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F O R E W O R D  
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system a t  the National Aeronautics and Space .4dmi nistration - John- 
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v:as the contract technical monitor. Mr. R.  3.  Tufte served as the 
VSD Project Eng i neer . 
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1 .O INTRODUCTION AND SWARY 

This r e p o r t  presents the resu l t s  o f  vacuum t ~ s t i n g  of nozzles 

designed t o  e jec t  water vapor away f r o m  the Space Shut t le  t o  preveiit contamina- 

t i o n  o f  the spacecraft surfaces and payload. The water vapor i s  generated by 

an ac t i ve  cool ing system which evaporates excess f u e l  c e l l  water t o  supplement 

a Modular Radiator System (MRS). The complete heat r e j e c t i o n  system inc luding 

the HRS, f l ash  evaporator o r  sub1 imator and nozzle were f i r s t  tested to  dm-  

onstrate the  system operational charac ter is t i cs .  This data i s  presented i n  

Vol m e  V o f  t h i s  report ,  " I n t q r a  tec! Radia tor/Evaporator Tests". ko plume 

data were obtained f r o n  t h a t  t es t ,  The data presented i n  t h i s  r e p o r t  a re  from 

a t e s t  which included o ~ l y  the f l a s h  evaporator o r  sublimator and nozzles. 

The MRS was not included i n  t h i s  t e s t  but  the ac t i ve  devices were operated i n  

the sane manner as observed i n  the system tests.  

The plume tes ts  were performed i n  two phases i n  the Space Envi rm- 

ment Simulation Laboratory (SESL) Chamber A a t  NASAIJSC. The f i r s t  tests, 

designated Phase 111, were conducted from June 11 through June 14, 1973 and 

included a supersonic nozzle and a sonic nozzle ( o r i f  ice).  A plugged nozzle 

was tested i n  the second test ,  Phase I I I A ,  on Ju l y  16 and 17, 1973. The 

object ives o f  t h i s  t e s t  ser ies were as fol lows: 

o To determine the effect iveness o f  a supersonic nozzle and 

a plugged nozzle i r ,  minimizing impingement upon the space- 

c r a f t  o f  water vapor exhausted by an ac t i ve  device ( f l ash  

evaporator o r  su b l  imator ) 

o To obta in  basic data on the f l ow  f i e l d s  of exhaust plumes 

generated by these a c t i v e  devices, both w i t h  and wi thout  

nozzles i n s t a l  led. 



The nozzles were designed and fabricated by the Propu'sion 

and Power Div is ion (PPD) o f  JSC, which also had primary responsibii i t y  f o r  

t es t  de f i n i t i on  and instrlimentation select ion and locat ion w i th in  the chamber. 

Yought Systems Div is ion (VSD) 

operated the f lash  evaporator 

f o r  the act ive  devices. Hamil 

Corporation provided the sub1 i i  

o f  LTV Aerospace Corporation provided and 

and the f low bench which supplied the heat load 

ton Standard Div is ion (HSD) o f  Uni ted A i r c r a f t  

mator. I n  add i t ion t o  the operation cf the 

f low bench and f lash  e#aporator, VSD was tasked to  provide support of plume 

tes t  de f i n i t i on  and the tests thmselves, plus an assess men.^ of the resul ts.  

I n  t h i s  role, VSD put f o r t h  recomnendations i n  the area of plume instrumenta- 

t i o n  and provided rea l  time t es t  support and data reduction. This report  

consti tutes the VSD evaluation o f  the s ign i f i can t  resu l ts  o f  the tests. 

I n  sumnary, the MRS Phase III Plume Test resu l ts  lead to  the 

f e l  lowing ccnclusions: 

o Predicted and measured f low f i e i d  properties (impact 

pressure and mass f l u x )  are i n  reasonable agreement 

f o r  both the supersonic nozzle and sonic o r i f i c e  (no 

nozzl s) conf!gurations, Measured p l  m e  properties 

f o r  the plugged nozzle indicate tha t  the flow f i e l d  

can be modeled ana ly t i ca l l y  as a sonic o r i f i c e  w i th  

reduced nozzle e x i t  expansion angles. 

o Because o f  inadequate data from the hackflow instru-  

mentation during the Phase I11 test ,  the accuracy of 

the analyt ical  models could not  be ve r i f i ed  f o r  large 

plume expansion ansles. As a resu l t ,  the effectiveness 

o f  the supersonic nozzle r e l a t i ve  to  the no nozzle 



configuration i n  reducing impingement on the spacecraft 

surface could not be completely resolved, However, the 

avai lable data, coupled w i th  the substantiat ion o f  the 

predict ion techniques f o r  the supersonic nozzle i n  the 

Phase IIIA tests, tend t o  confirm previous predict ions 

(Reference 1 ) that  the supersonic nozzle w i l l  reduce 

impingement by a fac tor  o f  approximately three t o  ten. 

Phase IIIA data indicate tha t  the plugged nozzle provides 

a reduction i n  impingement by a fac tor  o f  25 t o  100 

r e l a t i v e  t o  the no nozzle configuration. 

o The t es t  data c lso indicate tha t  in termi t tent  o r  pulsins 

operation, as i n  the case o f  the f l ash  evaporator, and 

steady f low operation, as i n  the case o f  the sublinrstor, 

do not d i f f e r  s ign i f i can t l y  from the standpoint of plume 

impi ngment, for the same time-average mass f lowra te. 



TEST ARTICLES, INSTRUMENTATION , AND PROCEDURE 

The t e s t  a r t i c l e s  consisted o f  a VSD f l ash  evaporator and a HSD 

sublimator, both capable o f  operat ing a t  a nominal 16 l b / h r  water f low ra te .  

These devices were equipped w i t h  exhaust ducts approximately s i x  f e e t  i n  

length and conta in ing two 45' bends, Provis ion was made f o r  mounting nozzles 

on the duct ends. For the sonic f low t e s t  condit ions, the subl imator ex- 

hausted d i r e c t l y  from the duct, wh i le  the f l ash  evaporator exhausted through 

a ca l i b ra ted  converging nozzle. For the supersonic nozzle tests, NASA-JSC 

designed and fabricated heated, contoured nozzles w i t h  the f o l  lowing char- 

ac te r i s t i cs :  

Nozzle Propert ies I 

Dev i ce 

Flash 
Evaporator 

Sub1 imator 

Expansion I Throat E x i t  
Rat io  Length Dia. Uia. 

E x i t  
Angle 

7 . 3 3 O  

6.89' -1 
Figure 1 shows a schematic o f  the plugged nozzle which was tested 

w i th  the f k s h  evapor i tor  i n  the Phase I I I A  tests .  The nozzle e x i t  area 

i s  annular w i t h  an outside diametev equal t o  t h a t  f o r  the supersonic nozzle 

(6.40 inches) b u t  w i t h  an e f f e c t i v e  area equal t o  t h a t  f o r  the sonic o r i f i c e .  

The nozzle design, w i t h  the indicated e x i t  angle o f  approx;mately 67 degrees 

a t  the outer e'ameter, i s  intended t o  d i r e c t  f low toward the center l ine  and 

reduce plume expansion angle. 

The types, locat ions, and i d e n t i f y i n g  numbers f o r  the various 

pieces o f  plume insLrumentation f o r  the Phase 111 tes ts  are shown i n  Figure 

2. Figure 3 i s  a schematic showing these locat ions r e l a t i v e  t o  the t e s t  



chamber. For the  Phase I I I A  tests several changes were made on the basis 

o f  data problems which occurred i n  Phase 111. Spec i f i ca l ly ,  the more d i s tan t  

Baratron gages (#2, #6, and 57) were moved c loser  t o  the nozzle e x i t  and the 

o r ien ta t i on  o f  the QCM's i n  the nozzle e x i t  plane (57, #8, and #9) was 

changed. The Phase I 1  I A  instrumentation locat ions and o r  

shown i n  Figure 4. 

Baratron gages w i  t h  p i  tot-tube-1 i ke tubul at ions 

pact pressure measurements i n  the plume near f i s l d ,  wh i le  

entat ions a!% 

were used f o r  i m -  

i o n  gages were em- 

ployed i n  the more d i s tan t  regions. Quartz c rys ta l  microbalances (QCF's) 

were used i n  para1 l e l  w i t h  the ior, gages and were also located i n  the nozzle 

e x i t  plane i n  order t o  measure llback-flow'. These devices must be cryogeni - 
c a l l y  cooled f o r  purposes o f  mass co l l ec t i on  and t h e i r  natura l  frequency 

increases as mass accumulates u n t i l  a saturat ion po in t  i s  reached. Thus ' 

the QCM1s have a f i n i t e  operating time, a f t e r  which they must be d r ied  out 

again usable. P a r t i c l e  spectrometers supplied and recocled before they are 

by NASA-4SFC were the f i n a l  

capable of ~ i isaswiny pa r t i cu  

microns. However, these dev 

and no s ign i f i can t  data were 

I n  the actual t e s t  

type o f  instrumentation used. These devices are 

l a t e  matter over the - i z e  range from 0.1 t o  420 

ices d i d  not  operate properly during e i t h e r  t e s t  

obta i  ned. 

procedure, the device t o  be tested ( f l ash  

evaporator o r  sublimator) was t ranslated i n t o  the pos i t i on  shwn i n  Figure 2, 

r e l a t i v e  t o  the instrumentation. A f t e r  establ ish ing the desired device 

operating condi t ion and cool ing down the QCM's, plume data were taken i n  

several forms. F i r s t  d i r e c t  readings o f  the Baratron and ion  gage outputs 

were made. Data f ~ o m  these sensors were a lso recorded on s t r i p  charts and 

on the ACE data system, as a funct ion of time. Second, QCM outputs were 

recorded and p lo t ted  manually as a funct ion o f  time. As soon as s u f f i c i e n t  

OCM data were obtained t o  es tab l ish  a l l nea r  va r ia t i on  of QCM output w i t h  



time (cc.w?spondlng to a constant mass f lux) ,  the t e s t  point was declared 

c ~ v l e t e ,  This procedure greatly expedl ted testing by ninimi z i  ng the mass 

accumulation on the QCM's a t  each tes t  pc'nt and hence minimizing the 

frequency o f  time consmi ng QCM warm -up/cool -down procedures. 



3.0 RESULTS AND DISCUSSION 

Representative t e s t  resu l t s  are sumneri zed i n  t h i s  sect !o~,  com- 

pared w i t h  predic t ions where applicable, and evaluated as t o  t h e i r  s i g n i f i -  

cance. 

3 .1  - Test Condi t i ons  

The actual  t e s t  condit ions achieved are sumnarized ss fol lows, 

where the device/condit ion order corresponds t o  the actual t e s t  sequence: 

Test - - Devi ce/Condi t i o n  Average Water Flow Rates ( l b l h r )  

I I I Sub1 imator w i  t h  supersoni c nozzle 3.5, 3.3, 13 

111 Flash Evaporator w i  t h  supersonic 2, 4, 8, 16 
nrs-,tle 

I I I Sub1 imator w i  thout nozzle 2.1, 4.2, 9.1, 17.1 

I I I Flash Evaporator wi thout  nozzle 1.7, 3.1, 5.3, 8.0, 16.0 

I I I P  Sub1 imator w i  t h  s u p e r s o ~ i  c r lozt le 2.7, 8.4, 15.7 

I I I A  Flash Evaporator w i t h  plugged nozzle 1.9, 7.4, 16.0 

i t  should be noted here t h a t  the f l ash  evaporator and sublimator 

do fun- t ion i n  d i s t i n c t l y  d i f f e r e n t  cont ro l  modes, The f l ash  evaporator i s  

designed f o r  a s ing le  f low r a t e  condit ions (16 Ib /h r )  and i s  pulse modulated 

t o  achieve 1 ower average f 1 ow ra  tes . Therefore, i ns tantaneous p l  ume f 1 ow 

f i e l d  propert ies, such as impact pressure always correspond t o  the s i n s l e  f low 

r a t e  o f  16 l b /h r .  L o n g - t e r ~  propert ies, such as accumulation o f  mass on the 

QCM's, r e f l e c t  the average f low rate.  I n  the case o f  the sublimator, the 

f  lo^ r a t e  i s  continuously variable, so t h a t  both instantaneous and long-term 

proper t ies r e f l e c t  the average f low r a t e  ind icated i n  the tab le  above. 

3.2 Baratron - ,  and Ion  Gage Data 

Some d i f f i c u l t y  was encountered i n  es tab l ish ing  and mi  n t a i  ning the 

zwos on the Baratron gages. This fac t ,  coupled w i t h  the f a i l u r e  o f  several 



Baratron heads, resu l ted  i n  there being usable data from only  two o f  

these devices, #1 and #4, dur ing the  Phase I11 tes t .  For the Phase I I I A  

tes t ,  as noted previously,  three o f  the gages were moved c loser  t o  the 

nozzle t o  ob ta in  h igher  re3dings r e l a t i v e  t o  background, and usable data 

was obtainea on a l l  seven of the Baratrons dur ing  por t ions o f  t h i s  t e s l ,  

The i ~ e  gages genera l ly  performed w e l l  throughout both tests, but  a lso 

suf fered somewhat from zeroing 

a t  the d i s t a n t  locat ions.  

Typi c ..l Baratron and 

9 as a func t ion  o f  l x a t i o n  i n  

condit ions correspond t o  the f l  

the sublimator w i t h  supersonic 

evaporator wS t h  plugged nozzle 

nozzle-based, w i t h  the o r i g i n  a 

problems and mar 4 nal  s ignal- to-noi se r a t i o  

i o n  gage data are shown i n  Figures 5 through 

the plume f low f i e l d .  The s p e c i f i c  t e s t  

ash evaporator w i thcu t  a nazzle (Figure 5), 

nozzle (Figures 6 and 7) ,  and Ihe f l a s h  

(Figures 8 and 9). The coordinate system i s  

t the e x i t  plane, and gags i-eadi ngs m e  i ndi- 

cated i n  m i l l ime te rs  of mercury. For the  lo^ density plumes i n  these tes t s  

the -eadings should be representat ive o f  impact pressure. I r l i p x t  pressure 

predic t ions have been made us j  ng techniques whi ch are described i n Reference 

2 and summarized i n  Appendix A o f  t h i s  rzpor t ,  a . ~ d  these predic t ions,  i n  

the form o f  l i n e s  o f  constant impact pressure, are a lso shown i n  Figures 

5 through 9. The predic ted values f c r  the no nozzle 3nd r u p e r s o ~ i c  ~ o z z l e  

cases are based on actua: p re tes t  predic t ions,  w i t h  the e f f ec t s  o f  nozzle 

boundary l aye r  included i n  the supersonic nozzle case. For the plugged 

nozzle, as discussed i n Appendix A, the impact pressure prcd i  c t ions  represen: 

a f i t  o f  the data t o  a rmd i f i ed  sonic o r i f i c e  plume d i s t r i b u t i o n .  

The measurements are seen t o  be i n  general agreement w i t h  the pre- 

d ic t ions .  I t  i s  apparent from Figures 5 and 6 t h a t  the supersonic nozzle 

conf i gura t i  on resu l  ted (as predicted) ! n general l y  h i  gner impact pressure 



readings than f o r  the configurat ion w i t h  no nozzle, re f lec t ing  i t s  tendency 

t o  concentrate mass flaw near the center1 ' ne, A s i v i l a r  trend I s  apparent 

from Figures 5 and 8, wi th plugged ~ o z z l e  glv ing consistently higher impact 

pressure readings a t  the ion  gage locations between the centerl ine and 40-de- 

grees. A conparison c f  the supervoric nozzle and plugged nozzle flow f i e l d s  

can best be made from the baratron data I n  Figures 7 a ~ d  9. The supersonic 

nozzle appears t o  concentrate mre flow near the centerl ine ( a t  angles less 

than approximately -33 degrees), but the plugged nozzle givcs higher readings 

a t  the gages (85 and 17) a t  angles greater than 30 degrees. This Indicates 

-the plugged nozzle gives a f l a t t e r  p r o f i l e  near the centerl ine which, i n  

conjunction w i th  the close dgreemnt w i th  the predicted l ines i n  Figure; 8 

and 9 tends t o  confi  rrn the assumption that  the plugged nozzle flow f i e l d  can 

be adequately represented by a modified sonic o r i f i c e  d is t r ibut ion.  

Figurr-  10 through 13 show data f o r  impact pressure me~sured by 

the ion gages as a function o f  flow rate. As noted i n  Section 3.1, the 

15 lb /h r  data f o r  the f lash evaporator uniquely define the impact pressure 

properties o f  i t s  plume f'eld. However, the sub1 inator  p l u m  does undcryo 

changes i n  impact pressure levels as the flow !s varied, and provided t e s t  

data as a firnction o f  flud rate. Figure 10 shows dat* IN the supersonic 

nozzle i n  the Phase I I I A  t es t  a t  ion gage #7, which i s  lccated a t  the largest  

angle (40 degrees) from the plume centerline. Also shown i s  the predicted 

pressure variat ion, based on the analysis i n  Appendix A. Some non-lineari ty 

i n  the t es t  data i s  observable, but  i n  general there i s  good correlat ion 

w i  ti1 the predictions, par t icu lar ly ,  a t  the lower flow rates. Ion gage 87 

data f o r  the no nozzle case are shown i n  Figure 11, and also show g o ~ d  

correlat ion w i t h  the analyt ic  predictions. Figures 12 and 13 show super- 

sonic nozzle data f o r  ion gages t 3  and #I respectively, which represent 



I the measurements c l os t s t  t o  the plume center l ine and a t  an intermediate 

I angle o f  24 degrees. The close cor re la t ion w i t h  predict ion i t )  Figures 10 

through 13 tends t o  fur ther  confirm the adequacy o f  the predict ion techniques 

.for angles up t o  40 degrees. 

; 1 -  3.3 
k .  

QCM Data 

As a resu l t  o f  i n s t a l l a t i c n  damage t o  some devices and the in-  

- - 
t abi 1 i t y  t o  maintain adequate cryogen f lw t o  those near the tcp o f  the 
i .  . e *  

chamber, only a 1 imited ~urtber o f  QCM's were operatianal during the tests. 
-. 
. . . . QCM's 54 and #9 operated re l i ab l y  during the Phase I11 tests, whi le QCH's #4, 

i .  -. #8, and # were operational f o r  Phase I I I A .  The data from QCM's t8  and 89 
I I . - : i . . arr o f  p a r t i c u l i r  importance because these devices were located i n  the nozzle 

- * e x i t  plane and were the only instruments avai lable f o r  correlat ing backflow 
. . 

o f  the plumes. The QCM's were also the only devices providing data on the 
- - 

f lash eva~orator  during l o w  f lw or  pulsing operation. 

- .  
Impingement mass f l u x  data o t  tained w i th  QCM #4 during the Phase 

. .  I11 tests are shown i n  Figure 14 f o r  the supersonic nozzle and Figure 15 f o r  

- .  the ne nozzle configuration, as a funct icn o f  device average flow rate. 

rhese plots d i f f e r  from the impact pressure presentation in tha t  the long- 

term nature o f  the QCM measurements provided f lash evaporator data points 

corresoonding t o  time-average flow rates less i h m  the maximum o f  16 lb/hr, 

permitt ing the wbl imator and f lash evaporator data t o  be p lo t ted together 

on the same graph. For the pulsing condi ti on the QCM outputs were observed 

t o  change slope s l i g h t l y  during the device operation port ion o f  the duty 

cycle, but the basic time-dve;age 1 i near var ia t ion wds apparent. 

In the Phase I1 I tes t  configurat ion QCM #4 was apparently p a r t i a l l y  

blocked by a baratroo s t ru t .  The f ac t  tha t  the QCM #4 data, ~s shown i n  

Figures 14 and 15, were consistently lower, by approximately a fac tor  of two, 



than the predicted values i s  a t t r ibuted t o  t h i s  blockage. Data from the 

sublimator t es t  w i th  the supersonic ~ o z z l e  from the Phase I I I A  test,  where 

the blockage d i d  not exist ,  have also been p lo t ted i n  Figure 14 f o r  reference, 

and show re l a t i ve l y  good cor re la t ion wi th  prediction. 

The in terest ing feature o f  Figures 14 and 15 i s  the f ac t  tha t  the 

sublimator and f lash  evaporator data d; l i e  along the same s t ra igh t  l ine.  

Hence the two devices, which operate i n  rad ica l l y  d i f f e ren t  fashion, would 

appear t o  have the same potent ia l  f o r  spacecraft contamination under given 

MSS f low ra te  (hzat load) conditions. The sublimator contamination potent ia l  

increases w i th  f low ra te  by v i r t ue  nf  increasing the plume density a t  any 

point, while the f lash evaporator contamination increases i n  the same 

proportion by v i r t ue  o f  an increasing frequency o f  16 lb/hr  pulses. There 

i s  PO evidence tha t  plume growthlcal lapse phenomna associated w i th  pulsing 

operation s ign i f i can t l y  a f fec t  the contamination potent ia l  o f  the f lash 

evaporator plume. I t  i s  also in terest ing to note that  the measured plume 

properties do not  d i f f e r  s igni  f i  cantly between the nozzlelno nozzle cases 

a t  the moderate of f -axis postion o f  QCM 54, which i s  i n  agreement w i th  

predictions. 

The or ientat ion 

i f  not impossible t o  pred 

of  QCM 19 i n  the Phase I11 t e s t  makes i t  d i f f i c u l t  

i c t  what tha t  QCM should have measured. This s i  tua- 

t i o n  i s  explained w i th  the a id  o f  the fo l lowing sketch: 
. -. 

\ 
t 

- - - -  

I 
7 ' 

I 
STREAMLINE 

1 
A_- C QCM #9 

PLUME 



A t  rad ia l  distances a few feet  from the nozzle ex i t ,  the plume 

flow streamlines (M lecu le  paths) tend t o  be radial ,  w i th  t h e i r  o r i g i n  a t  

the nozzle ex i t .  With QCM 89 oriented as i l l us t ra ted ,  i t s  co l lec t ing aper- 

ture was 90' t o  the local flow d i rec t inn  and hence presented a very small 

capture area f o r  plume molecules. The actual e f fec t ive  value o f  t h i s  cap- 

ture area IS unknown. 

However, since the Phase I11 t e s t  provides the only data f o r  

backflow wi th  the no nozzle configuration, the QCM #9 data have been used 

t o  compare measured and predicted superscrli c nozzle effectiveness on a 

re la t i ve  basis: that  i s ,  on the bas! s o f  the r a t i o  o f  QCM #9 mass fluxes w i th  

and without the n ~ z z l e .  These data are presented i n  Figure 16 as a function 

o f  device flow rate. The data are scattered, par t i cu la r l y  f o r  the no nozzle 

case, but the general trends are as exl)ected: the su;ersonic nozzle configura- 

t i o n  res~ i l t ed  i n  less backf lw than wi th t;o nozzle and the backflow tended 

t o  increase w i th  increasing flow rate. The estimated mans f o r  the data 

from the two configurations shows a reduction o?  approximatel_v a fac tor  9 f  

. . three wi th the supersonic nozzle, compared wi th a predicted value o f  3.7 

. - from the analysis i n  Appendix A. 
f 1 

~. The reor ientat ion o f  the backflow QCM's <n the Phase I I I A  tests 
. . 

resulted i n  much more s ign i f i can t  data f roa both QCM 18 and QCM w9, and 
. ~ 

p cm i  t ted  a d i r ec t  cor re la t ion between the supersonic and plugged nozzles. . - 
. . These data are shown i n  Figures 17 and 18 as a function o f  device flow rate, 

. . wi th  analyt ic  ped ic t ions  a1 so presented. 

. . Several trends can be observed from the data i n  Figures 17 and 18. 

. . One factor  i s  that  the supersonic nozzle gave consistently lower readings 

. . 
than predicted, par t i cu la r l y  for QCM #8 where the var ia t ion was almost a 

- - 



fac tor  o f  two. The low readings a t  QCM #8 may be p a r t i a l l y  explainaale 

by the re l a t i ve l y  short distance (4  feet)  between the QCM and the nozzle 

cenl,erline, whlch gives an r/r* r a t l o  o f  approximately 15 t o  1 for the 

r,u:.ersonic nozzle. The plume may cat be f u l l y  expanded, or  the flow radial ,  

at t h i s  location. The trend o f  a l l  the data indicates, however, tha t  the 

, ' l~personic nozzle may be somewhat more ef fec t i ve  a t  reducing backflow than 

, f iedicted.  

For the plugged nozzle both QCM #8 and QCM #9 .data show a trend 

t ward somewhat higher readings re l a t i ve  t o  predict ion a t  the lower flow 

r ~ tes .  Since the plugged nozzle was used w i th  the f lash evaporator, t h i s  

trbend could indicate t ha t  some e f f ec t  on p l m  d i s t r i bu t i on  from the bui ldup 

m d  collapse o f  the plume during pulsing operation o f  the evaporator i s  

observable a t  the 90-degree location. However, the data i s  considered 

inronclusive, pa r t i cu la r l y  since a s imi lar  trend was not  observed for  

QCM 84 (Figure 14). 

The most s ign i f i can t  conclusiob~ from the dzta i n  Figures 17 and 

1El .rs the nap: ed reduction i n  backflow f o r  the plugged nozzle over the super- 

sonic nozzle. The reduction i s  a factor o f  approximately three t o  four, 

which compares i!i t h  improvement obtained wi th  the supersonic nozzle over the 

no nozzle configuration. The plugged nozzle data also ccrrelates qu i te  

wel l  w i th  predir t icns based on the ana l is is  i a  Appendix A. This tends t o  

confirm tk assumption tha t  the plugged nozzle flow f i e l d  can be adequately 

nodeled by a modified sonic o r i f i c e  d is t r ibut ion.  

A more s i g n i f  

f o r  determining nozzle 

than 90 decrees. This 

me:>oc' 7 1  ogy and speci f i 

i cant parameter than mass f l u x  r a t i o  a t  90 degrees 

effectiveness i s  the t o t a l  mss  f l o w  a t  angles greater 

parameter must be determined analy t ica l ly ,  and the 

c values f o r  each o f  the three nozzle configurations 



i n  terms o f  f ract ion o f  t o t a l  f low expanding t o  angles greater than 90 

degrees are presented i n  Appendix A. This f rac t ion  i s  much more sensit f  ve 

to  sntall variat ions i n  the analyt ical  equations than mass f lux  values a t  

speci f ic  locations. On the basis o f  the t es t  data i t  does not appear 

feasible to establ ish a s ingle value but  rather a range of values for  nozzle 

effectiveness i n  reducing plume backflow o r  impingement. This i s  par t i cu la r l y  

t rue f o r  the plugged nozzle, f o r  which a semi-empfrical approach was used, as 

i l lus t r  ated i n  Figure 119. This curve shows percent o f  flow expanding t o  

angles greater than 90 degrees f o r  a sonic o r i f i c e  as a function o f  maximum 

plume expansion angle. 7he spec i f ic  values f o r  the plugged nozzle and 

no nozzle configurations are shown, ind icat ing a reduction o f  approximately 

a factor  o f  60 f o r  the plugged nozzle. However, although the assumed angle 

o f  113 degrees f o r  the plugoed nozzle provides the best f i  t f o r  a l l  the 

t es t  data, QCM #8 and #9 data indicate a possible range o f  110 t o  118 degrees, 

o r  an effectiveness r a t i o  o f  25 t o  100. 

For the supersonic nozzle there are s im i la r  uncerta in i t ies due 

t o  the sens i t i v i t y  i n  de f i r i ng  boundary layer and indications o f  QCM #8 and 

#9 data that  actual C ~ S S  flows are somewhat lower than predicted. These data 

indicate the supersonic nozzle w i l l  reduce backflow by a fac tor  o f  3 t o  10 

f o r  the sublimator, w i th  a s l i g h t l y  higher value possible f o r  the flash 

evaporator because o f  reduced boundary layer e f fec ts  wi th  the shorter nozzle. 

Caution should be exercised i n  us<ng the absolute values f o r  

f ract ion o f  mass flow expanding t o  angles greater than 90 degrees as a 

measure of t rue impingement mass. The t es t  data kere obtained i n  a configura- 

t i o n  where no s ign i f i can t  amount o f  st ructure was present t o  in te r fe re  w i th  

plume development. For the case o f  impingement on a spacecraft zurface, 



the surface i t s e l f  w i l l  a f fec t  the plume distr ibut ion i n  the highly expanded 

regions and consequently a f fec t  the tota l  plume impingement. 



CONCLUSIONS 

Based on t h i s  analysis o f  the data fm the MRS Phase I 1 1  and 

Phase I I I A  Plume tests, the fol lowing conclusions are drawn: 

0 Flow f i e l d  property pred!ctions and measur~ments are i n  sub- 

s tan t ia l  agreement f o r  both the supersonic nozzle and sonic 

o r i f i c e  (no nozzle) configurations. 

e Test measutments indicate that  the plugged nozzle flow f i ,a ld  

can be adequately modeled by a modified sonic o r i f i c e  C i t  tri- 

bution. 

a Substantiation o f  the predict ion techniques f o r  the sr9ersoni c 

nozzle and sonic or i f ice,  coupled w i th  backflow sensor data on 

the supersonic nozzle i n  the Phase I I l A  tests, shows the super- 

nozzle reduces impingement by a fac tor  o f  three t o  ten. 

l a t i on  o f  the plugged nozzle f low f i e l d  t e s t  data w i th  a 

i ed  sonic o r i f i c e  d is t r ibu t ion  shows the plugged nozzle 

reduces impingement by a factor  o f  25 t o  100. 

c The pulsing operation o f  the f lash evaporator and the steady- 

flow mode o f  the sublimator do not  y i e l d  s ign i f i can t l y  d i f fe ren t  

contzmination potent ia l  a t  a given average mass f ldw  rate. 

sonic 

a Corre 

modi f 
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APPENDIX A 



APPENDIX A 
FLASH EVAPORATOR AND SUBLIMAT OR 

EXHAUST PLUME F L W  FIELD PREDICTIONS 

Closed-form analyt ical  expressions have been developed f o r  bath 

the f lash evaporator and sublimator f:ow f i e l d  properties wi th and without 

supersonic nozzles, using the technlqxs described i n  de ta i l  i n  Reference 2 

o f  the body o f  t h i s  report. The method used I s  basical ly  t ha t  o f  G. A. 

Simons, as described i n  the AIPA Journal, #ovenher 1972 (page ISM), which 

dssumes modified source flow conditions and includes boundary 1 ayer e f fec ts  

on a sonszrvation-of-mass basis. Reduced, working forms o f  the expression 

are sumnarized i n  t h i s  Appendix. 

For the case o f  no nozzle, conditions correspond t o  expansion from 

a sonic o r i f i ce ,  and the normal-;zed plume density f i e l d  given by: 

where: r = rad ia l  distanae from throat  t o  po in t  i n  flaw f i e l d  

r*= nozzle throat  radius 

p = density a t  po in t  (r,8) i n  f low f i e l d  

p*= density a t  nozzle throat  

8 = angular locat ion c f  po in t  i n  flow f i e l d  r e l a t i ve  t o  p1uw 

cerderl i ne 

I t  should be noted tha t  Equation (1) applies for both the f lash 

evaporator and the sublirnator, since both devices exhaust water vapor a t  

essent ia l ly  the same absolute t o ta l  temperature. Further more, i t  w i  11 

be noted tha t  the absolute density (p) a t  a po in t  i n  the flow f i e l d  i s  

proportional t o  the product p*r*2 i n  Equation ( I ) ,  Since tha t  product i s  

i n  turn proportional t o  the mass flow ra te  o f  the device, i t  follows tha t  



the local  f lm densit ies are the same f o r  tne two devices, f o r  a given mass 

f lw rate. -.-- 

For the supersonic nozzle case, th: :low f i e l d  i s  represented by 

bra expressions, one applicable to the core o f  the plume and the other 

applicable t o  the port ion o f  the plume representing the expanded nozzle 

boundary 1 ayer . Usi ng nozzle f 1 aw properties correspondi ng t o  the tested 

expapsi on r a t i o  10 configurat ion and cssu,i ng a laminar nozzle boundary 

lqyer development, these expressions are found t o  be: 

Core Region 

r* 2 P = 1.16 (T) cos6(l.n1e) (e-36.80) 
P* 

Expanded Boundary Layer 

where the quanti t ies are ~s defined f o r  Equation (1). Again, these expres- 

sions hold f o r  both devices, and the previcus conclusion regarding equal i ty  

o f  absolute densities i s  also val ie.  I t  should be noted tha t  the expressions 

w i l l  give s l i g h t l y  low loca l  density values f o r  the sublimator a t  flow 

rates less than 16 lb/hr, since bohndary layer properties corresponding t o  

the 16 l b l h r  flow ra te  were u t i l i zed .  However, t h i s  e f f ec t  i s  considered 

t o  be second order and i s  not  present for the f lash evaporator, which always 

generates 16 l b l h r  plums. 

The plugged nozzle f low f i e l d  i s  more complex and cannot be 

pwdic ted d i r ec t l y  b~ the same analyt ic  methods. Hcwever, since the flow a t  the 

e x i t  o f  the nozzle w i l l  be sonic i t  i s  assumed tha t  the flcw f i e l d  w i l l  be 

o f  the same form as tha t  from a sonic o r i f i c e  or f o r  the no nozzle configura- 

t ion. I t i s  fur ther assumed tha t  the design o f  tne nozzle e x i t  (see Figure 

1) i s  such that  the f low w i l l  be directed inward toward the c e n k r l i n e  and 



the e f fec t i ve  maximum expansion angle o f  the plume w i l l  be less than that  

f o r  the sonic o r i f i ce .  These assumptions provide the general equation for 

predict ing the plugged nozzle flow f ie ld ,  with the actual t e s t  data used t o  

establ ish the e f fec t i ve  maximum plume expansion angle. Based on a best 

fit o f  the tes t  data the equation i s :  

= 0.829(r*/r) ~05~(0.7960) (O4<113') F (4 )  
G i  ven the local  densi t y  , the mass '1 ux can bz readi l y  calculated 

since the molecules w i l l  be moving a t  a veloci ty very rtear t o  the l i m i t i n g  

value f o r  expansion i n t i  a vacuum, which i s  3320 f t /sec f o r  water vapor a t  

a stagnation temperature o f  33°F. Assuming 100% capture o f  inc ident  

molecules, the nass f l u x  on the QCM's i s  then j u s t  pVMX Computing t h i s  

product using the above density expression, and adjust ing units, the f o l -  

lowing expressions resul t :  

Sonic Cr i f i ce  (16 lb /hr )  

Supersonic Nozzle (16 lb/hr)  - 

Plugged Nozzle (16 lb/Hr) 

COS 0.7960 
pl/A (+) = i . 4 6 5 - h G 1  (WWl l3 ' )  - - 

crn -sec 
(8) 

C r ( 4 1  
Fov awerag? device flow rates other than 16 Ib!hr, the mass fluxes given by 

these expressions must be adjusted by the r a t i o  o f  the actual average f low 

?ate t o  the baseline 16 lb /hr  value. 



Another aspect o f  the plume flow f i e l d  i s  the loca l  impact pressure 

predict ion. For the very 1w dens1 t y  conditions o f  these plumes, Newtonian 

flow theory i s  applicable, and the local  impact pressure i s  given by: 

IMPACT = (Mass Flux)(Momentum Change Per Uni t  

Assuming perfect accomnodation (100% capture) o f  the inc  

Mass ) 

ident  mo 

the Baratrons and ion  gages, t h i s  expression becomes: 

lecules by 

IMPACT = (pV) (V) = pvL 

where V i s  again the l i m i t i n g  ve loc i ty  o f  the plunle molecules, o r  3320 ft/ 

sec. Incorporating the density Equations ( I ) ,  (2), (3), and (4) above i n t o  

t j i s  expression and making appropriate u n i t  conversions, the f o l  lowing impact 

pressure re lat ionshi  ps are der'ved: 

Scnic Or i f i ce  (16 lb/hr)  - 

Supersonic Nozzle (16 lb/hr)  

Plugged Nozzle (16 lb /hr )  

For the sublimator a t  mass flow rates other than 16 lb/hr, the impact pressures 

given by these expressions should be adjusted by the r a t i o  o f  the actual mass 

flow ra te  t o  the 16 lb/hr  value. 



An important aspect o f  the plume f low f i e l ds  f o r  t h i s  t e s t  series 

i s  the amount o f  backflow, since t h i s  represents the amount o f  potent ia l  

impingement o f  water vapor on the vehicle surface. This backflow can be 

presented i n  terms o f  f rac t ion  o f  the t o t a l  mass flow ra te  which expands 

t o  angles greater than 90°F. That is :  

f jh/A] s i n  0d0 
90 

%o = 

[fi/A] s i n  BdQ 

where: %O = f rac t ion  of flow a t  angles >90° 

Using the expressions f o r  m/A from equations (5) . tbrgugh (8) the 

values f o r  f$O can be obtained analyt 

urations: 

No Nozzle Rgo = 0.01 

i ca  l l y  f o r  each o f  the three cosfig- 

6 

Supersonic Nozzle RgO = 0.00589 

Pluggzd Nozzle t$O = 0.000257 




