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Abstract 

As a part of the electrothermal propulsion 
plume research program at the NASA Lewis Research 
Center, efforts have been initiated to analyti- 
cally and experimentally investigate the plumes of 
resistojet thrusters. The method of G.A. Simons 
for the prediction of rocket exhaust plumes i s  
developed for the resistojet. Modifications are 
made to the source flow equations to account for 
the increased effects of the relatively large 
nozzle boundary layer. Additionally, preliminary 
mass flux measurements of a laboratory resistojet 
using C@ propellant at 298 K have been obtained 
with a cryogenically cooled quartz crystal micro- 
balance (QCM). There is qualitative agreement 
between analysis and experiment, at least in terms 
of the overall number density shape functions in 
the forward flux region. 

This paper also presents estimates of the 
level o f  environmental contamination produced by a 
Space Station resistojet during typical propulsion 
operations. Predicted number density profiles 
were used to calculate molecular number column 
density (NCD) as a function of line-of-sight angle 
for an observer located at the astronomical obser- 
vation site of the Space Station. For the case of 
a resistojet using H20 propellant, calculated 
NCD values rise above the proposed requirements 
for infrared (IR) species in a restricted viewing 
region representing 20 percent of the total 471 
steradian space. In the case of a resistojet 
operating on a benign mixture (e.g., noninfrared 
active) of N2, H2, He and Ar, quiescent limits on 
NCD are not exceeded until the observer views 
along line-of-sight angles which pass near, or 
look into, the resistojet source. 
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List of Symbols 

Simons' plume normalization constant 

nozzle exit area, m2 

throat area, m2 

sonic velocity at To, mlsec 

capture coefficient 

Simons' functional variation of density 

Mach number 

mass flow rate, kglsec 

molecular weight 

gas pressure, Pa 

radial distance from centerline or nozzle 
radius, m 

uni versa1 gas constant 

spherical radius, m 

spherical surface area in space, m2 

gas temperature, K 

gas velocity, mlsec 

limiting velocity of the gas, mlsec 

average limiting velocity of the gas in the 
boundary 1 ayer, mlsec 

ratio between U, and Ua 
plume parameter 

specific heat ratio 

boundary layer thickness, m 

displacement thickness, m 

angle from plume centerline, radians or 
degrees 

angle corresponding to the streamline at the 
edge of the boundary layer, radians or 
degrees 

limiting turning angle of the gas at the 
nozzle exit, radians or degrees 

the value of 8 1  for inviscid, supersonic 
flow, radians or degrees 

gas viscosity (as a function of temperature), 
N sec/m2 
Prandtl-Meyer (P-M) turning angle based on 
Me, degrees 

gas density, g/cm3 or number/cm3 

nozzle half angle, degrees 

Sub- or Superscript Notation 

* denotes sonic conditions 

e denotes conditions at the nozzle exit 

n. denotes limiting 

max denotes maximum 
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o denotes s tagnat ion  c o n d i t i o n s  

r e d  denotes reduced e f f e c t i v e  a rea  

I n t r o d u c t i o n  

The r e s i s t o j e t  t h r u s t e r  has been base1 i n e d  
f o r  Space S t a t i o n  a u x i l i a r y  p ropu ls ion  app l ica-  
t i o n s  (Leve l  B Space S t a t i o n  Con t ro l  Board D i rec-  
t i v e ) .  
make-up and a l s o  the  c a p a b i l i t y  f o r  p ropu ls i ve ,  o r  
nonpropuls ive,  vent ing o f  waste gases. E f f o r t s  a re  
c u r r e n t l y  d i r e c t e d  toward demonst ra t ing  t h e  tech- 
no logy  read iness  o f  a l ong  l i f e ,  
r e s i s t o j e t  f o r  t h e  Space Station.pl-4 

The r e s i s t o j e t  concept i s  r e l a t i v e l y  simple, 
as i l l u s t r a t e d  i n  Fig. 1. A p r o p e l l a n t  i s  passed 
th rough a heat  exchanger and then expanded th rough 
a nozz le  t o  produce t h r u s t .  The a c t u a l  mechanism 
o f  heat  exchange may be one o f  convect ion,  conduc- 
t i o n ,  and/or  r a d i a t i o n .  P o t e n t i a l  r e s i s t o j e t  pro- 
p e l l a n t s  i n c l u d e  i n e r t  gases, water  vapor, carbon 
d iox ide ,  oxygen, cabin a i r ,  methane, and hydrogen. 
F i g u r e  2 p resen ts  a photo of an eng ineer ing  model 
r e s i s t o j e t  designed and f a b r i c a t e d  by  a Rocketdynel  
Technion i n d u s t r i a l  team under c o n t r a c t  t o  NASA 
Lewis. The des ign  goals a re  a 10 000 hr l i f e t i m e  
and a m u l t i p r o p e l l a n t  c a p a b i l i t y .  
p rov ides  f u r t h e r  d e t a i l s  o f  t h e  des ign  and f a b r i -  
c a t i o n  o f  t h i s  th rus te r .  

I t  o f f e r s  l o w  t h r u s t  p r o p u l s i o n  f o r  d rag  

u t i p r o p e l l a n t  

Reference 3 

Flow f i e l d  d e f i n i t i o n  o f  Space S t a t i o n  pro- 
p u l s i o n  systems and o the r  sources o f  e f f l u e n t s  i s  
o f  fundamental importance. O f  p r imary  concern 
a re  t h e  impacts o f  contamination, bo th  i n  terms 
o f  mass d e p o s i t i o n  and a l s o  environmental  contam- 
i n a t i o n .  
c o r e  and p o t e n t i a l  users r e q u i r e  d e f i n i t i o n  o f  t h e  
r e s i s t o j e t  exhaust i n  o rder  t o  assess t h e  plume 
impacts t o  Space S ta t i on  science and techno logy  
a c t i v i t i e s .  Other  impacts, such as t h r u s t  losses  
o r  thermal l o a d i n g  caused by  plume impingement, 
may a l s o  be o f  concern depending upon Space 
S t a t i o n  a r c h i t e c t u r e .  

Consequently, des igners  o f  t h e  S t a t i o n  

I n  o rde r  t o  p red ic t  p o s s i b l e  contaminat ion  
impacts, t h e  induced environment produced by a 
r e s i s t o j e t  p ropu ls ion  module needs t o  be modeled 
a n a l y t i c a l l y  and, where poss ib le ,  v e r i f i e d  exper- 
i m e n t a l l y .  Both tasks a r e  d i f f i c u l t  ones. A 
d e t a i l e d  numer ica l  t reatment o f  t h e  plume expan- 
s i o n  begins p r i o r  t o  the  e x i t  o f  t h e  r e s i s t o j e t  
nozzle.  A l though computer codes t o  analyze t h e  
nozz le  f l o w  o f  h igher  t h r u s t  (>22 N) p ropu ls ion  
devices do e x i s t ,  the h i g h l y  V ~ S C O U S  n a t u r e  o f  
r e s i s t o j e t s ,  combined w i t h  smal l  nozz le  geometries, 
p rec ludes  t h e  immediate adap ta t i on  o f  these codes 
f o r  t h e  p resen t  analysis.  Consequently, i n  o rder  
t o  achieve reasonable a n a l y t i c a l  r e s u l t s  i n  as 
t i m e l y  a manner as possible,  i t  i s  i n s t r u c t i v e  t o  
beg in  w i t h  source f l o w  analyses o f  t h e  r e s i s t o j e t  
exhaust. 

G.A. Simons4 has presented a w i d e l y  used 
techn ique f o r  t h e  p r e d i c t i o n  o f  a r o c k e t  plume 
s t r u c t u r e .  H i s  method i s  an ex tens ion  o f  e a r l i e r  
work by Boynton5 who used f i n i t e  d i f f e r e n c e  
numerical  techn iques  t o  analyze an i n v i s c i d  plume 
expansion. Viscous boundary l a y e r  e f f e c t s  were 
accounted f o r  i n  t h e  i n i t i a l  cond i t i ons .  Th is  
paper p resents  an ana lys is  o f  t h e  exhaust f l o w  
f i e l d  o f  a r e s i s t o j e t  us ing  Simons' method w i t h  
s l i g h t  m o d i f i c a t i o n s .  The method accounts f o r  t h e  

expansion of t h e  supersonic boundary l a y e r  o f  t h e  
nozzle,  a long w i t h  t h e  i n v i s c i d  core.  Ma jor  plume 
p r o p e r t i e s  a r e  expressed i n  terms o f  c o n d i t i o n s  a t  
t h e  nozz le  e x i t  and i n  terms s f  t h e  boundary l a y e r  
th ickness .  

I n  a p a r a l l e l  e f f o r t  w i t h  t h e  ana lys i s ,  exper- 
imenta l  mass f l u x  da ta  have been ob ta ined  on a 
l a b o r a t o r y  r e s i s t o j e t  u s i n g  unheated C02 as t h e  
p r o p e l l a n t .  A p a r t i a l  mapping o f  b o t h  t h e  fo rward  
and back f l u x  reg ions  o f  t h e  exhaust was conducted 
us ing  a temperature-compensated, c r y o g e n i c a l l y  
coo led  q u a r t z  c r y s t a l  microbalance. P r e l i m i n a r y  
mass f l u x  d a t a  a r e  then  compared w i t h  plume den- 
s i t y  c a l c u l a t i o n s .  D e t a i l s  o f  t h e  measurement 
techn ique and exper imenta l  hardware a re  descr ibed. 

l e v e l  o f  environmental  con taminat ion  caused by  a 
Space S t a t i o n  r e s i s t o j e t  d u r i n g  t y p i c a l  p r o p u l s i o n  
opera t ions .  The assessment i s  made f o r  a r e s i s t o -  
j e t  us ing  H20 p r o p e l l a n t  and a l s o  a benign gas 
m i x t u r e  as t h e  p r o p e l l a n t .  P red ic ted  l e v e l s  a r e  
compared w i t h  proposed Space S t a t i o n  qu iescen t  
requirements.  

L a s t l y ,  t h i s  paper p resents  es t imates  o f  t h e  

Analyses 

M o d i f i c a t i o n  o f  Simons' Method 

T h i s  s e c t i o n  summarizes t h e  development o f  
Simon?' techn ique f o r  plume f l o w  f i e l d  ca l cu la -  
t i o n s  and t h e  approp r ia te  m o d i f i c a t i o n s  a p p l i -  
cab le  t o  r e s i s t o j e t  exhaust plumes. A d e t a i l e d  
d i scuss ion  o f  t h e  r a t i o n a l e  and methodology o f  
t h e  f o l l o w i n g  ana lys i s  may be found i n  Ref. 6. 

modeled as a p o i n t  source. Using c o n t i n u i t y ,  t h e  
mass f l o w  i n  t h e  pliime may be  w r i t t e n  i n  terms o f  
c o n d i t i o n s  a t  t h e  nozz le  t h r o a t ,  as 

I n  t h e  f a r  f i e l d ,  r o c k e t  nozz le  f l o w  may be 

p*U* (nR**) = p(r ,e)U dS 11 
It i s  assumed t h a t  t h e  l o c a l  d e n s i t y  p(r ,e)  can be 
be r e  
f u n c t  

Subst 

* *  
P U  

where 

a ted  t o  i t s  c e n t e r l i n e  value p( r ,e  = 0) by  a 
on f ( e )  such t h a t  

p ( r ,e )  = p(r,e = 0 )  f ( e )  ( 2 )  

t u t i o n  i n t o  Eq. (1) g ives ,  upon i n t e g r a t i o n ,  

nR*') = 2nr2 p(r ,e = O)U, f ( e ) s i n  e de r1 
J O  

(3) 
e1 i s  t h e  l i m i t i n q  t u r n i n q  anq le  o f  t h e  

gas. The gas v e l o c i t y  U- i s  removed-from t h e  
i n teg rand  and becomes t h e  l i m i t i n g  gas v e l o c i t y  
U, which i s  independent o f  r and e. 

Simons then d e f i n e s  t h e  plume n o r m a l i z a t i o n  
cons tan t  A, as 

A (4) ( 4 )  

2 



where U, = [y + 1ly - 13 
i s e n t r o p i c  expansion t o  Mach i n f i n i t y .  

U*, based on an 

Hence, t h e  l o c a l  plume d e n s i t y  i s  g iven  b y  

The plume s t r u c t u r e  based on t h i s  f a r  f i e l d  
approx imat ion  i s  i l l u s t r a t e d  i n  F ig .  3. As shown, 
t h e  plume i s  d i v i d e d  i n t o  two, axisymmetr ic 
reg ions :  t h e  r e g i o n  which o r i g i n a t e s  f rom t h e  
i n v i s c i d  c o r e  o f  t h e  nozzle, and t h e  r e g i o n  which 
o r i g i n a t e s  f rom t h e  supersonic boundary l aye r .  
The ang le  eo corresponds t o  t h e  s t reaml ine  a t  
t h e  edge o f  t h e  boundary l aye r .  The boundary 
l a y e r  i s  t r e a t e d  as supersonic i n  t h i s  ana lvs i s .  
( I t  shou ld  be no ted  t h a t  p r e l i m i n a r y  r e s u l t s  w i t h  
a three-dimensional  , Navier-Stokes numerical  s o l  u- 
t i o n  o f  low Reynolds number nozz le  f l o w  have 
i n d i c a t e d  t h a t  a p o r t i o n  o f  t h e  nozz le  may con ta in  
subsonic f l ow .  However, t h e  code i s  n o t  s u f f i -  
c i e n t l y  developed f o r  i n c o r p o r a t i o n  i n t o  t h e  pres- 
e n t  a n a l y s i s  which i s  meant t o  serve  as a s t a r t i n g  
p o i n t  f o r  analyses o f  low t h r u s t ,  e lec t ro the rma l  
t h r u s t e r s .  ) 

t i o n s  o f  f ( e )  are: 
Simons determined t h a t  t h e  approp r ia te  selec- 

and 

where em i s  t h e  va lue  o f  e l  f o r  an i n v i s c i d ,  
supersonic f l ow .  In orde r  t o  d e f i n e  t h e  d e n s i t y  
contours  as g i ven  by Eqs. ( 5 )  t o  ( 7 ) ,  t h e  values 
o f  t h e  plume cons tan t  A, t h e  parameter 6, and 
t h e  ang le  eo must f i r s t  be  ca l cu la ted .  It w i l l  
b e  shown t h a t  e q  ,and 6 a r e  f u n c t i o n s  o f  t h e  
nozz le  e x i t  c o n d i t i o n s  and boundary l a y e r  th ickness. 

The plume n o r m a l i z a t i o n  cons tan t  r e q u i r e s  
f u r t h e r  cons ide ra t i on .  I f  t h e  nozz le  mass f l o w  
were t o  undergo an i n v i s c i d  expansion, t h e  d i s -  
t r i b u t i o n  i n  t h e  plume would f o l l o w  t h e  cos ine  
law as g i v e n  i n  Eq. (6 ) .  Hence, s u b s t i t u t i o n  of 
Eq. ( 6 )  i n t o  Eq. ( 4 )  g i ves  t h e  cons tan t  A i n  
terms of  y and e, as 

where t h e  approx imat ion  s i n  e -(2e,/~) 
s i n ( ~ / 2  e le , )  i s  used t o  s i m p l i f y  t h e  eva lua t i on  
o f  t h e  i n t e g r a l .  T h i s  approx imat ion  i s  v a l i d  
un less  t h e  i n teg rand  becomes n e g l i g i b l y  smal l .  

Next, t h e  ang le  eo and t h e  parameter 
5 a re  es t imated .  Fo l l ow ing  Simons' ana lys i s ,  
t h e  boundary l a y e r  mass f l o w  may be  r e l a t e d  t o  
t h e  mass f l o w  i n  t h e  plume t h a t  i s  d i v e r g i n g  a t  
angles g r e a t e r  than eo t o  y i e l d  

where 6 i s  t h e  boundary l a y e r  th ickness .  I t  i s  
assumed t h a t  t h e  displacement th i ckness  i s  smal l  
i n  comoarison t o  6. The above equa t ion  d i f f e r s  
f rom Simons' b a s i c  equa t ion  o n l y  i n  t h e  r e t e n t i o n  
o f  t h e  62 term. Simons neg lec ted  t h i s  h i g h e r  
o rdered te rm because he was i n v e s t i g a t i n g  r o c k e t  
n o z z l e  f l o w  w i t h  very  smal l  boundary l a y e r s  
(i.e., eo e,). I n  r e s i s t o j e t  plume a n a l y s i s  
t h i s  te rm i s  n o t  n e g l i g i b l e  because, i n  many 
cases, t h e  boundary l a y e r  may make up a cons ider -  
a b l e  p o r t i o n  o f  t h e  nozz le  volume. As a r e s u l t  o f  
t h e  v e l o c i t y  p r o f i l e  i n  t h e  nozz le  boundary l aye r ,  
i t  should be no ted  t h a t ,  i n  t h e  plume boundary 
l a y e r  reg ion ,  t h e r e  i s  more than-one l i m i t i n g  
v e l o c i t y  such t h a t  U becomes U upon i t s  
removal f r o m  t h e  i n t e g r a l .  (ut =,a U, where 
0.5 < a < 1.0 f o r  t h e  supersonic boundary l aye r . )  

I n i t i a l l y ,  t h e  boundary l a y e r  mass f l o w  may 
b e  t r e a t e d  as i n v i s c i d  i n  o rde r  t o  f i n d  t h e  va lue  
f o r  t h e  s t r e a m l i n e  denoted b y  t h e  ang le  
Thus, Eq. ( 6 )  i s  used i n  Eq. (9 )  t o  g i v e  

eo. 

Again, an approx imat ion  f o r  s i n  e 
s i m p l i f y  e v a l u a t i o n  o f  t h e  i n t e g r a l .  
t h e  f o l l o w i n g  express ion  f o r  eo, 

i s  used t o  
T h i s  g i ves  

y - l / v + l  
'm - cos-l/ [(?)- (t) 'I 

The t r u e  s i t u a \ t i o n  i s  t h a t  t h e  boundar i  l a y e r  
mass f l o w  undergoes an i n v i s c i d  expansion w i th  i t s  
i n i t i a l  c o n d i t i o n s  s p e c i f i e d  by  a v iscous p r o f i l e .  
Hence, Eq. ( 7 )  i s  used i n  Eq. (9)  t o  g i v e  

1/2 u, 

+ 6(e0 - e_)  
e ( -  6 s i n  em - cos em) + B s i n  eo + cos e 

- 

1 

The above equa t ion  may be s i m p l i f i e d  somewhat by  

assuming e 
q u a d r a t i c  equat ion  f o r  t h e  parameter 6 ,  

-ee, 
+ 0 ( e  > 1 )  t o  g i v e  a s imp le  

where 

(13 )  

r-1 I Y+l 

3 



I t  shou ld  be no ted  t h a t  Eqs. (10) t o  (12) reduce 
t o  t h a t  o f  Simons upon a p p l i c a t i o n  o f  h i s  s i m p l i -  
f y i n g  assumptions f o r  t h e  case o f  smal l  boundary 
l a y e r  nozz le  f l ow .  

C a l c u l a t i o n s  o f  Nozzle Flow Cond i t i ons  

The e f f e c t s  of t he  displacement th i ckness  
6* i n  reduc ing  t h e  ac tua l  area r a t i o  o f  t h e  
n o z z l e  a re  accounted f o r  i n  t h i s  ana lys i s .  
Reasonable es t imates  o f  t h e  values o f  bo th  t h e  
displacement th ickness  and a l s o  t h e  boundary l a y e r  
th i ckness  may be obtained th rough an a p p l i c a t i o n  
o f  t h e  Cohen-Reshotko method (Ref. 7 ) .  The co r re -  
sponding reduced Mach number a t  t h e  nozz le  e x i t  i s  
t hen  c a l c u l a t e d  from a one-dimensional, i s e n t r o p i c ,  
i d e a l  f l o w  a n a l y s i s  based on (Ae/A*)red. 
l a r l y ,  s tandard  r a t i o s  i n  terms o f  y and M 
a r e  used t o  es t ima te  t h e  gas e x i t  v e l o c i t y  an8 t h e  
s tagna t ion  pressure.  The e x i t  v e l o c i t y  i s  depend- 
e n t  upon gas t y p e  ( y ) ,  s tagna t ion  temperature (To),  
and nozz le  geometry [(Me) and (Ae/A*)red]. 

S i m i -  

U = M [1 + 9 M:] -1/2 [y &To]  +I/ 2 

e e  
(14) 

Also, f o r  any g i ven  mass f l o w  r a t e  5 and stagna- 
t i o n  temperature To, t h e  s tagna t ion  pressure  i s  

P 0 = ($-- ($) (>) (+) (>) (k) ( 1 5 )  
e e o e  

L a s t l y ,  t h e  l i m i t i n g  t u r n i n g  ang le  o f  t h e  f l o w  
e,, i s  de f i ned  as the d i f f e r e n c e  between t h e  maxi- 
mum Prandt l -Meyer angle (Me + -) and t h e  P-M ang le  
f o r  t h e  a c t u a l  Me p l u s  t h e  h a l f  ang le  o f  t h e  
nozzle.  Rather, 

e, = Vmax - v + (16) 

I n  t h i s  s i m p l i f i e d  model, then, t h e  i nc luded  
angles 2eo and Z e ,  encompass t h e  i n v i s c i d  c o r e  
and boundary l a y e r  regions o f  t h e  plume, respec- 
t i v e l y .  
beyond t h e  l i m i t i n g  angle e,. 

There i s  no p r o v i s i o n  f o r  f l o w  go ing  

C a l c u l a t i o n  o f  Plume Number Column Dens i t i es  

The induced environment produced by a r e s i s t o -  
j e t  p r o p u l s i o n  module can be analyzed t o  p r e d i c t  
p o s s i b l e  contaminat ion  which may a f f e c t  Space 
S t a t i o n  s e n s i t i v e  surfaces and a t tached payload 
o p t i c a l  exper iments.  The parameters assoc ia ted  
w i t h  q u a n t i f y i n g  the  induced environment inc lude:  
(1) number column dens i t y  (NCD) - t h e  molecu la r  
number d e n s i t y  i n teg ra ted  a long a g i v e n  l ine-o f -  
s i g h t ;  ( 2 )  back f low - f l o w  t u r n i n g  th rough anqles 
g r e a t e r  t han  90' f r o m  t h e  nozz le  c e n t e r l i n e ;  ( 3 )  
r e t u r n  f l u x  - contaminant molecules imp ing ing  on 
a su r face  due t o  i n te rmo lecu la r  c o l l i s i o n s  w i t h  
ambient molecules; and (4) p a r t i c l e  emission. I n  
o rde r  t o  eva lua te  the impact o f  these parameters, 
t h e  exhaust plume dens i t y  f i e l d  must f i r s t  be 
de f ined.  
column d e n s i t y  assessment f o r  a Space S t a t i o n  
r e s i s t o j e t .  
impact o f  r e s i s t o j e t s  on S t a t i o n  sc ience and tech- 
no logy  a c t i v i t i e s  can be found i n  Ref.  8. 

T h i s  r e p o r t  p resents  o n l y  a number 

A more complete assessment o f  t h e  

Number column d e n s i t y  (CCD) i s  t h e  number o f  
molecules p e r  u n i t  area seen by  an observer  a long 
a s p e c i f i e d  v iewing  d i r e c t i o n ,  o r  l i n e - o f - s i g h t  
(LOS). Column d e n s i t i e s  can be determined ana ly t -  
i c a l l y  b y  i n t e g r a t i n g  t h e  plume number d e n s i t y  
a long a LOS f rom t h e  observer l o c a t i o n  t o  i n f i n i t y .  
A r e a l i s t i c  ope ra t i ona l  scenar io  i s  i l l u s t r a t e d  i n  
F ig .  4. 
a t e s )  i s  l o c a t e d  a t  t h e  cen te r  o f  t h e  upper boom 
o f  t h e  dua l  k e e l  re fe rence  c o n f i g u r a t i o n  a t  a 
p o i n t  50 m above t h e  t ransve rse  boom. 
t o j e t  source i s  l oca ted  a t  t h e  end o f  a t r u s s ,  
pe rpend icu la r  t o  and 35 m away from, t h e  t rans -  
verse boom. 
i n  t h e  same s p a t i a l  plane; consequent ly,  t h i s  
represents  a wors t  case s i t u a t i o n .  

The r e s i s t o j e t  t h r u s t e r  i s  assumed t o  opera te  
under t y p i c a l  cond i t i ons ,  e.g., u s i n g  S t a t i o n  
waste f l u i d s / g a s e s  as p r o p e l l e n t .  The Space 
S h u t t l e ' s  f u e l  c e l l s  produce waste water  which can 
be scavenged and used on t h e  S t a t i o n  f o r  p ropu l -  
s ion .  Therefore,  column d e n s i t y  c a l c u l a t i o n s  f o r  
a r e s i s t o j e t  us ing  steam as t h e  p r o p e l l a n t  under 
bo th  h o t  (1000 "C) and c o l d  (300 "C) f l o w  cond i -  
t i o n s  a r e  of i n t e r e s t  and w i l l  be presented. 
Also, t h e  Environmental  C o n t r o l / L i f e  Support  
System (ECLSS), M a t e r i a l  Technology Labs (MTL), 
and Attached Payloads (AP) a re  sources o f  waste 
gases which w i l l  be c o l l e c t e d  by  a Space S t a t i o n  
Waste F l u i d  Management System and a re  a v a i l a b l e  
f o r  use by t h e  r e s i s t o j e t  p r o p u l s i o n  module as a 
m i x t u r e  o f  gases. An assessment o f  t h e  column 
d e n s i t i e s  produced by a t y p i c a l  m i x t u r e  o f  hel ium, 
hydrogen, n i t rogen ,  and argon w i l l  a l s o  be given. 

The observer ( f rom which t h e  LOS o r i g i n -  

The r e s i s -  

The observer and t h e  r e s i s t o j e t  a r e  

Apparatus 

Ins t rumen ta t i on  

Q u a r t z  C r y s t a l  Microbalances (QCMs) have been 
used i n  s i m i l a r  i n v e s t i g a  1 s as a means o f  map- 
p i n g  exhaust f l o w  fi,elds.k19r4 B a s i c a l l y ,  t h e  QCM 
used i n  t h i s  s tudy  c o n s i s t s  o f  a matched p a i r  o f  
p r e c i s i o n  15  MHz quar t z  c r y s t a l s .  The o p t i c a l l y  
p o l i s h e d  c r y s t a l s  a re  c r y o g e n i c a l l y  coo led  t o  tem- 
pe ra tu res  s u f f i c i e n t  t o  c o l l e c t  mass on one o f  t h e  
c r y s t a l s  (sensor c r y s t a l ) .  
serves as a re fe rence.  The QCM t r a n s l a t e s  a 
change i n  t h e  beat  f requency between t h e  two c rys -  
t a l s  t o  mas load ing .  S e n s i t i v i t y  o f  t h e  dev i ce  

QCM a r e  g i ven  i n  Table 1 w h i l e  a close-up o f  t h e  
dev i ce  i s  shown i n  F ig .  5. 

The q u a r t z  c r y s t a l s  a re  seated i n s i d e  a go ld -  
p la ted ,  copper hea t  s i n k  as shown i n  t h e  photo. 
Only t h e  sensor c r y s t a l  i s  exposed t o  mass f l o w .  
The QCM heat  s i n k  i s  coo led  t o  -196 " C  ( 7 7  K )  w i t h  
a cont inuous  f l o w  o f  l i q u i d  n i t r o g e n  (LN2) th rough 
t h e  aluminum mount ing bracket .  A thermal b reak  
made o f  laminated  p l a s t i c  (G-10, n o t  shown i n  t h e  
f i g u r e )  p r o t e c t s  t h e  e l e c t r o n i c s  hous ing  o f  t h e  
QCM f rom t h e  extreme tempera ture  of t h e  heat  s ink .  
The c r y s t a l s  may be s e t  t o  a des i red  tempera ture  
w i t h  a c o n t r o l  u n i t .  The a v a i l a b l e  s e t  tempera- 
t u r e s  range f rom near hea t  s i n k  l e v e l  (as  c o l d  as 
p o s s i b l e )  t o  a temperature 80' above t h a t  o f  t h e  
heat  s ink  ( u s i n g  t h e  QCM i n t e r n a l  heater ) .  
o u t p u t  o f  t h e  QCM i s  sen t  t o  a f requency  counter .  

The o t h e r  c r y s t a l  

i s  1 .56~10-  3 g/cm2 Hz. P e r t i n e n t  d e t a i l s  o f  t h e  

The 
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Resistojet Thruster 

Also shown in Fig. 5 is the laboratory 
resistojet used in this study. The main body of 
the resistojet is made of InconelO while the 
internal heating element is grain-stabilized plat- 
inum. 
mately 150 W of power to the heater, the mass 
flux measurement experiments described here-in 
consist solely of cold flow thruster operation. 
Carbon dioxide was chosen as the propellant 
because of its potential usage for Space Station 
propulsion and because the gas can condense at 
the LN temperatures. The mass flow rate was 
0.20 gfsec at 298 K .  This corresponds to a thrust 
level of 0.12 N (28 mlbf). Further information 
on the thruster characteristics and operating 
conditions can be found in the first portion of 
Table 2. 

Figure 5 also points out an obvious diffi- 

Although it is possible to supply approxi- 

culty with the use o f  intrusive probe techniques 
for local, near field measurements of the resisto- 
jet exhaust. 
nozzle geometry precludes the use of many probe 
types in the vicinity of the thruster exit. The 
QCM and mounting bracket did cause a disturbance 
to the exhaust flow at some measurement locations; 
however, because the heat sink and bracket sur- 
faces were maintained at the saturation tempera- 
ture of LN , it can be assumed that the greater 
portion of $02 mass flux hitting the surfaces con- 
densed on them, thereby reducing the disturbance. 

Quite often, the extremely small 

Test Facility and Experimental Set-Up 

The mass flux measurements were conducted i n  
the 4.6 m (15 ft) diameter vacuum facility at NASA 
Lewis. The vacuum tank has a 4.2 m inner working 
diameter and is 19 m long. 
for its size and pumping capacity. It is equipped 
with a pumping train consisting of 20 oil diffu- 
sion pumps, backed by four rotary blowers and four 
rotary piston vacuum pumps. The tank is also 
equipped with a LNpcooled condensor which lines 
the major portion of the inner tank wall for added 
pumping capability. 
the specified earlier, the tank maint ined a back- 

The cryogenically cooled QCM and the resisto- 

The tank was chosen 

For the resistojet mass flow 
ground pressure of 2.7~10-~ Pa (2x10- 8 torr). 

jet were mounted on radial pGsitioning arms as 
shown in Fig. 6. 
at the end of pushlpull rods that extended the 
assembly into the main tank area through a 0.9 m 
(36 in.) diameter port entrance as shown in the 
figure. 
two axial positioning rods on a moveable test 
cart. The arms could rotate radially through a 
90' arc (+45' with respect true vertical); simi- 
larly, the pushlpull rods could be positioned 
axially to permit a mass flux mapping of one 
quadrant of the assumed axisymnetric exhaust. 
Electronic inclinometers attached at the end of 
the push/pull rods were used to mark the location 
of the arms with respect to the true vertical 
position. Because the tank LN2 baffles were in 
use during the experiments, the sensitive elec- 
tronics of the QCM and inclinometers were kept 
operational by wrapping them with resistive heat- 
ing tape. 

The two arms were rigidly attache 

A retractable aluminum tray supported the 

Procedure 

Prior to each mass flux experiment, the posi- 
tions of the QCM and the thruster were calibrated 
for the region of exhaust to be surveyed. Addi- 
tionally, cooldown of the large vacuum tank 
baffles was initiated at least 15 hr before each 
test. The temperatures of several critical baffle 
locations were monitered throughout the duration 
of the test period to ensure a near-equilibrium 
tank background condition. 

The experimental assembly was installed in 
the 0.9 m diameter belljar entrance to the tank. 
The QCM sensor was internally heated to +90 'C for 
a period of about 20 min to clean the sensor 
crystal of possible contaminants. Once this was 
completed, the axial positioning rods holding the 
QCM and thruster were carefully extended into the 
main tank area and cooldown of the QCM was begun. 
This cooldown generally took 1 to 1-1/2 hr. 
QCM heat sink was cooled to -196 'C and then main- 
tained at this temperature with a continuous flow 
of LN2 through the aluminum mounting bracket. A 
150 liter (40 gal) dewar supplied the LN2 at 140 
to 310 KPa (20 to 45 psia). The QCM sensor was 
set to a desired temperature with the control unit. 
Once the sensor and the heat sink had stablized at 
desired temperatures, background mass flux data 
(e.g., no thruster flow) were taken for a period 
of 30 min or longer. Typically, the background 
mass flux decreased slightly during the tesb. 
period so it was rechecked periodically. 
ground mass flux was usually 2 to 3 percent of the 
centerline flux during thruster operation. 

The 

Tht? back- 

Back flux Measurements 

Back flux measurements were conducted to find 
the percentage of mass flow turning through angles 
greater than 90' from the thruster centerline and 
also the limiting turning angle. 
arrangement for the QCM on its positioning arm did 
not permit in-situ rotation of the QCM sensor into 
the flow streamlines. However, it was possible to 
orient the QCM in three different positions: 
with the plane of the QCM sensor crystal perpendic- 
ular t o  the thruster centerline; ( 2 )  with the sen- 
sor crystal plane at 135' frGm the thruzter center- 
line; and (3) with the sensor plane 180 to the 
thruster exit plane to determine back-scatter 
effects. 

d temperature control was set so that the sensor 
reached its lowest possible temperature 
(-189.6 'C) to ensure condensation of the C9. 
Deposition rates were measured with the QCM 
oriented in all three of the above-mentioned 
positions. 

The mounting 

(1) 

For the back flux measurements, the QCM 

Forward Flux Measurements 

The QCM used in this study had a limited 
dynamic loading capability. 
rapid changes in the flow pattern would cause the 
sensor to be overloaded. 
erally be characterized by an exponential rise in 
the frequency output to approximately 8 to 10 kHz 
where the signal disappeared. The limitations of 
the QCM dynamic response and also the physcial 
limitations imposed by the measurement apparatus 
precluded the measurement of CO2 deposition rates 
in the forward flux region. However, the GO2 
propellant did contain a small percentage of water 

High flux rates or 

This overload would gen- 
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(220 p a r t s  pe r  m i l l i o n  as measured by  t h e  dew 
p o i n t  method). I n  o rder  t o  g e t  some es t ima te  o f  
t h e  fo rward  f l u x  dens i t y  d i s t r i b u t i o n ,  t h e  H20 
was used as a t race r .  I nhe ren t  t o  t h i s  measure- 
ment techn ique a re  the  assumptions t h a t :  
concen t ra t i on  o f  H20 was un i fo rm th roughout  t h e  
p r o p e l l a n t ;  H 0 (and o n l y  H20) condensed on t h e  
sensor c rys ta? ;  and t h e  water  molecules expanded 
i n  d i r e c t  correspondence t o  t h e  C02, a t  l e a s t  i n  
t h e  near  cont inuum reg ion  o f  t h e  measurements. 

so t h a t  i t  would condense t h e  H20 mass f l u x  b u t  
n o t  t h e  CO2. The qCM c o n t r o l  u n i t  was ab le  t o  
m a i n t a i n  t h i s  temperature t o  w i t h i n  +0.1 'C f o r  
most measurement loca t ions .  Mass f l u x  surveys 
were taken w i t h  the  water t r a c e r  method a t  a x i a l  
s t a t i o n s  o f  36.4 and 58.8 cm downstream o f  t h e  
t h r u s t e r .  The QCM sensor c r y s t a l  was o r i e n t e d  
p a r a l l e l  t o  and fac ing  t h e  nozz le  e x i t  p lane. 

The usua l  t e s t  procedure i n v o l v e d  moving t h e  
QCM and t h r u s t e r  t o  i n i t i a l  measurement l o c a t i o n s  
( u s u a l l y  a t  a r a d i a l  d i s tance  o f  a t  l e a s t  50 cm 
f rom one another ) ,  e s t a b l i s h i n g  a background mass 
f l u x  r a t e  on t h e  sensor, and then beg inn ing  pro- 
p e l l a n t  f l o w  through t h e  t h r u s t e r .  
t aken  a t  1 min t i m e  i n t e r v a l s ,  r e c o r d i n g  t h e  OCM 
bea t  f requency  output,  t h e  hea t  s i n k  and sensor 
temperatures,  as w e l l  as t h e  temperatures o f  a l l  
s e n s i t i v e  e lec t ron i cs .  Genera l l y ,  t h e  QCM da ta  
were taken f o r  a per iod  o f  a t  l e a s t  5 t o  10 min 
a t  any one l o c a t i o n  be fore  moving t o  a new one. 
Because o f  t h e  l i m i t e d  dynamic l o a d i n g  c a p a b i l i t y  
o f  t h e  QCM, i t  was eas ie r  t o  move t h e  t h r u s t e r  
w i t h  respec t  t o  t h e  QCM r a t h e r  than v i c e  versa so 
t h i s  was done where poss ib le .  Nonetheless, i t  
u s u a l l y  took  several  minutes t o  r e - e s t a b l i s h  a 
s t a b l e  f requency  output whenever t h e  QCM was sub- 
j e c t e d  t o  any change i n  t h e  f l o w  pa t te rn .  

I n t e r o r e t a t i o n  o f  Resul ts 

t h e  

The QCM sensor temperature was s e t  a t  -175 'C 

Data were 

The QCM bea t  frequency ou tpu t ,  when mon i to red  
i r e c t l y  conver ted  over  a p e r i o d  o f  time, c o u l d  be 

t o  conver t  t h e  measured mass f l u x  t o  a CO2 number 
dens i t y ,  t h e  values o f  two impor tan t  parameters 
must be obtained. The f i r s t  parameter i s  t h e  gas 
v e l o c i t y  a t  t h e  l o c a t i o n  o f  i n t e r e s t .  Me u r e  

have shown t h a t  t h e  gas v e l o c i t y  e x p o n e n t i a l l y  
decreases away f rom the  t h r u s t e r  c e n t e r l i n e  t o  a 
value which i s  one h a l f  o f  t h e  e x i t  v e l o c i t y  a t  
t h e  l i m i t i n g  t u r n i n g  angle e,. A s i m i l i a r  r e l a -  
t i o n s h i p  f o r  t h e  CO;, v e l o c i t y  may be obtained, as 

t o  a mass f l u x  measurement (cj/cm 9 sec).  I n  o r d e r  

ments o f  a s imu la ted  r o c k e t  exhaust plume PS 
- 

U ( e )  = U, exp (-0.0077 e )  (17)  

where U i s  t h e  gas e x i t  v e l o c i t y  determined 
b y  Eq. (74)  and t h e  angle e i s  i n  degrees. 

The second parameter i s  t h e  Capture C o e f f i -  
c i e n t ,  C. It i s  def ined as t h e  f r a c t i o n  o f  p a r t -  
i c l e s  imp ing ing  on a sur face  whi@ a re  t rapped by  
t h e  su r face  a f t e r  the c o l l i s i o n .  Measurements 
o f  t h e  Capture C o e f f i c i e n t s  o f  gases on c ryogen ic  
su r faces  have bee m e s p e c i f i c a l l y  f o r  cryopump- 
i n g  app l i ca t i ons .  p6-p' Here, t h e  p r imary  concern 
i s  w i t h  a random f l u x  depos i t i on  which i s  depend- 
e n t  upon an average gas temperature;  hence, t h e  
cap tu re  c o e f f i c i e n t  was assumed t o  be i n  pendent 
o f  t h e  r a t e  o f  incidence on t h e  sur face . j?  The 
measured values o f  C f o r  bo th  carbon d i o x i d e  

and water  as a f u n c t i o n  of gas temperature may be  
found i n  Tab le  3. 
depos i t i on ,  as i n  t h e  present  case, i t  seems 
l i k e l y  t h a t  n o t  o n l y  w i l l  some o f  t h e  i n c i d e n t  
p a r t i c l e s  r e f l e c t  o f f  t h e  su r face  a f t e r  t h e  c o l -  
l i s i o n ,  b u t  a l s o  some o f  t h e  p a r t i c l e s  a l ready  
t rapped by  t h e  sur face  may be desorbed by  t h e  
a c t i o n  of impingement. S p e c i f i c  exper iments t o  
de termine t h e  e x t e n t  o f  t h i s  e f f e c t  can be  per -  
formed; however, due t o  t h e  p r e l i m i n a r y  n a t u r e  o f  
t h e  mass f l u x  d a t a  presented here, t h e  measured 
values of  C a t  300 K found i n  Tab le  3 w i l l  be 
used i n  t h e  da ta  reduc t i on .  

I n  t h e  case of d i r e c t e d  f l u x  

Resu l t s  and D iscuss ion  

T h i s  s e c t i o n  presents  r e s u l t s  o f  t h e  ana ly t -  
i c a l  and exper imenta l  i n v e s t i g a t i o n  o f  t h e  r e s i s t o -  
j e t  plume. 
developed e a r l i e r  a re  app l i ed  t o  a l a b o r a t o r y  
r e s i s t o j e t  u s i n g  unheated Co;! as t h e  p r o p e l l a n t .  
Mass f l u x  d a t a  taken w i t h  a c r y o g e n i c a l l y  coo led  
q u a r t z  c r y s t a l  m ic roba lance a re  conver ted  t o  
number d e n s i t y  p r o f i l e s  f o r  comparison. The upper 
p o r t i o n  o f  Table 2 l i s t s  t h e  major c h a r a c t e r i s t i c s  
and o p e r a t i n g  c o n d i t i o n s  of t h e  l a b o r a t o r y  r e s i s t o -  
j e t  f o r  bo th  a n a l y s i s  and exper iment.  T h i s  sec- 
t i o n  a l s o  presents  es t imates  o f  t h e  l e v e l  o f  
environmental  con taminat ion  caused by  a Space 
S t a t i o n  r e s i s t o j e t  d u r i n g  p r o p u l s i o n  opera t ions .  
Tab le  4 l i s t s  t h e  major c h a r a c t e r i s t i c s  and oper- 
a t i n g  c o n d i t i o n s  o f  t h e  Space S t a t i o n  r e s i s t o j e t  
us ing  H20 p r o p e l l a n t  and a l s o  a benign m i x t u r e  
as t h e  p r o p e l l a n t .  Comparisons a re  made between 
p r e d i c t e d  number column d e n s i t y  l e v e l s  and 
proposed qu iescent  requirements.  

F i r s t ,  t h e  source f l o w  equat ions  

C a l c u l a t i o n s  o f  t h e  Labora to ry  R e s i s t o j e t  Exhaust 
Flow F i e l d  

Ca lcu la ted  nozz le  e x i t  c o n d i t i o n s  and plume 
p r o p e r t i e s  o f  t h e  l a b o r a t o r y  t h r u s t e r  a re  g i ven  i n  
t h e  lower  p o r t i o n  o f  Table 2. Fo r  t h e  f l o w  cond i -  
t i o n s  spec i f i ed ,  t h e  c a l c u l a t e d  boundary l a y e r  
comprises over  40 percent  o f  t h e  c ross-sec t iona l  
area a t  t h e  nozz le  e x i t .  The c a l c u l a t e d  e x i t  
v e l o c i t y  i s  634 mlsec. I t  should be mentioned 
t h a t  t h i s  value compares w e l l  w i t h  a measured 
va lue  o f  627 mlsec, based on t h r u s t  measurements 
o f  t h i  same t h r u s t e r  under s i m i l a r  f l o w  cond i -  
t ions.? '  The r e s u l t a n t  exhaust f l o w  f i e l d  i s  
shown i n  F ig .  7. 
o f  cons tan t  CO;, number d e n s i t y  emanating f rom 
t h e  r e s i s t o j e t  source. The dashed l i n e s  i n  t h e  
f i g u r e  denote t h e o c a l c u l a t e d  angles eo and 
e, a t  28' and 90 , r e s p e c t i v e l y .  The sharp f a l l -  
o f f  i n  number d e n s i t y  away f rom t h e  t h r u s t e r  
cen ter1  i n e  demonstrates t h e  r e l a t i v e l y  ben ign  
n a t u r e  o f  r e s i s t o j e t  ope ra t i on  i n  t h a t  i t s  g rea t -  
e s t  impact w i l l  be i n  a very  con f ined  r e g i o n  o f  
space d i r e c t l y  downstream of t h e  t h r u s t e r .  
f l o w  c a l c u l a t i o n s  based on these d e n s i t y  con tou rs  
i n d i c a t e  t h a t  t h e  i n v i s c i d  co re  r e g i o n  o f  t h e  
plume comprises 60 pe rcen t  o f  t h e  t o t a l  mass f l o w  
w h i l e  75 pe rcen t  o f  t h e  f l o t  i s  w i t h i n  a symmet- 
r i c a l  cone o f  h a l f  ang le  35 and 96 pe rcen t  o f  
t h e  f l o w  i s  conta ined w i t h i n  60'. 

P l o t t e d  i n  t h e  f i g u r e  a r e  l i n e s  

Mass 

Comparison w i t h  P r e l i m i n a r y  Mass F l u x  Measurements 

F i g u r e  8 p resen ts  a close-up o f  t h e  above 
c a l c u l a t e d  f l o w  f i e l d  a long w i t h  exper imenta l  mass 
f l u x  d a t a  taken  w i th  t h e  QCM. 
t h e  c r y s t a l s  was s e t  as c o l d  as p o s s i b l e  so t h a t  

The tempera ture  o f  
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COP d e p o s i t i o n  r a t e s  were measured. 
i n  t h e  f i g u r e  mark t h e  l o c a t i o n  o f  t h e  QCM and the  
f l a t  p o r t i o n  o f  each symbol denotes t h e  o r i e n t a t i o n  
o f  t h e  sensor c r y s t a l  w i t h  respec t  t o  t h e  t h r u s t e r  
e x i t .  The dashed l i n e  i n  F ig .  8 i n d i c a t e s  t h e  
zone where measurements cou ld  be  obtained. 

number d e n s i t y  i n  t h e  vacuum tank  (e.g., no 
t h r u s t e r  f l o w )  i s  c r i t i c a l  t o  t h e  back f l u x  meas- 
urements. 
r e f l e c t e d  i t s  p rev ious  exper ience, i t  was neces- 
sa ry  t o  t a k e  background da ta  imned ia te l y  p r i o r  t o  
each da ta  se t .  Fo r  t h e  d a t a  d i sp layed  i n  F ig .  8, 
t h e  measured backgrou mass f l u x  r e was cons is t -  
e n t l y  between 0.8x10-'' and l . l ~ l O - ~ '  g/cm2 sec. 
T h i s  rep resen ts  an qverage C@ ba kground number 

t h a t  t h e  background measurements r e f l e c t  a t r u e  
c o n d i t i o n  o f  t h e  vacuum environment (and n o t  an 
i n h e r e n t  d r i f t  i n  t h e  QCM f requency  o u t p u t )  
because: (1) t h e  vacuum tank  c o n d i t i o n  was in, 
t o  t h e  e x t e n t  f e a s i b i l e ,  a nea r -equ i l i b r i um con- 
d i t i o n ;  ( 2 )  bo th  t h e  QCM sensor and hea t  s i n k  were 
t h e r m a l l y  s tab le ;  (3 )  t h e  QCM bea t  f requency  
inc reased a t  a cons tan t  r a t e  over  a l o n q  p e r i o d  o f  
t ime; and (4 )  changes i n  t h e  QCM ou tpu t  always 
r e f l e c t e d  n o t i c e a b l e  changes i n  t h e  tank  env i ron-  
ment (e.g., change i n  b a f f l e  temperature,  e tc . )  

The back f l u x  measurements w i t h  C02 c o l l e c -  
t i o n  y i e l d e d  r e s u l t s  as summarized i n  Table 5. 
W i th  t h e  p lane  o f  t h e  QCM sensor f a c i n g  perpendi-  
c u l a r  t o  t h e  t h r u s t e r  c e n t e r l i n e  (Tes t  Number 29 
da ta) ,  no s i g n i f i c a n t  i nc rease  i n  t h e  d e p o s i t i o n  
r a t e  above t h e  background occur red  when f l o w  was 
in t roduced  th rough t h e  t h r u s t e r .  Fo r  a l l  b u t  one 
o f  t h e  measurement l oca t i ons ,  no p o r t i o n  o f  t h e  
sensor c r y s t a l  area was i n  d i r e c t  l i n e  o f  s i g h t  
o f  t h e  edge o f  t h e  nozz le  l i p .  Conversely, when 
t h e  QCM sensor was o f f - s e t  45' f rom t h e  t h r u s t e r  
e x i t  p lane  (Tes t  Number 34 da ta) ,  t h e  QCM dynamic 
response was exceeded a t  l o c a t i o n s  corresponding 
t o  angles o f  87', 93'., and 97' as measured f rom 
t h e  t h r u s t e r  c e n t e r l i n e .  Howeyr ,  a t  a p o s i t i o n  
cor respond ing  t o  an ang le  o f  99 , t h e  mass f l u x  
r a t e  decreased sha rp l y  t o  a measureable l e v e l  
which bas  j u s t  s l i g h t l y  above t h e  background. 
shou ld  be  no ted  t h a t ,  a t  t h i s  measurement loca t ion ,  
54 pe rcen t  o f  t h e  c r y s t a l  area i s  s t i l l  w i t h i n  
d i r e c t  l i n e  o f  s i g h t  o f  t h e  edge o f  t h e  nozz le  l i p .  
These CO c o l l e c t i o n  da ta  seem t o  i n d i c a t e  t h a t  the  
f l ow  i s  f r a v e l l i n g  a long a s t r a i g h t  pa th  (i.e., 
f r e e  mo lecu la r  f l o w ) .  Fur ther ,  and perhaps more 
impor tan t l y ,  t h e  sharp decrease i n  d e n s i t y  between 
97 and 99 suggests a d e f i n i t e  boundary t o  t h e  
g r e a t e s t  p o r t i o n  o f  t h e  mass f l u x  (>99 percent ) ,  
b u t  one wh ich  i s  beyond t h e  c a l c u l a t e d  l i m i t i n g  
angle, e, = 90'. T h i s  d isc repancy  can be accounted 
f o r ,  i n  p a r t ,  by  an ac tua l  d isplacement th ickness  
l a r g e r  t h a n  t h a t  used i n  t h e  ana lys i s .  Fur ther ,  
numer ica l  c a l c u l a t i o n s  us ing  D i r e c t  S imu la t i on  
Monte C a r l o  (DSMC) techn iques  have determined t h a t  
f l ow  i n  t h e  f r e e  molecu la r  r e g i o n  o f  t h e  exhaust 
i s  dependent upon t h e  f l o w  ang le  a t  t h  n z l e  

d e t a i l e d  numerical  t rea tment  o f  t h e  plume, such 
as a combina t ion  of t h e  Method o f  C h a r a c t e r i s t i c s  
and t h e  DSMC methods, i s  necessary t o  accu ra te l y  
model and assess t h e  back f l u x .  

r a t e s  i n  t h e  fo rward  f l u x  r e g i o n  o f  t h e  exhaust 
(Tes t  No. 30). 

The symbols 

An accura te  measurement o f  t h e  background CO2 

Because t h e  vacuum f a c i l i t y  environment 

d e n s i t y  o f  (6+1)x10 moleculeslcm 5 . I t  i s  f e l t  

I t  

l i p  and a l s o  spec ies  molecu la r  weight.  !!o-?T! A 

An a t tempt  was made t o  measure C02 depos i t i on  

The QCM was l o c a t e d  a t  a p o s i t i o n  

36.3 cm downstream o f  t h e  t h r u s t e r  e x i t  a t  a 
r a d i a l  d i s t a n c e  o f  50.0 cm. The sensor c r y s t a l  
was p a r a l l e l  t o  and f a c i n g  t h e  t h r u s t e r .  Because 
o f  t h e  ex t reme ly  h i g h  f l u x  ra tes ,  t h e  dynamic 
response o f  t h e  QCM was exceeded a t  t h i s  l o c a t i o n .  
Consequently, o n l y  an es t ima te  o f  t h e  minimum 
value o f  t h e  a c t u a l  Co;( nu  e r  d e n s i t y  ca  be  
made. The value, p 2 2xlOTs molecules/cmg, can 
n e i t h e r  suppor t  n o r  r e f u t e  t h e  c a l c u l a t e d  f l o w  
f i e l d  d i s t r i b u t i o n  i n  t h e  fo rward  f l u x  reg ion .  

Mass F l u x  Measurements Us ing  H7O as a Tracer  

I n  t h e  fo rward  f l u x  r e g i o n  o f  t h e  r e s i s t o j e t  
exhaust, mass f l u x  d a t a  were taken us ing  H20 as 
a t r a c e r  o f  t h e  C02 p r o p e l l a n t .  The measurements 
were made a long  t h e  r a d i i  a t  two s p e c i f i c  a x i a l  
s t a t i o n s  downstream o f  t h e  t h r u s t e r ,  a t  x = 36.4 
and 58.8 cm. The C@ mass f l u x  p r o f i l e s  a t  t h e  
two s t a t i o n s  a r e  presented  i n  F igs .  9 ( a )  and (b ) .  
The da ta  a re  p l o t t e d  as a f u n c t i o n  o f  ang le  o f f  
c e n t e r l i n e .  Comparisons o f  t h e  exper imenta l  da ta  
w i t h  c a l c u l a t e d  d e n s i t y  p r o f i l e s  a r e  shown i n  
F igs .  l O ( a )  and (b ) .  The d a t a  p o i n t s  a r e  curve- 
f i t  t o  t h e  c a l c u l a t e d  p r o f i l e  a t  a midrange 
measurement l o c a t i o n  ( e  = 27.5') i n  F ig .  lO (a ) .  
The same c o r r e c t i o n  f a c t o r  i s  used i n  F ig .  10 (b ) .  
The QCM data, based on a concen t ra t i on  o f  water  a t  
220 p a r t s  pe r  m i l l i o n  i n  t h e  CO2, were a c t u a l l y  
lower than t h e  p r e d i c t e d  values b y  a f a c t o r  o f  
3.5. T h i s  d isc repancy  cou ld  be t h e  r e s u l t  o f  a 
sys temat ic  e r r o r  i n  e i t h e r  t h e  exper imenta l  tech- 
n ique  o r  t h e  ana lys i s .  However, t h e  f a c t  t h a t  t h e  
theo ry  and d a t a  a re  in good agreement i n  terms of 
an o v e r a l l  shape f u n c t i o n  o f  t h e  d e n s i t y  p r o f i l e  
g i ves  some conf idence t o  bo th  t h e  exper imenta l  
and a n a l y t i c a l  techniques. C, complete summary o f  
t h e  fo rward  f l u x  QCM da ta  i s  g i ven  i n  Table 6. 

Number Column Dens i t y  Assessment o f  a Space Sta- 
t i o n  R e s i s t o j e t  

t i o n  o f  l i n e - o f - s i g h t  ang le  f o r  t h e  Space S t a t i o n  
scenar io  descr ibed p r e v i o u s l y  a r e  presented i n  
F igs .  11 and 12. The observer z e n i t h  (F ig .  4 )  i s  
l oca ted  a t  an ang le  o f  0' w h i l e  t h e  r e s i s t o j e t  
source i s  a t  145 . Also  shown i n  t h e  f i g u r e s  a r e  
t h e  proposed number column d e n s i t y  requirements 
which must n o t  be exceeded f o r  a l l  l i nes -o f - s igh t .  
( I t  should be  no ted  t h a t  t h e r e  a r e  no NCD r e q u i r e -  
ments d u r i n g  nonquiescent per iods .  ) 

Ca lcu la ted  Number Column D e n s i t i e s  as a func- 

The column d e n s i t y  requ i rements  o r  i n f r a r e d  
a c t i v e  molec l es ,  such as H20, i s  10 If 
moleculeslcml!. The NCDs f o r  a r e s i s t o j e t  u s i n g  
H20 p r o p e l l a n t  remain r e l a t i v e l y  low i n  com- 
pa r i son  w i t h  t h e  requ i rement  u n t i l  t h e  observer 
begins t o  l o o k  a f t .  
NCDs r i s e  s t e a d i l y  u n t i l  t h e y  exceed t h e  proposed 
l i m i t  a t  about 45 a f t  o f  zen i th ,  and then beg in  
an exponent ia l  r i s e  toward i n f i n i t y  f o r  t h e  LOS 
i n t e r s e c t i n g  t h e  r e s i s t o j e t  source. A l though n o t  
shown i n  t h e  f i g u r e ,  t h e  NCDs w i l l  d rop  r a p i d l y  
once pas t  t h e  source t o  a r e l a t i v e l y  low l e v e l .  
I t  should be  mentioned t h a t  l i n e s  o f  s i g h t  g r e a t e r  
than 90' a r e  presumed t o  be seldom used v iewing  
d i r e c t i o n s  f o r  s e n s i t i v e  o p t i c a l  ins t ruments  
l oca ted  on t h e  as t ronomica l  p l a t f o r m  because t h e  
ins t ruments  w i l l  "see" a g r e a t e r  NCD due t o  t h e  
n a t u r a l  atmosphere than  t h a t  imposed b y  t h e  
t h r u s t e r .  Fu r the r ,  l i n e - o f - s i g h t  angles which 
pass near t h e  Space S t a t i o n  s t r u c t u r e  w i l l  t e n d  
t o  be avoided by  s e n s i t i v e  o p t i c a l  instruments.  

As shown i n  F ig .  11, t h e  
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Nonetheless, t h e  obvious d i s p a r i t y  between ca lcu-  
l a t e d  NCD values and t h e  proposed l i m i t s  i n d i c a t e s  
t h a t  a r e s i s t o j e t  should n o t  use H20 p r o p e l l a n t  
d u r i n g  qu iescent  per iods i f  observa t ions  a re  t o  b e  
made a long LOS angles between 15 and 150'. It 
shou ld  be mentioned here t h a t  t h e  s o l i d  ang le  sub- 
tended by  t h i s  r e s t r i c t e d  v i f w i n q  r e g i o n  rep resen ts  
o n l y  20 percent  of the t o t a l  471 s t e r a d i a n  v iewinq  
space. 

ben ign  gas m i x t u r e  (Fig.  12),  t h e  NCD curve  shows 
t h e  same genera l  shape f u n c t i o n  w i t h  LOS ang le  as 
t h e  H20 r e s i s t o j e t .  But, s i n c e  none o f  t h e  molec- 
u l e s  i n  t h e  gas mix tu re  a re  i n f r a r e d  ac t i ve ,  t h e  
l i m i t s  f o r  m l ecu les  o f  t h i s  t y p e  a re  l e s s  s t r i n -  
gent ,  a t  lo1? mo lecu les l cd .  The f i g u r e  presents  
NCD curves f o r  t h ree  s p e c i f i c  o p e r a t i o n a l  t h r u s t  
l e v e l s .  For  a t h r u s t  l e v e l  o f  0.4 N (100 mlb f ) ,  
t h e  qu iescent  requirements on NCD a re  n o t  exceeded 
u n t i l  t h e  observer views a long LOS angles which 
pass near, o r  look  into,  t h e  r e s i s t o j e t  source. 

For  t h e  case of a r e s i s t o j e t  o p e r a t i n g  on a 

Concluding Remarks 

The r e s i s t o j e t  t h r u s t e r  i s  c u r r e n t l y  base- 
l i n e d  f o r  Space Sta t ion  a u x i l i a r y  p r o p u l s i o n  needs. 
D e f i n i t i o n  o f  t h e  r e s i s t o j e t  f l o w  f i e l d  i s  
r e q u i r e d  i n  o rde r  t o  assess t h e  exhaust plume 
impacts t o  S t a t i o n  science and techno logy  a c t i v i -  
t i e s .  Th i s  paper has presented i n i t i a l  e f f o r t s  
i n  an a n a l y t i c a l  and exper imental  i n v e s t i g a t i o n  
o f  r e s i s t o j e t  plumes. F i r s t l y ,  a m o d i f i e d  vers ion  
o f  Simons' source f low techn ique f o r  t h e  pred ic -  
t i o n  o f  exhaust f l o w  f i e l d s  was developed f o r  t h e  
r e s i s t o j e t  t h r u s t e r .  The increased e f f e c t s  o f  t h e  
r e l a t i  ve l y  l a r g e  nozzle boundary l a y e r  charac ter -  
i s t i c  o f  r e s i s t o j e t  nozz le  f l o w  were accounted f o r  
i n  t h e  ana lys i s .  I n  a p a r a l l e l  e f f o r t ,  mass f l u x  
measurements o f  a l abo ra to ry  r e s i s t o j e t  ope ra t i ng  
on unheated Co;1 p rope l l an t  were ob ta ined us ing  a 
c r y o g e n i c a l l y  cooled quar t z  c r y s t a l  microbalance. 
There i s  q u a l i t a t i v e  agreement between theo ry  and 
experiment, a t  l e a s t  i n  terms o f  t h e  o v e r a l l  den- 
s i t y  shape func t i ons  i n  t h e  fo rward  f l u x  reg ion .  
Fu r the r ,  t h e  QCM data i n d i c a t e d  t h a t  f l o w  does go 
beyond t h e  ca l cu la ted  l i m i t i n g  t u r n i n g  ang le  (90' 
f o r  t h e  l a b o r a t o r y  r e s i s t o j e t )  b u t  t h e  amount 
rep resen ts  o n l y  very smal l  f r a c t i o n  o f  t h e  t o t a l  
t h r u s t e r  throughput.  

o f  Simons' method t o  a Space S t a t i o n  r e s i s t o j e t  
us ing  H20 p r o p e l l a n t  and a l so  a m i x t u r e  o f  gases 
as t h e  p r o p e l l a n t .  The p r e d i c t e d  number d e n s i t y  
p r o f i l e s  were used t o  c a l c u l a t e  mo lecu la r  number 
column d e n s i t y  as a f u n c t i o n  o f  l i n e - o f - s i g h t  
ang le  f o r  an observer l oca ted  a t  t h e  astronomical  
obse rva t i on  s i t e  on the  Space S ta t i on .  For t h e  
case o f  a H2D r e s i s t o j e t ,  c a l c u l a t e d  NCD values 
r i s e  above t h e  proposed requ i rements  f o r  i n f r a r e d  
( I R )  spec ies  when the observer l ooks  between 45 
and 150" a f t  o f  zeni th.  
r e g i o n  represents  on l y  20  pe rcen t  o f  t h e  t o t a l  4n 
s t e r a d i a n  viewing space. However, i t  i s  n o t  
recommended t h a t  HzO p r o p e l l a n t  be used d u r i n g  
qu iescen t  pe r iods  i f  these v iewing  angles a re  
r e q u i r e d  by  an observer. 
r e s i s t o j e t  us ing  a benign (e.g., non in f ra red  
a c t i v e )  p r o p e l l a n t  mixture, qu iescent  l i m i t s  on 
NCD a re  n o t  exceeded u n t i l  t h e  observer  l ooks  a t  
LOS angles which pass near, o r  l ook  i n t o ,  t h e  
r e s i s t o j e t  source. 

T h i s  paper has a lso  presented t h e  a p p l i c a t i o n  

Th is  r e s t r i c t e d  viewing 

I n  t h e  case of a 
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TABLE 1. - CHARACTERISTICS OF THE QUARTZ CRYSTAL MICROBALANCE (QCM) 

C r y s t a l  frequency, MHz . . . . . . . . . . . . . . . . . . . . . . . .  1 5  

Beat frequency output ,  KHZ . . . . . . . . . . . . . . . . . . . . .  1 t o  8 

Mass s e n s i t i v i t y ,  g/cm2 Hz . . . . . . . . . . . . . . . . . .  1 . 5 6 ~ 1 0 - ~  HZ 
O p e r a t i o n a l  temperature range, 'C . . .  -100 t o  -190 ( c r y o g e n i c a l l y  cooled)  

Heat s i n k  dimensions, cm . . . . . . . . . . . . .  2.92 diam. x 3.94 l e n g t h  
C r y s t a l  d iameter  (exposed) cm . . . . . . . . . . . . . . . . . . .  0.851 
C r y s t a l  area (exposed), cm2 . . . . . . . . . . . . . . . . . . . . .  0.569 

TABLE 2. - RESISTOJET NOZZLE GEOMETRY/OPERATING CONDITIONS 

AND CALCULATED NOZZLE FLOWlPLUME PROPERTIES 

Nozzle Geometry 

Throat  r a d i u s  
E x i t  r a d i u s  

H a l f  angle 
Area r a t i o  

Reduced area r a t i o a  

T h r u s t e r  Operat ing C o n d i t i o n s  

P r o p e l l a n t  

M o l e c u l a r  w e i g h t  
S p e c i f i c  h e a t  r a t i o  
V i s c o s i t y  ( @  298 K )  

Mass f l o w  r a t e  
Stagnat ion temperature 

C a l c u l a t e d  Nozzle E x i t  C o n d i t i o n s  

S t a g n a t i o n  pressure 

E x i t  Mach number 

E x i t  v e l o c i t y  o f  t h e  gas 

L i m i t i n g  gas v e l o c i t y  

Average l i m i t i n g  gas v e l o c i t y  

Boundary l a y e r  t h i c k n e s s  

Displacement t h i c k n e s s  

Plume P r o p e r t i e s  

N o r m a l i z a t i o n  constant  
Parameter b e t a  

Angle eo 

L i m i t i n g  angle 

LO2 

MW = 44.01 
y = 1.288 
u = 1 5 . 2 ~ 1 0 - ~  N seclm' 

m = 0.20 q l s e c  
To = 298 K 

P o  = 1 . 3 9 ~ 1 0 ~  N/m2 

M = 5.24 

Ue = 634 mlsec 

U, = 710 mlsec 

u, = 532 mlsec (e = 0.75) 

6 = 7 . 8 7 ~ 1 0 - ~  m 

6* = 5 . 3 3 ~ 1 0 - ~  m 

A = 1.41 
E = 4.3 

eo = 28' 

e, = 90' 
~ 

aReduction due t o  displacement t h i c k n e s s .  



TABLE 3. - MEASURED VALUES OF 

THE CAPTURE COEFFICIENT BASED 

ON CRYOPUMPING APPLICATIONS 
[Surface temperature. 77 K.I 

Capture 
temperature, c o e f f i c i e n t  

.49 
H20b 300 .92 

:Data from Ref .  17. 
Data f r o m  Ref. 18. 

TABLE 4. - SPACE STATION RESISTOJET NOZZLE GEOMETRYlOPERATING CONDITIONS 

AND CALCULATED NOZZLE FCOWIPLUME PROPERTIES 

Nozzle Geometry 

T4 T h r o a t  r a d i u s ,  R* = 5.09~1 
E x i t  r a d i u s ,  Re = 5.08~10- m 

H a l f  angle, P = 20' 

Geometric area r a t i o ,  A,lA* = 100 

T h r u s t e r  O p e r a t i n g  C o n d i t i o n s  

%. film2 

i t ,  g l s e c  

C a l c u l a t e d  Nozzle E x i t  C o n d i t i o n s  

Me 
Ue, mlsec 

UL,  mlsec 

ut, mlsec ( =  0.75) 

6, m 
6' ,  m 

Plume P r o p e r t i e s  

A 
E 
80 
8, 

H20 
ro = 300 ' c )  

1.59~10~ 
18.015 
1.33 
0.113 

5.27 
1972 
2179 
1634 

2 . ~ ~ 1 0 - ~  
1.6~10-~ 

1.63 
3.54 
17' 
81' 

H O  
(To = f000 ' C )  

1.65~10~ 
18.015 
1.33 

.0.175 

5.37 
1329 
1458 
1093 

1.4~10-3 
2.0~10-~ 

1.67 
3.76 
18' 
80' 

~ 

aBenign m i x t u r e  mole f r a c t i o n s :  H2 (0.455); N2 (0.193); He (0.231 

3.54~10~ 
11.98 
1.47 
0.213 

6.57 
2243 
2355 
1766 

1 . 9 ~ ~ ~  
1.5~10-~ 

2.98 
5.00 
15' 
56' 

and A r  (0.119). 



TABLE 5. - SUMMARY OF MASS FLUX MEASUREMENTS WITH C02 COLLECTION 

T e s t  
lumber 

I C M l t h r u s t e r  
i r i e n t a t i o n  

Angle o f f  
c e n t e r l i n e ,  

degree 

A x i a l  R a d i a l  Percent  of Measured 
d is tance,  I dis:t$ce, I sensor  area 1 mass f l u x ,  

cm exposed,a q l c m 2 s e c  
Dercent  

COP number 

no1 e c u l  es 1cm3 
densi  ty. Id 

29 W 91' 
90 - 
117" 
98' 

-0.3 13.0 0 1 .ox10-~~ 

-6.6 13.0 25 1.1x10-~~ 
-6.6 50.0 0 1.0x10-~~ 

-0.3 50.0 0 7.8~10-~~ 

2x1010 
Q 

+36.3 67.1 55 - >3.7~10-~ 30 62' 

b87' 

b93' 
b93" 
b93' 
b97' 
99- 

34 

-1.3 
-1.3 25.1 
-3.2 25.1 
-3.8 25.1 

aThe percentage of t o t a l  sensor c r y s t a l  area which i s  i n  a d i r e c t  l i n e - o f - s i g h t  o f  t h e  t h r u s t e r  e x i t  ( f o r w a r d  
f l u x )  or n o z z l e  l i p  (back f l u x ) ;  e.g., t h i s  va lue g i v e s  a measure of t h e  shadowing e f f e c t  imposed by t h e  
Phys ica l  surfaces of  t h e  QCM h e a t  s ink.  

bQCM overloaded a t  t h i s  l o c a t i o n ;  o n l y  an e s t i m a t e  o f  t h e  absol  t e  minimum C0 number d e n s i t y  can be made. 
CThe background CO2 number d e n s i t y  f o r  these t e s t s  was (6*l)x10Y moleculeslcm3. 

pressure was 2.7xlG-3 Pa. 

TABLE 6. - SUMMARY OF MASS FLUX MEASUREMENTS WITH H20 COLLECTION 

[Sensor temperature was -175.1 'C.] 

T e s t  
number 

~ 

37 

~ 

31 

___ 

Radia l  
d is tance,  

cm 

V e l o c i t )  

cmlsec 

A x i a l  

cm 
is tance,  

36.3 

___ 

58.8 

Angle o f f  
c e n t e r l i n e ,  

deg 

61.3 
61.3 
54.0 
46.0 
40.7 
35.8 
31.8 
27.5 
22.6 
16.7 
16.7 
5.2 

37.6 
34.6 
26.6 
22.7 
18.9 

'e rcent  of 
iensor  a r e <  
exposed,a 

p e r c e n t  

50 
50 
53 
59 
64 
68 
72 
75 
EO 
85 
85 
96 

H20 
measured 

5 ,  

9.9x10-11 

mass f l u  
q l s e c  cm 

7.8~10-~~ 
9.4~10-l1 
5.7~10-'I 
1.6~10-~O 
2.7~10-~O 
6 . 1 ~ 1 0 - ~ ~  

1.5x10-' 
2.4~10-~ 
2.8~10-~ 
3.3x10-' 

1 .7x1O-l0 
2.5~10-~O 
5.4~10-lo 
5 .9x10-l0 
6.8~10-~' 

1.1x10-9 

67.1 
67.1 
49.8 
38.4 
31.0 
26.4 
22.4 
19.3 
15.2 
10.9 
10.9 
3.3 

39 500 
39 500 
41 800 

44 500 
46 300 
48 100 
49 600 
51 300 
53 300 
55 700 
55 700 
60 900 

45.2 
40.6 
29.5 
24.6 
20.1 

66 
69 
76 
79 
83 

47 5011 

51 700 

54 800 

48 600 

53 200 

aThe percentage of  t o t a l  c r y s t a l  a r e a  which i s  i n  a d i r e c t  l i n e - o f - s i g h t  of t h e  t h r u s t e r  e x i t  ( forward 

bGas v e l o c i t y  based on Eq. (15)  and 
CTank background d e n s i t y  (no t h r u s t e r  f l o w )  was 6x107 molecules/cm3. 
d8ased on measured w a t e r  c o n c e n t r a t i o n  Of 220 P a r t s  p e r  m i l l i o n  i n  t h e  CO2. 

f l u x )  o r  n o z z l e  l i p  (back f l u x ) ;  e.g., t h i s  value q i v e s  a measure of t h e  shadowinq e f f e c t  imposed b y  t h e  
p h y s i c a l  surfaces o f  t h e  QCM h e a t  s i n k .  

Ue = 634 mlsec. 
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FIGURE 1. - SCHEMATIC OF A RESISTOJET THRUSTER. 

FIGURE 2. - ENGINEERING MODEL RESISTOJET DEVELOPED FOR SPACE 
STATION APPLICATIONS. 
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I 
FIGURE 3.  - PLUME STRUCTURE BASED ON FAR F I E L D  APPROXIMATION. 

FIGURE 4. - SPACE STATION RESISTOJET OPERATIONAL SCENARIO FOR 
NUMBER COLUMN DENSITY CALCULATIONS. 



FIGURE 5 .  - LABORATORY R E S I S T O J E T  AND QCM. 



D I A L  POSITIONING ARM 

FIGURE 6. - EXPERIMENTAL APPARATUS FOR MASS FLUX MEASUREMENTS. 
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FIGURE 7. - CALCULATED EXHAUST FLOW FIELD OF A c02 RESISTOJET. 
PROPELLANT MASS FLOW RATE, 0.20 G/SEC: To = 298 K .  
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FIGURE 8. - COMPARISON OF EXPERIMENTAL MASS FLUX DATA (cOz 
COLLECTION) WITH SOURCE FLOW PREDICTIONS. 



ANGLE OFF CENTERLINE, DEG 

( A )  MEASURED MASS FLUX AS A FUNCTION OF ANGLE OFF 
CENTERLINE (H20 TRACER METHOD). AXIAL STATION 

I S  36.4 CM DOWNSTREAM OF THE THRUSTER E X I T  
PLANE. 

FIGURE 9. - MEASURED H20 MASS FLUX DATA I N  THE FORWARD 
FLUX REGION. 
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(B) MEASURED MASS FLUX AS A FUNCTION OF ANGLE OFF 
CENTERLINE (H20 TRACER METHOD). AXIAL STATION 

IS 58.8 CM DOWNSTREAM OF THE THRUSTER E X I T  
PLANE. 

FIGURE 9. - CONCLUDED. 
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(A)  CALCULATED VERSUS MEASURED CO, NUMBER DENSITY AS 
L 

A FUNCTION OF ANGLE OFF CENTERLINE. A X I A L  STATION 
I S  36.4 CM DOWNSTREAM OF THE T RUSTER E X I T  PLANE. I DATA ARE CURVE-FIT AT e = 27.5 . 

FIGURE 10. - COMPARISON OF EXPERIMENTAL DATA WITH ANALYSIS. 
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(B) CALCULATED VERSUS MEASURED Co.) NUMBER DENSITY AS A - 
FUNCTION OF ANGLE OFF CENTERLINE. AXIAL STATION 
I S  58.8 CM DOWNSTREAM OF THE THRUSTER E X I T  PLANE. 
DATA ARE CURVE-FIT USING THE SAME CORRECTION FACTOR 
AS THE PREVIOUS PLOT. 

FIGURE 10. - CONCLUDED. 
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FIGURE 11. - CALCULATED NUMBER COLUMN DENSITY AS A 
FUNCTION OF LINE-OF-SIGHT ANGLE FOR A RESISTOJET 
THRUSTER USING H20 PROPELLANT, 

ZENITH IS AT A L-0-s A l G L E  OF 0' WHILE THE RESIS- 
TOJET SOURCE I S  AT 145 . THE RESISTOJET THRUST 
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FIGURE 12. - CALCULATED NUMBER COLUMN DENSITY AS A FUNCTION 
OF LINE-OF-SIGHT ANGLE FOR A RESISTOJET THRUSTER OPERATING 
ON A BENIGN PROPELLANT MIXTURE OF H2, Ng, HE, AND AR. THE 
OBSERVER ZENITH IS AT A L-0-s ANGLE OF 00 WHILE THE RESIS-  
TOJET SOURCE IS AT 1450. 
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