t e r  

heat  flow d i s t r i b u t i o n s )  and by changing the  gas flow near t h e  

cathode. 

The axisymmetric (Ha l l - a rc - j e t  type) gas a c c e l e r a t o r  was 

operated s u c c e s s f u l l y  and f o r  extended per iods on n i t rogen ,  a t  tank 

p res su re  and power l e v e l s  appreciably above those previously achieve 

( i n  plasma propuls ion work). The v e l o c i t y  increments so f a r  achieve 

were s t i l l  low, on the o rde r  of 1500 m/sec, but they increased con- 

s i s t e n t l y  w i t h  inc reas ing  c u r r e n t .  

i n  the range of g r e a t e s t  i n t e r e s t  f o r  high-speed e n t r y  s imulat ion 

Gas v e l o c i t i e s  and p i t o t  pressure 

e surveys i n d i c a t e  t h a t  t h e  r e s u l t i n g  j e t s  could be s u i t a b l e  f 

s t r u c t u r e  t e s t i n g .  

Cons t r i c t ed  a r c  t e s t  h e a t e r s  of t he  lOMW c l a s s  should b 

capable of even tua l ly  reaching any enthalpy l e v e l  which i s  p resen t ly  

i p a t e d  a s  an e n t r y  s imulat ion requirement.  To f a c i l i t a t e  t h  
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APPENDIX A 

ARC COLUMN MEASUREMENTS W I T H  THE 0.5-CM I . D .  CASCADE APPARA 

1. BACKGROUND AMD OBJECTIVES 

Tes t ing  of t h e  0.5-cm I . D .  cascade apparatus  was performed a t  

beginning of t h e  p r o j e c t .  This work had t h r e e  general  o b j e c t i v e s .  

The f i r s t  o b j e c t i v e  was t o  generate  tes t  d a t a  which could be  used f o r  

comparison wi th  e x i s t i n g ,  approximate c o n s t r i c t e d  arc t h e o r i e s .  The 

purpose of t h i s  comparison w a s  t o  determine t h e  accuracy of these 

t h e o r i e s ,  t h e  r e l i a b i l i t y  of t h e  a v a i l a b l e  t r a n s p o r t  p r o p e r t i e s  of 

n i t rogen ,  and the  use fu lness  of such t h e o r i e s  f o r  t h e  design of t he  

1-megawatt: , 2-cm diameter ,  c o n s t r i c t e d  a r c  h e a t e r .  

The second o b j e c t i v e  was t o  generate  empi r i ca l  heat  t r a n s f e r  

3 
h 

5 

d a t a  needed f o r  t h e  design of t h e  2-cm diameter c o n s t r i c t o r  segments. 

The t h i r d  o b j e c t i v e  was t o  o b t a i n  general  c o r r e l a t i o n s  of parameters 

w i t h  a 0.5-cm diameter c o n s t r i c t o r  which could be used la te r  w i t h  tes t  

d a t a  from the  2-cm diameter c o n s t r i c t o r  f o r  t h e  development of semi- 

empirical s c a l i n g  r u l e s  and design c h a r t s .  

3 

E I 
. 2  

Besides these  t h r e e  general  o b j e c t i v e s ,  a s p e c i f i c  ques t ion  t o  

s e t t l e d  by t h e  experiments w i t h  the  arc cascade apparatus  w a s  t he  

optimum segment and i n s u l a t o r  t h i cknesses  f o r  t h e  2-cm diameter he 

i It w a s  f i r s t  s t a t e d  by Maecker, and accepted by other  i n v e s t i g a t o r  
$ 
2 

arcs between t h e  segments, could be r e l i a b l y  avoided only i f  t 

e lec t r ica l  p o t e n t i a l  a c r o s s  each metal segment was held lower 

t h e  v o l t a g e  drop r equ i r ed  f o r  a secondary a r c .  Unfortunately,  

decreases  considerably w i t h  inc reas ing  temperature of t h e  arc p l  

near t h e  w a l l ,  s i n c e  t h e  anode f a l l  p o t e n t i a l  can  approac 



reason i s  t h a t  t he  th inner  i n s u l a t o r s  a r e  more e a s i l y  "shorted out"  

by small tungsten p a r t i c l e s  from the  cathode which can depos i t  on 

them. Thus, t h e  sho r t ing  of segments and subsequent a r c  attachment ' 

becomes less l i k e l y .  These t e s t s  proved t h a t  t h e  th i cke r  i n s u l a t o r s  

(up t o  3 mm) could withstand t h e  Cons t r i c to r  hea t  loads .  

2 .  TEST SETUP 

The 0.5-cm diameter a r c  column cascade appara tus  c o n s i s t s  of 

t e n  water-cooled copper segments which a r e  i s o l a t e d  from each o the r  

by boron n i t r i d e  i n s u l a t o r  segments (Fig.  A - 1 ) .  The a r c  i s  drawn 

through t h e  cascade from the  cen te r  cathode loca ted  a t  the  en t rance  

of t he  c o n s t r i c t o r  t o  t h e  anode a t  t h e  e x i t  of t h e  cascade. The anode 

i s  separa ted  from the  last column segment by a 0.71-cm t h i c k  i n s u l a t o r  

The cascade appara tus  i s  operated wi th  vary ing  gas flow r a t e s  and 

c u r r e n t s ,  bu t  w i th  a cons t an t  p re s su re  of 1 a t m  i n  t h e  anode r eg ion .  

This pressure  i s  regula ted  by b leeding  addlltional gas i n t o  the  anode 

chamber. In t h i s  i n v e s t i g a t i o n ,  t h e  working gas and the  bleed gas 

were n i t rogen  f o r  a l l  tests.  

During each test  the  fol lowing measurements were taken:  

1, P o t e n t i a l  d i f f e r e n c e  between ad jacent  metal  segments 

3 .  Temperature rise of cool ing  water i n  each ind iv idua  

4 .  Tota l  a r c  cu r ren t  

5. Total arc vo l t age  

















c 

s t r i c t o r  were a v a i l a b l e ,  i t  had been thought t h a t  t he  energy t r a n s f e r  

i n  t h e  0.5-cm diameter c o n s t r i c t o r  would be convection dominated. The 

heat  t r a n s f e r  t o  t h e  c o n s t r i c t o r  was t h e r e f o r e  expected t o  be pre- 

dominantly a func t ion  of t he  t o t a l  enthalpy. This assumption was 

supported by t h e  r e s u l t s  from some numerical c a l c u l a t i o n s  and by the 

p resen ta t ion  of numerical d a t a  presented i n  R e f . 7 .  When p l o t t i n g  

t h e  experimental  d a t a  t h e r e  seemed t o  be a c o r r e l a t i o n  between energy 

t r a n s f e r  and t o t a l  enthalpy ind ica t ed .  The d i f f i c u l t y  i n  discovering 

t h e  a d d i t i o n a l  dependence of t h e  energy t r a n s f e r  on the  a r c  cu r ren t  

from the  tes ts  was brought about by the  f a c t  t h a t  the lower e n t h a l p i e s  

and t h e  lower heat  t r a n s f e r  va lues  were almost e n t i r e l y  obtained w i t h  

rn arc cu r ren t  of 100 amps, wh i l e  t he  higher enthalpy and heat  t r a n s f e r  

regime belonged exc lus ive ly  t o  t h e  200 amp a r c  operat ion.  For this 

r eason ,  t h e  e f f e c t  of c u r r e n t  on t h e  energy t r a n s f e r  was not ev iden t .  

Only a f t e r  t he  c o r r e l a t i o n  between energy t r a n s f e r  and a r c  

cu r ren t  had been e s t a b l i s h e d ,  from t h e  r e s u l t s  of t he  2-cm diameter 

c o n s t r i c t o r  ( l abora to ry  model h e a t e r )  as expressed by r e l a t i o n  G - T O ,  

could t h e  heat  t r a n s f e r  d a t a  of t he  small cascade tes ts  be c o r r e c t l y  

6320-Final A - 1 0  
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4 .  CONCLUSION AND SUMMARY 
I n  r e t r o s p e c t ,  and a f t e r  the  test  r e s u l t s  from the  laboratory 

model hea te r  were a v a i l a b l e ,  i t  may be noted t h a t  the  measurements 

made w i t h  0.5-cm I.D. cascade apparatus  con t r ibu ted  i n i t i a l l y  very 

l i t t l e  t o  the  design of t he  1-megawatt 2-cm diameter c o n s t r i c t e d  a r c  

h e a t e r .  The t e s t  had been conceived because t h e r e  had been indica-  

t i o n s  t h a t  t he  2-em diameter c o n s t r i c t o r  would ope ra t e  between the  

convection and r a d i a t i o n  dominated regime; i . e , ,  w i th  a mixed energy 

t r a n s f e r  t o  the  c o n s t r i c t o r  w a l l .  This is shown i n  Appendix B where 

computer c a l c u l a t i o n s  f o r  the 2-cm diameter c o n s t r i c t o r  a r e  presented. 

The experimental  r e s u l t s  have later proved t h a t  the  2-cm c o n s t r i c t o r  

opera tes  i n  the  r a d i a t i o n  dominated regime, while the  0.5-cm con- 

s t r i c t o r  a l r e a d y  ope ra t e s  a t  200 amps i n  the  mixed energy t r a n s f e r  

regime. That meant, n e c e s s a r i l y ,  t h a t  test  r e s u l t s  from t h e  small  

cascade were not app l i cab le  t o  the  l a r g e r  heater  design. 

The test  results of the  0.5-cm diameter cascade permit ted,  how- 

e v e r ,  t he  eva lua t ion  of the  t ranspor t  p r o p e r t i e s  and the  t h e o r i e s  

t h a t  were t o  be used f o r  the des ign  of the  2-cm diameter c o n s t r i c t  

This eva lua t ion  pointed e a r l y  i n  the  program t o  the  need of r e l y i  

more on empi r i ca l  c o r r e l a t i o n s  f o r  design c h a r t s  and sca l ing .  T 

small s c a l e  cascade r e s u l t s  proved u s e f u l  i n  the  following m a  

comparison of t h e  small s ca l e  heat  t r a n s f e r  data wi th  

s u l t s ,  i t  was poss ib l e  t o  more c l e a r l y  separa te  the  

t r i b u t i o n s  of the  convective and the  r a d i a t i v e  t ra  
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APPENDIX B 

COMPUTER CALCULATIONS 



NASA/Ames Research Center.  The Stine-Watson a r c  h e a t e r  c a l c u l a t i o n  

program was used, as  reported i n  Ref. 4 and discussed f u r t h e r  i n  Ref 

R, and s t agna t ion  pressure ,  p,  were runo 

opera t ing  condi t ions  of the  present  2,O cm 1 , D .  (1 MW) a r c  hea te r  

and o the r s  of i n t e r e s t .  

They correspond t o  p o s s i b l e  
*' B 

1 

I* y 

d i 

I 

I n  o rde r  t o  run cases  using the  computer program, i t  is, of 

course,  necessary t o  decide what values of the  var ious plasma prop- 

e r i t e s  a r e  t o  be used. This i s  no t r i v i a l  mat te r  with n i t rogen  be- 

cause of  l a rge  u n c e r t a i n t i e s  which e x i s t  i n  t he  p rope r t i e s .  
..i 

The plasma p r o p e r t i e s  of p a r t i c u l a r  i n t e r e s t  a r e  enthalpy,  

thermal conduct iv i ty ,  e l e c t r i c a l  conduct iv i ty ,  and s p e c i f i c  rad ia ted  

power as funct ions of the  temperature and pressure ,  Other proper-  

t i e s  such as  v i s c o s i t y ,  e t c . ,  remained unchanged from the  values  a l r  

3 incorporated i n t o  t h e  program a s  reported i n  Ref. 4. 

**a i I n  a d d i t i o n  t o  examining t h e  e f f e c t s  of parameters such a s  c 

and pressure ,  a major o b j e c t i v e  was t o  examine the  r e s u l t s  of u s i  

var ious  groups of plasma p r o p e r t i e s  chosen so as t o  r e f l e c t  the  p r  

u n c e r t a i n t i e s  i n  the  p r o p e r t i e s ,  and t o  decide by comparison w i t  

In  order to accomplish t h i s ,  t h ree  groups of pro 

f ined : "Yos - l ike", "Maecker- l ike" ,  and "mixed" The 

a r e  discussed below, 



sh ip  : 

3 where x{h] is chosen -.I such a manner t h a t  t..e values o Y 
i 
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II J 

Case 

1 

4 

12 

13 

14 

16 

1 7  

18 

19 

20 

21 

22 

23 

- 
Diameter 
(meters ) 

0.005 

0.02 

0.005 

0.005 

0.005 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

0.07 

Current 
-fs&%.& 

200 

1400 

200 

100 

200 

1400 

1400 

1400 

1600 

1900 

2500 

1500 

17,000 

TABLE B - 1  

TABLE OF CASES 

Pressure  
(Atm) 

1.05 

1 . 0  

1.02 

1.02 

1.05 

1.0 

2.0 

4.0 

1.0 

1.0 

1.0 

1 .0  

1.0 

0.537 x Maecker- l i k e  

0.537 x Maecker-like 

0.537 x Maecker- l i k e  



p 

l a t i o n ,  t h e  enthalpy p r o f i l e s  were considerably higher  (on the  o r  

of 80 percent )  and t h e  mass flow considerably lower i n  the  cen te r  of  

t he  discharge.  Fur ther ,  i n  t h e  "Yos-like" case ,  t h e  wal l  heat  f l u x  

was lower (by 16 p e r c e n t ) ,  r a d i a t i o n  much higher  (by 320 pe rcen t ) ,  an 

the  e l e c t r i c  f i e l d  lower (by 16 pe rcen t ) .  Hence, i n t e g r a t i o n s  using 

the  "Yos-like" p r o p e r t i e s  do not agree w i t h  t h e  experiments ., 

B,2.2 Calcu la t ions  fo r  a 2.0 c m  Diameter Cons t r i c to r ,  
Comparing "Yos-like" and "Maecker-like" P rope r t i e s  

Cases 4 and 16 demonstrate t he  e f f e c t s  of using 

d i f f e r e n t  groups of  plasma p r o p e r t i e s  f o r  a t y p i c a l  opera t ing  co 

t i o n  of a 2-cm h e a t e r ,  

The magnitudes and d i s t r i b u t i o n s  of the  v a r i o  
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t i o n s ;  t h a t  i s ,  which parameters should remain f ixed  t o  draw mean 

conclusions? Since t h e  mass-flow remained the  same i n  the  t h r e e  

under d iscuss ion ,  while the  i n l e t  p re s su re  was changed, t he  cases  

the  higher  p re s su res  d i d  not choke i n  reasonable lengths .  

Figure €3-9 shows t h a t  values of mass-averaged en t  

f o r  t he  higher  p re s su re  c a l c u l a t i o n s  a r e  reduced a t  a f ixed  a x i a l  

d ina t e ,  Figure B-20 demonstrates t h e  la rge  p re s su re  dependence o 

r a d i a t i o n  and t h e  large r o l e  r a d i a t i o n  can have. Of some i n t e  

the  f a c t  t h a t ,  in t he  region nea r  the  entrance t o  the  h e a t e r ,  

the heat  load i s  predominately r a d i a t i o n ,  the  r a t i o s  of the  ma 

of t h e  heat  loads a r e  given q u i t e  accu ra t e ly  by (p/pa) , wher t 
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averaged enthalpy is h e l d  constant  i n  sca l ing ,  Ref, 3 ,  S 

e t e r s  ( r a d i u s ,  c u r r e n t ,  mass-flow, e t c , ) .  This method was used q u i t e  

s u c c e s s f u l l y ;  f i r s t ,  t o  determine t h e  input and then t o  p r e d i c t  the 

r e s u l t s  of the  case 23 computer c a l c u l a t i o n ,  

Figure B-16 shows t h a t  the very high i n i t i a l  values  of t he  

r a d i a t i o n  suppress the  u s u a l  f a s t  i n i t i a l  r i s e  i n  mass-averaged 

enthalpy, Figure B-17 shows t h a t  conduction ( the d i f f e r e n c e  betwee 

the two curves) i s  an i n s i g n i f i c a n t  component of w a l l  h e a t  t r a n s f  

i n  t h i s  device,  Figure B-18 shows t h a t  the e l e c t r i c  f i e l d  i s  qu 

be expected from simple theory and from experience,  

s i m i l a r  t o  the  e l e c t r i c  f i e l d  i n  the  smaller  2.0 cm device,  as  

The cur ren t  (17,000A) f o r  t h i s  10 Mw h e a t e r  c a l c u l a t i o n  was 

chosen on the  b a s i s  of very simple s c a l i n g  ru l e s  f o r  r a d i a t i o n  domi- 

nated a r c s .  These ru l e s  s t a t e  t h a t  s i m i l a r  cases  i n  this regime ( i , ,eo,  

same c e n t e r l i n e  temperatures,  e t c . )  must  have equal values of the 

cur ren t  dens i ty ,  I / R  
2 Now, f o r  a given gas p re s su re  and enthalpy 

R~ ‘ic ii = W (power) G 
\ f  

Therefore the  cur ren t  I would s c a l e  up d i r e c t l y  as  the power, 

The cur ren t  chosen f o r  this f i r s t  t r y  (17,000A) is  c l e a r l y  

on t h e  high s i d e ,  and was chosen t o  insure t h a t  the des i red  enthalpy 
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B 4 Conc l u s  ions 

The numerical  {computer) i n t e g r a t i o n  of t he  laminar flow-a 

equat ions has a l ready  produced a g r e a t  dea l  of  va luable  q u a l i t a t i  

and q u a n t i t a t i v e  i n s i g h t ,  and i t  promises t o  become a most valuab 

a i d  f o r  a r c  h e a t e r  development i n  t h e  fu tu re .  

There are ,  however, s e v e r a l  d i f f i c u l t i e s  and uncer ta  

remaining which must  be s t r a igh tened  o u t  before  t h e  Computer 

w i l l  reach t h e i r  f u l l  usefu lness  fo r  engineer ing work, 

The f i r s t  i s  the  bas ic  d i f f i c u l t y  of making meaningful f u l l  

comparisons betweennumerical r e s u l t s  and experimental  d a t a ,  

p a r t i c u l a r l y  pronounced a s  long as  only a few i s o l a t e d  po in t s  a r e  

a v a i l a b l e  f o r  both the  theory and the  experiments.  When t h e r e  i s  

c l o s e  agreement t h e r e  i s ,  of cour se ,  no problem. But: when the re  i s  

T i i i s  i s  

f 

I a known o r  suspected discrepancy i n  one q u a n t i t y ,  s a y  the  e lcc t l r ic  

f i e l d  o r  conduc t iv i ty ,  then it i s  d i r f i c u l t  

c repancies  a r e  merely caused by t h i s  one o r  have d i f f e r e n t  sources .  

It w i l l  r equ i r e  some ingenui ty  t o  f ind  c r o s s p l o t t i n g ,  i n t e r p o l a t i n g  

o r  o t h e r  comparison schemes which w i l l  show c l e a r l y  which t rends  

t o  judf;c whcliicr o t l ~ c c  2.iti- 
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disentangle  the  t r a n s p o r t  p roper ty  ques t ions  by c a r e f u l  compariso 

The t h i r d  major d i f f i c u l t y  is the  unce r t a in ty  regarding 

I t s  presence would i n v a l i d a t e  much of  t he  present  turbulence,  

t h e o r e t i c a l  s o l u t i o n ,  Unfortunately t h e  onse t  of tu rbulence  must 

be expected i n  about t h e  same regime i n  which r a d i a t i o n  and s e l f -  

absorp t ion  become important.  Since both a r e  h ighly  unce r t a in  and both 

w i l l  tend t o  produce somewhat s i m i l a r  resul ts ,  namely a broadened tem- 

p e r a t u r e  p r o f i l e ,  i t  w i l l  be d i f f i c u l t  t o  i s o l a t e  t hese  e f f e c t s  by 

mere comparisons between laminar theory and experiments with one g 

One must look f o r  h ighly  r a d i a t i n g  low Reynolds number (laminar) 

cases  and cases  w i t h  high Reynolds number and low r a d i a t i o n  f r a c t i o n .  

I n  summary t h e r e  a r e  s t i l l  important unresolved d iscrepancies  

and u n c e r t a i n t i e s  which a t  p resent  l i m i t  t he  usefu lness  and r e l i a b i l i t y  

of t he  computer r e s u l t s  f o r  hea te r  design,  

has been made, 

However, much progress  

i 
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