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FOREWORD 

This  document p re sen t s  the  r e s u l t s  of a n  ana lys i s  per- 
formed by personnel  of t he  Lockheed-Huntsville Resea rch  & 

Engineering Center  for  t he  Aerodynamic Sys tems Analysis  
Section of t h e  NASA-Johnson Space Center ,  Houston, Texas, 
under the  direction of Barney B. Rober t s  (Contract NAS9- 

14845). The work was per fo rmed  in support  of Space Shuttle 

exhaust plume analyses .  
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SUMMARY 

Results a r e  presented of an analysis of experimental nozzle, exhaust 
plume and exhaust plume impingzment data. The data were obtained for 

subscale solid propellant motors with propellant Al loa2ings of 2, 10 and 15% 

exhausting to simulated altitudes of 50,000, 100,000 and 112,059 ft. Analyt- 

ical predictions were made using a fully coupled two-phase methoa-of- 
characteristics numerical solution and a technique for defining thermal and 

pressure environments experienced by bodies immersed in two-phase ex- 

haust plumes. 

Comparisons of experimentally measured and analytically predicted 

nozzle wall static pressures a r e  presented for each propellant Al loading. 
Radial distributions of pitot pressure and heating rates measured experi- 
mentally a t  axial stations of x/D = 5, 12, 16 and 20 a r e  compared with 

analytical predictions . 
energy fluxes were obtained for a flat plate immersed in the exhaust plumes 
at various angles of attack and centered at axial stations of x/Dexit = 5 ,  12 

a n d  20. 

on the flat plate a re  compared with the experimental data. 

exit 
Experimental plume imping ement pressures and 

Analytical predictions of the thermal and pressure environments 

Thc validity of the empirical data input to the analytical calculations 

is  investigated. 

tribution and particle drag model on the comparison of experimaental and 

analytical exhaust plume data a r e  presented. Requirements for the adequate 

thermochemical modeling of two-phase nozzle and exhaust plume expansions 

a r e  discussed. 

The effects of mass mean particle size, particle size dis- 
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Symbol 

C 
P 

D 

h 

P 

Pr 

;1 
R 

v 
X 

Y 

Subscripts  

C 

d 

exit 

P 

S 

W 

NOM EBC LATURE 

Definition 

g a s  specific hea t  at constant  p r e s s u r e  

d i ame te r  

static enthalpy 

total enthalpy 

press ur  e 

Prandt l  number  

gas heating rate 

radial dis tance from nozzle  center l ine  

g a s  velocity 

axial d is tance  from nozzle exit plane 

d is tance  along center l ine  of flat plate from cen te r  of plate 

den sit y 

ratio of t h e  product of density and viscosity at t h e  onset  
of chemica l  dissociation to the  product  of density and  
viscosi ty  at  the  sur face  of t h e  impinged body 

flat plate inclination angle  to the  nczz le  center l ine  

viscosity 

combustion chamber  

chemica l  dissociation 

nozzle  exit plane 

par tic l e  

stag nation 

su r face  of impinged body 
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1. INTRODUCTION 

T h e  Space Shuttle launch vehicle ut i l izes  two l a r g e  solid propel lant  

rocke t  boos te rs  and eight solid propel lant  motors mounted on each booster 

to effect separat ion of the spent booster s tages  from the  o rb i t e r  vehicle. 

Launch vehicle aerodynamic tests have  shown that t h e  booster  exhaust p lumes  
significantly affect  the vehicle  aerodynamics. 

separat ion of t h e  boundary l a y e r  f r o m  the  o rb i t e r  vehicle,  thus  producing 

a n  a d v e r s e  p r e s s u r e  grad ien t  on t h e  o rb i t e r  vehicle control  surfaces. Aero-  

dynamic control  capabili ty of the  launch vehicle is reduced.  

staging sequence, exhaust p lumes  f r o m  the  booster  separa t ion  motors impinge 

on the  o rb i t e r  fo re  and  aft su r faces  and  the  orbiter ex te rna l  fuel tank. Im- 
pinged s u r f a c e s  are subjected to a d v e r s e  and  potentially damaging p r e s s u r e  

and t h e r m a l  environments.  To obtain data for u s e  in design applications,  

t hese  aspccts of the  launch sequence have r ece ived  cons iderable  attention 

i n  tcst p r o g r a m s  and analyt ical  studies.  

The exhaust  p lumes  induce 

During t h e  

Numer ica l  solutions have been developed to  calculate  t he  exhaust 

pluriie flow fields of solid propellant rocket  mo to r s  and the  p r e s s u r e  and 

t h e r m a l  environments experienced by bodies i m m e r s e d  in these  two-phase 

p lumes .  

IIuntsville R A M P  computer  code (Ref. 1). 

b y  c.stcmding an  existing nozzle-exhaust plume solution t o  include the  

tl-entmcwt o f  two-phase flows. 

on the prcvious work  of Klicgel, which h a s  been extended (Ref. 1) to 

includc reacting gas chemis t ry .  Solid par t ic le  data used in the  two-phase 

ana lys i s  a r e  empir ica l  and were  developed p r imar i ly  for  nozzle p e r f o r m -  

ance  applications.  

Space Shuttle des ign  c r i t e r i a ,  it was n e c e s s a r y  to  conf i rm the validity and 

accu racy  of the  code's empir ica l  input data  and calculational scheme.  

T h e s e  numer ica l  solutions a re  incorporated in t h e  Lockheed- 
The  R A M P  code was  developed 

Modeling of two-phase effects re l ied  heavily 

Since the  R A M P  computer  code is being used t o  specify 

LOCKHELD . HUNTSVILL€ RESEARCH & ENGINEERING CENTL R 
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Previous experimental measurements of gasdynamic properties in solid 

propellant rocket exhaust plumes were insufficient in quantity and quality 
t o  provide the necessary experimental data base. 
ceived to provide the necessary experimental data. 

program data was intended to accomplish the following: 

A test program w a s  con- 

Analysis of the test 

0 Confirm the R A M P  numerical flowfield solution 

0 Confirm the analytical thermochemical model 
0 Validate the solid particle empirical input data 

0 Validate the two-phase plume impingement model. 

The test program uszd subscale solid propellant rocket motors with 

operating parameters (area ratio, propellant aluminum loading, etc.) typical 

o f  ful l -  scale applications. Rocket motor operating parameters and test 

meLsurements werc parametrically varied to provide a coherent but diverse 

d a h  base. Multiple rocket firings were performed for each test condition 
to confirm experimental repeatability and raise the confidence level of the 

data. 

The post-test analysis was organized to first confirm the R A M P  ex- 

haust plume model by  comparison of analytical data with experimentally 

measured pitot pressures at various axial and radial locations. 
plumo impingement calculations using the Lockheed PLIMP computer code 

(Ref. 2 )  w e r e  then verified by  comparison with experimentally measured 
impingement pressures and heating rates on a flat plate immersed in the 
solid propellant exhaust plumes. 

Exhaust 

The following discussion presents the results and conclusions derived 

from the post-test analysis. 

2 
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2. DISC USSION 

2.1 TEST FACILITY 

The  solid propellant test p r o g r a m  was conducted in the 50-foot-diameter 

sphe re  of the  High Reynolds Number Wind Tunnel Test Faci l i ty  (Fig.  1) at 
Marsha l l  Space Flight Center .  Deta i l s  of the facility selection process are 

included in  Ref. 2. Modifications to the  facility to sat isfy the requ i r emen t s  of 

t h e  test p r o g r a m  are d iscussed  in detai l  in  -2- 1. J .  
d iame te r  sphere  was modified to  maintain p r e s s u r e  equivalent to al t i tudes in 

excess of 100,000 ft ,  

allowed for the  selection of any s imulated alt i tude in the sphe re  from local 

elevation t o  an alt i tude of 112,000 f t .  

in a negligible inc rease  in  sphe re  ambient  p r e s s u r e  during t h e  fir ing of the 
subsca le  solid propellant rocket  mo to r s .  

Brief ly ,  t he  50-foot- 

V a c u u m  pumps and assoc ia ted  cont ro l  mechan i sms  

The l a r g e  volume of the  sphe re  resu l ted  

2.2 HARDWARE AND INSTRUMENTATION 

The subscale  rocke t  m o t o r s  used in the  test p r o g r a m  cons is ted  of a 

conical  nozzle  with a nominal area ratio of 7.6,  a nozzle  exit  d i ame te r  of 

0.12 ft ,  and a nozz le  half angle  of 15 deg. 

with an ammonium perchlora te  propellant (Table  1) in a cy l indr ica l  g ra in  con-  
figuration to produce neu t r a l  burning. The rocket  motor configuration is pre- 

sented in Fig. 2. 

Thc formulat ions differed in  the  amount of metal l ic  a luminum (2, 10 and 

15%. 

variation of exhaust plume p r e s s u r e s  and heating rates with propellant 

a luminum loading was  observable .  In re la t ion t o  Space Shuttle applications,  

the  solid rocket  boos t e r s  (SRB) have an aluminum loading of 16% and the  

A combustion chamber  was  loaded 

T h r e e  propel lant  formulations w e r e  used i n  the  test p rogram.  

B y  using propel lants  with different amounts of a luminum, t h e  

3 
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separat ion motors have  a n  a luminum loading of 2%. 

chamber  p r e s s u r e  consistently var ied  with propel lant  A1 loading. Moto r s  

burning t h e  2% A I  propellant produced t h e  lowest r ange  of chamber  pres- 
s u r e s  (720 tc 800 psia) and motors burning t h e  15% A I  propellant produced 

t h e  highest range  of chamber  p r e s s u r e  (950 to 1000 psia). Thus t h e  exhaust  

p lumes  produced by t h e  2% A1 propellant w e r e  physically smaller than t h o s e  

produced by t h e  15% A1 propellant.  

t h e  fore  and aft end of t h e  combustion chamber  providcd two chamber  pres- 
s u r e  measu remen t s  for each  moto r  fir ing.  

produced moto r  burn times of 300 to 500 msec. 
at t h r e e  posit ions on t h e  divergent  portion of each  n c z z l e  provided a meas- 
u r  ement  of nozzle flowfield cha rac t e r i s t i c s .  

Typical  values of 

P r e s s u r e  t r ansduce r  probes located at 

The so l id  propellant c h a r g e s  

Static p r e s s u r e  taps located 

A variety of p lume measu remen t s  was  obtained at t h r e e  a l t i tudes  and  

numcrous  a x i a l  and radial locations. 

r ad ia l  p lume surveys was  equipped with pitot p r e s s u r e  probes  and p r e s s u r e  

t r a n s d u c e r s ,  heating rate gages ,  a total t empera tu re  thermocouple  and  a 

force gage. 

plate 5 f t  in length and 1 f t  in width was  instrumented with p r e s s u r e  t rans-  
d u c e r s  and heating rate g a g e s  (F ig .  3). 

t o  the  exhaust p lumes  of the subscale  rocket  ino tors .  

of Space Shuttle exhaust  p lume impingement problems.  

f i r ings  during t h e  test p r o g r a m ,  t h e  flat plate was  equipped with a sol id  

pa r t i c l e  capture  mechanism.  

A r a k e  mechaniPm for performing 

To obtain impingement p r e s s u r e  and heating rate da ta ,  a flat 

T h e  f la t  plate was  l a r g e  with respect 

T h i s  condition i s  typ ica l  

For seveial  rocke t  

Details of t he  instrumentation c h s r a c t e r i s t i c s ,  operational cons idera-  

t ions and data reduction techniques a r e  presented  in Ref. 3. 

will not bc repeated in th i s  document except a s  requi red  t o  explain observed  

cisper imcntal  phenomena. 

This information 

2.3 TEST MATRIX 

T h e  or ig ina l  test ma t r ix  called for  90 rocke t  f i r ings  at two a l t i t udes ,  

50,000 and 100,000 f t ,  with 30 f i r ings with each of t h r e e  propel lants .  Radial  

LOCKHEED. HUNTSVILLE RESEARCH 8 ENGINEERING CENTER 
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s u r v e y s  of the- eshaus t  p lumes  and plume impigemunt m e a s u r e m m t s  w e r e  

initially specified for two axial  locations,  x/D 
condition, t h r e e  rocket  f i r ings w e r e  t o  b e  made  for repeatabil i ty.  

p r e s s u r e  measu remen t s  at x/D exit 
a n  unexpected anomaly in the r a d i a l  dis t r ibut ions of pitot p r e s s u r e .  

anomaly was not present  in  measu remen t s  at x/D 
was hypothesized that  t he  anomaly was  due to  a build up in the  viscous portion 

of the  exhaust plumes with increasing axial dis tance from the nozzle exit plane. 

To fur ther  investigate th i s  phenomenon, additional t e s t  conditions w e r e  epeci-  

fied. Motor f i r ings with plume instrumentation at x/Dexit = 12 and 16 w e r e  

conducted to see if t h e  growth of t h e  viscous region of t he  plume was evident. 

To  inc rease  the  s i z e  of the plume inviscid core, motor f i r ings w e r e  m a d e  at 
a simulated alt i tude of 112,000 f t  with plume rad ia l  survey  instrumentat ion 

a t  x/Dexit = 12. Excellent repeatabil i ty was obtained for pitot and impinge- 

ment p r e s s u r e  measu remen t s  early in  the  test program. The  philosophy of 
specifying t h r e e  motor f i r ings for each test condition was amended and only 

two f i r ings were  conside;:ed n e c e s s a r y  for the  r ema inde r  of the  t e s t  p rog ram.  

The  final ma t r ix  of test condition employed in the  p rogram is presented  in  

Fig.4.  Each symbol  in t h e  figure r e p r e s e n t s  a moto r  firing. 

= 5 and 20. For each test 

Pitot  
exit 

=: 20 e a r l y  in the test p r o g r a m  revea led  

The 
= 5 .  At t h i s  time it exit 

2.4 EXPERIMENTAL DATA QUALITY 

Overall  quality of the  experimental  p r e s s u r e  and heating r a t e  data was  

good. The pa rame t r i c  ma t r ix  of p r e s s u r e  and heating r a t e  data i s  the most 

complete  set  of solid propellant exhaust plume and plume impingement data 

available t o  date .  

Instrumentation used in the  t e s t  p rog ram was  exposed to  a s e v e r e  

environment c rea ted  by the  mult i  -phase plumes of t he  solid propellant rocket 

moto r s .  

axial location, x/D 

ings.  

with par t iculate  matter was  a pers i s ten t  problem. 

P u r e  t ransducer  nea r  t he  nozzle exit plane was the  only acceptable  nozzle 

The plume environments  were  especially s e v e r e  at the  nea r  field 

= 5 ,  and for the  propel lants  with high aluminum load- exit 
Clogging of t h e  nozzle  wall p r e s s u r e  p o r t s  nea res t  to the  nozzle th roa t  

In many c a s e s ,  the  p r e s -  

5 
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measu remen t .  

l ine with ignitor material o r  par t icu la te  matter occur red  frequently. 

channels  displaying information ;ram t ransduce r s  with clogged probes w e r e  

d isccrnable  from t h e  time h i s to ry  of t h e  channel during a given firing. In 

F ig .  5 ,  t h e  t : m e  h i s to r i e s  of three p r e s s u r e  t r ansduce r  outputs are  plotted 

for a propc:lant with a 10% A1 loading. T h e  t r ansduce r  pitot probes w e r e  

positioncd a t  a n  asial  location of x/D 
2 in. from t h c  nozzle center l ine .  

for tlic centerline and  R = 1 trzz5dticers a r e  indicative of clogged pitot probes .  

Data with t i m e  h i s to r i e s  such as  t h e s e  w e r e  deleted from t h e  exper imenta l  

data base. T h e  center l ine p r e s s u r e  t r ansduce r  output in  Fig. 6 i l l u s t r a t e s  

another  phenomenon p r e s e n t  in some of t h e  experirncntal  p r e s s u r e  data fcr 

t r ansduce r s  n e a r  t h e  nozzle  centerline.  
r e a c h  a s teady state value during t h e  fir ing.  

t h e  t r a n s d u c e r s  n e a r  t h e  nozzle cen te r l ine  drifted due  to  heating. 

color film of rocket  f i r ings  with t h e  r a k e  mechan i sm in  position revea led  a n  

intense stagnation region n e a r  t h e  nozzle center l ine on t h e  sheet  metal s t r u c -  

t u r e  shielding the  p r e s s u r e  t r ansduce r s  and instrumentat ion wiring harness .  

In Fig. 7 it m a y  a l s o  be observed  tha t  the pitot  tube running from t h e  p robe  

to the t r ansduce r  is esposed to t h e  exhaust p lume for a shor t  dis tance.  With 

10 a n d  15":) AP propel lan ts ,  heating rates 300 t o  900 Btu/ft -sec  w e r e  meas- 

ured  near t h c  nozzle cen te r l ine  a t  x/D esit 
5 and 1 5  psia Statham pressure t r ansduce r s  used  for p lume m e a s u r e m e n t s  

\\.as O.GO 1 psia/R and 0.0015 psia/R, respect ively.  

t o r e  r a n a e  of t h e s e  t r ansduce r s  was  395 to  710 R .  
t r ansduce r  t empera tu re  would r e su l t  in  a dr i f t  of 0.2 psia and 0 .3  psia, r e -  

spectively. Pressures m e a s u r e d  at x/Dexit = 5 n e a r  t h e  aozz le  c tmter l ine 

were  on thc  o r d e r  of 3 to 5 ps ia .  The  deviation in t h e  m e a s u r e d  value of 

pressure would b e  6 t o  1070 for only a 200 R i n c r e a s e  in t ranbducer  tem- 

p e r a t u r c .  T h e  stagnation t empera tu re  of t h e  flow at  x iDcxit = 5 was Gn the  

o r d e r  o f  4 O O C  t o  5000 R .  Heat transfer to t h e  t r ansduce r s  could be a c c o m -  

plished by hvt ignition g a s e s  entering t h e  pitot p robe ,  conduction along t h e  

csposctl pitot trlbc to t h e  t r ansduce r  ar?d by radiation to the  t r ansduce r  from 

the  shicld.  Another explanation of the  phenomenon involves thl! heating of a 

Clogging of t he  pito! p r e s a u r e  probes  n e a r  t h e  nozzle  c e n t e r -  

Data  

= 5 and radial locations of 0 ,  1 and 

T h e  decreas ing  t r ansduce r  output with time 
exit  

T h e  ou tp t t  of t h e  t r ansduce r  did not 

One explanation is t h e  output of 

High-speed 

2 

= 5 .  T h e  t h e r m a l  sensivity of t he  

T h e  operating tempcra- 

A change of only 200 R in 

h 
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g n u  at c-onstant volumc. 

stagnating flow would b e  heated to a relat ively highstemperature.  

increasing t empera tu re ,  t he  p r e s s u r e  of the g a s  in the  pitot tube would in-  

c r e a s e ,  thus accounting for  the  upward ramp in t h e  center l ine  t r ansduce r  

t i m e  his tory of Fig. 6. 

Tho g a s  occupying thc  pitot tubc csposed to  tlic 

With 

With the  exception of anomal ies  in some data n e a r  t h e  nozzle  cen te r  - 
Repeatabil i ty of pitot and  im- l ine,  the  pitot p r e s s u r e  data w e r e  exc4 len t .  

pingement p r e s s u r e  n;easurements  f r success ive  rocke t  f i r ings at the  same 

conditions was ve ry  good as i l lustr  Led in F i g s . 8  and 9. M o s t  of t h e  pitot 

p r e s s u r e  data  used in the  post- tes t  ana lys i s  had  time his tor ies  s i m i l a r  to 

t h c  R = 2 position in Fig. 5.  Plume heating rate and impingement heating 

r a t e  data had more da ta  scatter 1:etween f i r ings than the p r e s s u r e  data but 

w a s  s t i l l  at a n  acceptable  level  (Figs .  i o  and 11). 

Response p rob lems  w e r e  encountered with the  or iginal  total t e m p e r a -  

t u r e  probe ear ly  in the  test p rogram.  A redesigned probe  was  cons t ruc ted  

but was  damaged by the  s e v e r e  plume environment.  

couple was rep laced ,  subsequent data  were  suspec t  and not used in thu post-  

t es t  analysis .  

Although t h e  t h e r m o -  

A f o r c e  gage  w a s  mounted on the  r a k e  mechan i sm t o  m e a s u r e  total  

p r e s s u r e  force in t h e  two-phase plume due t o  both t h e  g a s  and solid pa r t i c l e s .  

T h e  devicc was  intended to conf i rm that  the pitot p r e s s u r e  p robes  w e r e  meas- 

uring gas-only pressure and not a combination of g a s  and particle pressures.  

Ambiguities in the  t r e n d s  of force gage  m e a s u r e m e n t s  prompted the  t e s t  

engineers  to r ecommend  the  force  gage  data for  quali tative r a t h e r  than 

quantitative ana lys i s .  Fo rce  gage  m e a s u r e m e n t s  were  not investigated 

extensively in the pos t - tes t  ana lys i s .  

The  so!id pa r t i c l e  cap tu re  mechan i sm per formed acceptably.  Captured 

pa r t i c l e s  wore  a:ialyzcd f rom the  perspec t ive  of establishing t r ends  in popu- 

lation a s  a function of par t i c l e  d iameter  for  the  t h r e e  propellant aluminiim 
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High-speed color  movies  w e r e  obtained of 58 rocket  f ir ings.  

movies w e r e  excellent and proved to  be  a n  outstanding qualitative tool  in 

analyLing the  test data. 

T h e  

2.5 ANALYTICAL APPROACH 

Two-phase exhaust plume flow fields w e r e  calculated analytically using 

the Imckheed. Huntsville RAMP computer  code. 

r equ i r e s  t he  following input for a given problem-: nozzle  geomet ry ,  frecstream 

boundary conditions, g a s  thermodynamic ?.nd t r anspor t  p rope r t i e s ,  pa r t i c l e  

s i z e  distribution, par t ic le  thermodynamlc properties and  pa r t i c l e  d rag  coeffi- 

cient as  a function of Reynolds number.  

Th i s  fully coupled so:ution 

Thi r ty  nozzles with the  nominal dimensions of Fig. 2 w e r e  fabricated 

for t he  t e s t  p rogram.  

ured  to de te rmine  the  deg ree  of fidelity t o  t h e  nominal dimensions.  

nozzles typically var ied a small amount f r o m  the  design specifications.  

Rasod c m  previous experience with subsca le  nozzle  ana lyses ,  ;r decision w a s  

made  t o  u s e  t he  measu red  geometry  for deiining the  gecmet r i c  input for  t hz  

R A M P  ana lys is .  

rocket  firing was used to define the freestream boundary conditions. 

n*:gligiblc change in ambient p r e s s u r e  w a s  observed during t h e  rocke t  f i r ings  

as thc  propc!lant mass was  exhausted to  the test sphere .  

p ropcr t ics  for the  t h r e e  propel lants  of Table  1 were  calculated using a mod i -  

iicd version ( R c f . 4 )  of a NASA-Lewis computer  code (Ref. 5) for calculating 

the  proper t ies  of a combusting g a s  mixture .  T h e  expansion of a two-phase 

mixture  is charac te r ized  by an inc rease  in entropy level  and a d e c r e a s e  in 

total  enthalFy level  (Fig.  12) .  To proper ly  model  the  expansion, tab les  of 

thermodynamic proper t ies  used in the flow field ana lys i s  m u s t  ref lect  thc  

changing entropy and total  enthalpy of the sys t em.  Analytically,  t he  data  

Alter fabrication, each nozzle w a s  carefully meas- 

The  

The  ambient  t e s t  cell P r e s s u r e  measu red  p r i o r  to  each 

A 

Gas thermodynamic  

a 
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iI1-t. gt!tit*r;itt*d by pcrturbing thc total cmtlialpy o f  tht- gas ( I ~ ; L S S  i n  lit-ld ctm - 
statit) atid rc-peating thc calculiiti(~t1aI schcmc. 

turbcd J nunibcr nl'timca and by an amount specified by the user. 

r c s u l t  i s  an array of equilibrium expansion processes and corresponding 

gas transport properties, each table of the array representing a different 

degree of heat transfer between the particulate and gaseous phases. 

account for the effects of the momentum transfer between phases, each total 

enthalpy computation is repeated for a chamber pressure which i s  an order 

of magnitude less than the actual chamber pressure. 

dynamic table thus represents a different entropy level at a given value of 

total enthalpy. 
RAMP code enters the thermodynamic tables with a velocity, entropy and 

total enthalpy and interpolate8 for the corresponding thermodynamic and 

transport properties. Thermodynamic properties of particulate A1 0 were 

obtained from the JANNAF thermochemical tables (Ref. 6 ) .  
ence from previous two-phase analyses, the particle drag model developed 
by Kliegel (Ref. 7 )  was used to define particle drag coefficient a s  a function 

of Reynolds number. 
detail in Section 3.3.2. 

mean particle size correlated with nozzle t!roat diameter (Ref. 8) was chosen 

to represent the distribution of A1203 particle sizes. 

were made t o  this distribution during the course of the analysis. 
is discussed in more detail in Section 3.3.1. 

Tlie total cnthsl?y is pcr - 
The 

To 

The resulting thermo- 

For a given point in the two-phase flowfield solution, the 

2 3  
Based on experi- 

The choice of particle drag model is discussed in more 

Originally, a log normal distribution about a m a s s  

Several refinements 

This topic 

The exhaust plume flow fields calculated with the RAMP code were 

stored on magnetic tape for use later with auxiliary computer codes to  plot 

flowfield data and  calculate plume impingement data. For comparison with 

experimental pitot pressure measurements a t  various axial and radial loca - 
tions, a radial plot computer code (Ref. 9) was use? to search a flowfield 
tape and plot the radial distribution of gasdynamic properties a t  a specified 

axial distance from the nozzle. A radial plot computer code for particle 

data, and a plume impingement computer code, PLIMP, were used to calcu- 

late radial distributions of particle energy flux and gas convective heating 
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rates. 

niountcd on thc  radial  su rvey  mechanism of Fig. 3. 

stagnation point  heating rate model (Re i .  IO) in the  PLIMP code was  used to 

calculate  t h r  gas  convective heating r a t e s  to the heating rate gages.  

kinetic and the rma l  energy flux of t h e  111 0 

rate gages was calculated using the  particle rad ia l  plot code. 

and par t iculata  contributions w e r e  compared  with t h e  total heating rates 

measured  by the  gages.  

m e n t  p r e s s u r e s  and heating rates on the flat  plate. 
was  cornpal-ed with t h e  experimentally m e a s u r e d  p r e s s u r e  on t he  flat  plate. 

Gas  convective heating r a t e s  t o  t h e  flat plate w e r e  calculated with the  PLIMP 

code using t h e  Ecke r t  r e f e rence  enthalpy method (Ref. 10) for flat plates. 
Par t icu la te  contribction to the  total flat plate heating r a t e  was  calculated by 

determining the  par t ic le  energy flux at points on the  flat p la te  in  the  plume 

and calculating the  component of t he  energy flux norma l  to t h e  plate. 

Thcsc  data were  compared  with m e a s u r e m e n t s  by heating rate gages  

The Marvin-Diewert  

The 

particles normal  to the  heating 2 3  
The gaseous  

The  PLIMP code was  used to calculate  impinge- 
The gaseous  p r e s s u r e  

10 
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3. RESULTS 

3.1 TWO-PHASE E F F E C T S  

Solid par t icu la tes  and  molten drople t s  in the  nozzle  and exhaust p lume 

f low fields of solid propel lant  motors significantly affect t h e  gasdynamic 

p rope r t i e s  of t hese  flows. 

added t o  the  solid propellant cha rge  m u s t  be  acce le ra t ed  by the  expanding 

g a s .  Th i s  exchange of momentum between the  g a s  and par t icu la te  phases  

i s  ref lected in a reduced g a s  phase  pressure. 
data and nozzle  wall p r e s s u r e  data  obtained during t h e  t e s t  p r o g r a m  con- 

f i r m s  this phenomenon. 

plane pressure i s  i l lus t ra ted  in Figs .  13, 14 and 15. 

mental ly  measu red  nozzle wall  static p r e s s u r e  i s  lower (Pc/P i s  higher)  for 

t he  2% A1 propellant (Fig.  13) f i r ings than for t he  10% AQ propellant (Fig. 14) 

f i r ings .  The difference in experimental  static p r e s s u r e s  between the  10 and 

15% A I  propellants is negligible. 

analytically pred ic t  t h i s  t r end ,  i.e., lower exit plane pressures for the  2% 

AI propellant.  Pitd p-essure  measu remen t s  reflect t h e  difference in ex-  

pansions for propel lants  with different  kl loadings.  

measu remen t s ,  t h e  difference in Mach number  dominates  t h e  difference in 

static p r e s s u r e .  

of expansion than propel lan ts  with a high A t  loading. 

in t h e  two expansions,  t h e  low Al propellant will produce a higher  Mach num- 

ber and a lower  s ta t ic  p r e s s u r e  than t h e  high At propellant.  Momentum and 

energy exchange between t h e  g a s  and pa r t i c l e  phases  r e s u l t s  in a decreas ing  

r a t e  of expansion f o r  increas ing  propellant A I  Loading. 

pellant A1 loading i s ,  the  higher  t he  nozzle exit static p r e s s u r e .  The nozzle  

wall p r e s s u r e  compar isons  indicate tha t  t h e  analyt ical  model  i s  adequate  for 

predicting two-phase nozzle  expansions.  In Fig. 16, rad ia l  dis t r ibut ions of 

experimental  pitot p r e s s u r e  a r e  plotted for  propel lants  with 2, 10 and 15% 

The par t icu la te  oxidants,  e.g., AQ 0 , of metals 2 3  

Experimental  pitot p r e s s u r e  

The effect of AQ propel lant  loading on nozzle exit 

The ave rage  exper i -  

Nozzle exit plane pressures calculated 

F o r  pitot pressure 

Propel lan ts  with a low AI loading will  exhibit a higher  rate 

At  a comparable  point 

Thus t h e  higher  pro- 

1 1  
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AI loadings. At x/Dexit = 12, the  2% Af propel lant  distribution h a s  a higher  

pitot p r e s s u r e  than t h e  10 and 15% A I  propel lant  dis t r ibut ions.  

propellant has  the  lowest pitot p r e s s u r e .  

s u r e  dis t r ibut ions calculated with the  RAMP code are presented  for t h e  t h r e e  

A I  propellant loadings a t  x/Dexit = 12. T h e  r e su l t s  are qualitatively in a g r e e -  

ment  with t h e  experimental  data  of Fig. 16. 

calculated pitot p r e s s u r e  dis t r ibut ion and the 15% A I  propellant t h e  lowest.  Dif- 

ferent  chamber  p r e s s u r e s  account fo r  t h e  differences in ambient  to chamber  

p r e s s u r e  ratio for the t h r e e  propel lants .  The 2% A I  propel lant  consis tent ly  p r o -  

duced chamber  p r e s s u r e s  in the 720 to 800 psia r a n g e , t h e  10% Af propel lant  in 

the  850 to 950 psia range  and  t h e  157'0 A1 propel lant  in the  950 to 1000 psia range.  

The 15% AI 

In Fig. 17, t he  analyt ical  pitot pres- 

The 2% A! propel lant  has  t h e  highest  

The  molten and solid par t icu la tes  in  two-phase flows r ema in  at a higher  

As t h e  expanding g a s  cools ,  t he  higher  t empera tu re  than the  surrounding gas .  

t empera tu re  particles t r a n s f e r  energy to  t h e  g a s  through convective heat  t r a n s -  

fer. The high t h e r m a l  energy retained by the. particulates produce an i n c r e a s -  

ingly host i le  t he rma l  environment for increas ing  AI  propel lant  loading. F igure  

18 p r e s e n t s  plots of r ad ia l  dis t r ibut ions of m e a s u r e d  energy flux for the  t h r e e  

A I  propellant loadings at x/Dexit = 20. The 15% A I  propel lant  produced t h e  

most  s e v e r e  the rma l  environment and tlie 2% AI propel lant  t he  least s e v e r e  

environment.  F igu res  19 and 20 p resen t  t h e  analytically calculated t h e r m a l  

environments  created by t h e  g a s  and p a r t i c l e  phases ,  respect ively.  Analytically,  
t he  qual i ta t ive t r e n d s  a g r e e  with the  experimental measu remen t s .  

la ted t h e r m a l  environment is m o s t  s e v e r e  for t h e  15% AI propellant loading. 

The ca l cu -  

3.2 THERMOCHEMICAL MODEL 

C o r r e c t  analyt ical  predict ion of gasdynamic p rope r t i e s  in rocke t  exhaust 

plumes is s t rongly dependent on co r rec t ly  modeling t h e  thermodynamic prop-  

e r t i e s  of the  propellant involved. 

plumes indicates  that  many chemical  systems experience a t rans i t ion  f r o m  

equilibrium t o  frozen chemis t ry  during the  expansion p rocess .  I t  was neces -  

sary to  de te rmine  the  p r e s s u r e  r a t io  at which th i s  t rans i t ion  occur red  for t he  

t h r e e  propel lants  investigated.  A nozzle  solution was genera ted  for each 

propellant using t h e  nonequilibrium chemis t ry  vers ion of t he  RAMP code. 

Exper ience  in modeling rocket  exhaust 
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The iriinc~qiiilibritini chcini st r y  p c  kag c iitiliz es Ciii it  c dif fcr c n c  c tcclitr iq t i c s  

, u r d  rc*acticw nicchnnisms of thc  invcilvccl cl~ciirical  spec ic s  to c;tlculstr. tlic 

tlir.riiic~clyn~~rric p rope r t i c s  o f  n fluid sys tem at a givcn t empera tu re .  

cach propel lant ,  t h e  species mole f rac t ions  of t h e  system const i tuents  w e r e  

plotted as a function of axial  d i s tance  along t h e  nozzle  center l ine.  

results for  t n e  2% Al propel lant  a r e  presented.  The concentrat ions of t h e  

ma jo r  spec ies  (H 

throa t .  Minor spec ie s  such as OH and CI are t h e  only const i tuents  changing 

significantly in the  nozzle  expansion. Due t o  the i r  low concentrat ions,  t h e s e  

spec ies  would have 9 negligible effect on the  system thermodynamics.  Species  

concentrat ions for t h e  :5 and 10% Af propel lants  w e r e  similar to those  in Fig.  

21. Based on this ana lys is  t h e  chemis t ry  model for all t h r e e  propel lan ts  was 

chemically frozen at the pressure rat io  corresponding t o  the  nozzle  throat .  

b-or 

In Fig.21, 

GO, HCI, H 0, N2) r ema in  near ly  constant from t he  nozzle  2' 2 

Another chemis t ry  model  f requent lv  used in  exhaust plume a n a l y s i s  i s  

t he  constant thermodynamic proper ty  o r  "ideal gas"  mode. A constant  r a t i o  of 

specific hea ts ,  Y ,  and g a s  constant  are assumed throughout t he  flowfield solution. 

One exhaust plume was  calculated in th i s  a n a l y s i s  using th i s  thermochemica l  

model.  The plume was calculated for the  2% A I  propel lant  exhatinting to a simu- 

lated altitude of 100,000 f t .  A compar ison  was made  between analyt ical  and exper i -  

mental  pitot p r e s s u r e  dis t r ibut ions at x/Dexit = 20. The  r e s u l t s  a r e  presented  

in  Fig. 2 2 .  The data  compar isons  a r e  poor especial ly  when cons idered  in  light 

of t h e  excellent compar isons  obtained for t h i s  c a s e  when the  equi l ibr ium c h e m -  

i s t r y  model was used (Fig. 31). I t  was concluded that t he  constant thermody-  

namic proper ty  model i s  inadequate for predicting gasdynamic p rope r t i e s  in 

two-phase exhaust plumes. 

3.3 EMPIRICAL INPUT DATA 

Implicit  analyt ical  solutions have not been developed to  calculate  a p r i o r i  

the distribution of solid par t ic le  s i zes  p re sen t  in the  nozzle  and exhaust plume 

of a given solid propellant rocket  motor .  Neither a r e  t h e r e  c losed  form analyt-  

ical  solutions fo r  calculating the  drag coefficient and heat t r a n s f e r  coefficient 

of par t ic les  in two-phase exhaust plumes. 

fer coefficient data for  input t o  the  RAMP flowfield solution a r e  developed 

empir ical ly .  

to  verify the empir ica l  cor re la t ions  u s e d  t o  produce t h e s e  da ta .  

P a r t i c l e  s ize ,  d rag  and heat t r a n s -  

One of the  purposes  of t he  solid propellant test p rogram was 

13  
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3.3.1 M a s s  Mean Particle Sizc 

Prt*liniinary analytical flowficld calculations were gcncrated using a 

m a s s  mean particle diameter obtained from an empirical correlation in 
Ref. 8 .  
diameter. 
correlation produced a mass mean diameter of 3.0 microns. 

distribution of six particle sizes was generated about the mean diameter. 

Flowfield calculations performed with this particle distribution produced 
excessively large variations in system entropy, total enthalpy and particle 

velocity lags. Results of experimental/analytical pitot pressure and heating 

rate data comparisons were poor. 

correlation revealed that the applicable range of the correlation terminated 

at a nozzle throat diameter of 0.083 ft. TIE throat diameter of the test 

program nozzles was 0.043 f t .  

ical correlation which would be applicable to subscale solid propellant motors. 

The following correlation was obtained from Ref. 11: 

The mass mean particle diameter is correlated with nozzle throat 

For the nominal nozzle geometry used in the test program, the 

A log normal 

Closer scrutiny of the throat diameter 

A search was made to locate another empir- 

D P = 0.454 (Pc)'/3 [l - c ~ . ~ ~ ~ . ~ * ]  (1 + 0.045 Dt) 

D = mass mean particle diameter 
P 

= mole fraction of condensed phase 6 ... 
LO'' = chamber volume parameter 

Dt = nozzle throat diameter 

This correlation accounts for variation in mass mean particle diameter with 
chamber pressure, percent A1 loading, nozzle throat diameter and motor, L . 
Although very little data had been generated usit:? thia correlation for sub- 

scale motors, there were not apparent limitations i n  the range of parameters 

for the test program motors. The correlation predicts a variation in mass 

mean particle diameter with At loading and yielded the following results for 

the three propellants: 

$: 

1570 AI propellant - 1.67 microns 

10% AI propellant - 1.44 microns 

2'70 A I  propellant - 0.80 microns 
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Log n o r m a l  dis t r ibut ions of 6 pa r t i c l e  s i z e s  w e r e  calculated for  each  m e a n  

d iame te r .  Numerous  nozz le  and exhaust plume flow f ie lds  w e r e  calculated 

using t h e s e  dis t r ibut ions.  Comparison of analyt ical  and  exper imenta l  pitot 

p r e s s u r e s  resu l ted  in excellent agreement  fot t h e  27'0 A l  propel lant  and  im- 

proved but s t i l l  unsat isfactory ag reemen t  for t h e  10 and 15% Al propel lants .  

Comparisons of exper imenta l  and  analyt ical  radial pitot pres s u r e  dis t r ibut ions 

a r e  presented  in Fig.23 fo r  t he  10% Al propel lant  at x/Pexit = 5 .  T h e  dashed 

l ine r e p r e s e n t s  an  analyt ical  calculation with a mean particle diameter of 1.44 
microns .  T h e  ag reemen t  with exper imenta lda ta  is g rea t ly  improved over  t h e  
3.0 mic ron  mean diameter data  but is still unsat isfactory.  Consequently,  

empirical input data  to t h e  RAMP code was  fur ther  scrut inized to de te rmine  

t h e  c a u s e  of the  discrepancy.  

3.3.2 P a r t i c l e  Drag Model 

The  pa r t i c l e  drag  model  is another  empi r i ca l  input which influences the  

m o m m t u m  exchange between t h e  g a c  and pa r t i c l e  phases  and thus  the  g a s  

Mach number and s ta t ic  p r e s s u r e .  P a r t i c l e  drag  da ta  a r e  input to the  R A M P  

code in the  form of pa r t i c l e  drag coefficient as a function of pa r t i c l e  Reynolds 

number.  From previous ana lyses  a d rag  model  developed by Kliegel (Ref. 7 )  

w a s  selected for pre l iminary  calculat ions.  

t h e  analyt ical /experimental  data  compar i sons  t o  pa r t i c l e  drag  model ,  a nozzle 

and  plume flow field w a s  calculated using t h e  d rag  model  developed by Crowe 

( R e f .  12).  

compared  with experimental ly  m e a s u r e d  data for the 10% AI propellant.  

lower Reynolds n u m b e r s  corresponding t o  flow in the  p lume c o r e ,  the  analyt-  

ical  data calculated with the  Kliegel d rag  model  compared  more favorably 

with the  experimental  measu remen t s .  

cha rac t e r i s t i c  o f  flow nea r  t he  plume boundary, the  Kliegel and Crowe d rag  

models  produced identical  r e su l t s .  

model  was more applicable for the flow r e g i m e s  being investigated.  

sensi t ivi ty  of the data compar i sons  to the  magnitude of the  pa r t i c l e  d rag  coef-  

ficient was investigated.  Nozzle and plume solutions w e r e  calculated for the 

1070 AI propellant using values  for the  pa r t i c l e  drag coefficient calculated by 

To investigate the  sensi t ivi ty  of 

In Fig.24 r ad ia l  dis t r ibut ions of pitot p r e s s u r e  at x/Dexit = 5 a re  

At 

At t h e  higher particle Reynolds numbers  

I t  was  concluded that  t he  Kliegel drag  

The  
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multiplying t h e  Kliegel d rag  coefficient by 0.2 and  2.0, respect ively.  

compares  the  r e s u l t s  of t h e  analyt ical  calculat ions with experimental  data  a t  

\/ Dexi t 
p roduces  somewhat bet ter  ag reemen t  with the  exper imenta l  data than the  cal- 

culation with 2.0 x C 

Reynolds numbers  n e a r  t h e  plume boundary, t h e  calculation with 0.2 x C 

duces  w o r s e  ag reemen t  with the  exper imenta l  m e a s u r e m e n t s  and t h e  calcula  - 
t ion with 2.0 s C 
drawn from t h e s e  r e su l t s .  

of the  particle drag  coefficient at low Reynolds n u m b e r s  and  underpredic t s  t he  

magnitude at high Reynolds numbers .  The  result is overpredict ion of particle 

related momentum los?es n e a r  the nozzle  center l ine  and  underprediction of 

momentum losses n e a r  t h e  plume boundary. 

d rag  coefficient do  not produce corresponding per turbat ions in g a s  pitot pres- 

s u r e .  Inadequacies in the  particle drag  model  a lone could not account for t h e  

d i f fe rence  in the  m e a s u r e d  and predicted pitot p r e s s u r e s  of Fig. 25. 

F igu re  2 5  

D 

A t  higher p a r t i c l e  

= 5. At lower particle Reynolds numbers ,  t h e  calculation with 0.2 x C 

produces  somewhat worse  ag reemen t .  D 
p r o -  D 

produces  improved agreement .  Seve ra l  conclusions w e r e  D 
The  Kliegel d rag  model ove rp red ic t s  t h e  magnitude 

La rge  per turba t ions  in pa r t i c l e  

T h e  difference in pitot p r e s s u r e  compar i sons  for the  10 and  15% A I  

propel lants  appeared  to be  caused  by discrepancy in the analyt ical  modeling 

of thc  momentum l o s s e s  in t h e  g a s  resul t ing f r o m  the  AP 0 particles. Two 

empi r i ca l  input parameters govern the  momentum exchange between phases ,  

pa r t i c l e  drag coefficient and  particle size distribution. 

the effect of particle drag  coefficient, a fur ther  ref inement  of thg par t ic le  

size distribution w a s  at tempted.  

is i l lus t ra ted  ir, Fig.26. 

t ion of moto r  L . 

2 3  

A f t e r  investigating 

Exper imenta l  data collected by t h e  Air  F o r c e  

Mass mean pa r t i c l e  d iameter  i s  p resented  as  a func- 
9 

T h e  solid propellaqt m o t o r s  used in the  t e s t  p r o g r a m  had 
.e. 

an  L of approximately 53. 

d i ame te r  of 0.8 m i c r o n s  co r re sponds  to an  L in  th i s  range .  

eter i s  identical  t o  the  one calculat3d f r o m  the  Cheung-Cohen cor re la t ion  for 

t he  2?4~ A I  propellant.  
AQ pinpel lant  using a log n o r m a l  six par t ic le  s i z e  distribution about a m a s s  

m e a n  d i ame te r  of 0.8 mic rons .  

of pitot prcssure dis t r ibut ions at x/Desit = 5 .  

agrecmen t  i s  significantly improved over  resu l t s  obtained previously with a 

F r o m  the  data  in Fig. 26, a m a s s  mean par t ic le  * 
T h i s  mean d i a m -  

A nozzle  and plume flow field was  calculated for  t he  lo‘% 

F igure  23  p resen t s  the r e s u l t s  of a compar ison  

The  analytica1,;experimental data 
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mass mean d iame te r  of 1.44 microns .  

for t h e  15% A I  propellant using a mean  d iame te r  of 0.8 m i c r o n s  a l s o  resu l ted  

in improved data ag reemen t  . 

Nozzle and plume flow f ie lds  calculated 

Previous  r e s e a r c h e r s  have concluded that  t he  solid pa r t i c l e s  emerging 

from a solid propellant mo to r  vary  in s ize .  

to  be est imated by a log n o r m a l  distributinn. 

R A M P  flowfield calculation becomes  nieasurably longer as  t h e  number of 

different particle s i z e s  i s  increased .  Each calculation involving pa r t i c l e  

p rope r t i e s  must be repea ted  for each  different particle s ize .  

pedient t o  r educe  t h e  number  of par t ic le  s i z e s .  

s ta ted that  a single mean  particle size is adequate  for two-phase flowfield 

calculations.  

the  2% A I  propellant using a single par t ic le  s i z e  with a d iameter  of 0.8 m i c r o n s .  

In Fig. 27 r ad ia l  dis t r ibut ions of pitot p r e s s u r e  at x/D 

t h e  s ingle  par t ic le  s i z e  and  the six par t ic le  log no rma l  distribution a re  c o m -  

pa red  with experimental  measurements. The  single par t ic le  +size calculation 

did n o t  compare  a s  well  with the  s p e r i m e n t a l  pitot p r e s s u r e s  as the  s ix  pa r t i c l e  

calculation. 

quately model  t he  effect  of par t icu la tes  on the flowfield p r e s s u r e s .  

T h e  d ispers ion  of s i z e s  i s  thought 

T h e  computer  run time for a 

It is thus ex- 

Other  r e s e a r c h e r s  have a l s o  

With t h e s e  points in mind,  a R A M P  solution was  genera ted  fo r  

= 12 calculated with exit 

\ 

It was concluded that mult iple  particle dis t r ibut ions m o r e  ade -  

;.-I NOZZLE WALL PRESSURES 

T h r e e  s ta t ic  p r e s s u r e  taps w e r e  included in each nozzle used i n  the t e s t  

The  two p r e s s u r e  taps located n e a r e s t  to  the nozzle  throat  p rog ram ( F i g .  2 ) .  
wt 'rc frequently plugged by par t iculate  m a t t e r .  

compar isons  will bc presented  only for the  p r e s s u r e  t aps  n e a r e s t  t o  the  nozz!e 

(*\it plane. 

limited t o  the inviscid R A M P  solution. N u  effort w a s  m a d e  to  account for thc  

p rc sencc  o f  a boundary lay(-r (gas  and/or par t ic le )  on the  nozzle wall. 

13, 14 and 15 t h e  results of typical  R A M P  nozzle  calculat ions a r c  comparctl  
with experimental  m e a s u r e m e n t s  for s eve ra l  nozzles  and  rocket  f i r ings with 

the  2,  10 and 15% A1 propel lan ts ,  respect ively.  

lation r e p r e s e n t s  t h e  r e s u l t s  for only one nozzle geometry .  

In  t he  following discussion,  

Analytical calculations of the noexlc wall  s ta t ic  p r e s s u r e  was 

I n  F i g s .  

Note that the analytical  ca l cu -  

The analytical  
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curve  would va ry  somewhat for each different nozzle geometry .  

t he  analyt ical  calculation fo r  t he  2% A l  propel lant  passes through the  upper 

portion of t he  exper imenta l  da ta  c lus t e r .  In Fig. 14, the  analyt ical  calculation 

for the  10% A l  propellant indicates  similar resu l t s .  As pointed out in Section 

3.1, the  nozzle  wall  s ta t ic  p r e s s u r e  n e a r  t he  exit plane is significantly higher  

for  t he  10% A l  propel lant  that t h e  2% A1 propel lant  for both t h e  exper imenta l  

and  analyt ical  data. The  analyt ical  c u r v e  passes through t h e  exper imenta l  

data  c lus t e r  in Fig. 15 for t h e  15% A l  propellant.  

a g r e a t e r  variation in magnitude than the  2 or 10% AI data. 
in the esper imenta l  measu remen t s  for t h e  10 and 15% A I  propel lants  is negl i -  

gible.  

for t h e  10 and 1570 A1 propel lant  f ir ings.  Th i s  was  deduced from inspection 

of the  nozz les  following t h e  f i r ings (Ref. 3). 

par t icu la te  slag w e r e  deposited on the nozzles  used with t h e  15% AI propellant.  

I t  was  concluded tha t  i nc reased  particle interact ion with t h e  nozzle  wall con-  

t r ibuted to t h e  negligible difference in m e a s u r e d  p r e s s u r e s  fo r  t h e  10 and 15% 

Al propel lants ,  i.e., the  effect of particle interact ion with the  nozzle wall  domi-  

nated t h e  effect due to the  change in A l  loading. 

srins, i t  was  concluded that  t h e  RAMP two-phase nozzle solution per formed 

sat i s fact or i l  y . 

In Fig.  13, 

The  15% At data exhibited 

The  difference 

A significant pa r t i c l e  ladden boundary layer was p re sen t  in the  nozzles  

Significantly l a r g e r  amounts  of 

Based  on t h e s e  data  c o m p a r i -  

3 .5  EXHAUST PLUME DATA COMPARISONS 

Verification of t he  RAMP flcwfield solution was  achieved by  compar ison  

o f  analytical  and experimental  pitot p r e s s u r e  and heating rate dis t r ibut ions.  

Pitot p r e s s u r c  is a gasdynamic property easi ly  measu red  in  supersonic  flows. 

Pi tot  p r e s s u r e  measu remen t s  are relat ively insensi t ive t o  local flow aiigle and 

thus  t h e r e  was  no  effort to align the  pitot p robes  with the  local  g a s  s t r eaml ines .  

T h e r e  was no evidence of flow angle  effect on the  m e a s u r e d  data  a t  different 

r ad ia l  locations.  

3.5.1 Pitot  P r e s s u r e  Compar isons  

The  or ig ina l  test m a t r i x  specified the  measu remen t  of pitot pressllres 

a t  two ax ia l  d i s tances  f r o m  the  nozzle exit  plane,  x/Dexit = 5 and 20. T e s t  
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measuremen t s  w e r e  first obtained in t h e  less s e v e r e  environment at 

s/DCsi4 = 20. 
r ad ia l  dis tance f r o m  t h e  nozzle center l ine.  

fined by an  inc rease  in pitot p r e s s u r e  pene t ra tes  t o  within two nozzle d i a m -  

cter s o f  the  nozzle center l ine .  

of gas expansions s ince the  effect is prcsen t  for  t he  2% A1 propel lant .  

hypothesized that  t he  l i p  shock w a s  being moved inboard b y  a l a r g e  v iscous  

region. The  peak in pitot p r e s s u r e  in Fig. 2 8  would be  due  to the lip shock. 

The sloping p r e s s u r e  distribution outboard of t he  shock would b e  due to  de-  

creasing flow velocity in t h e  viscous region as the  flow dece lera ted  t o  qu ie s -  

cent  ambient  colitlitions. 

of the  plume would include a g r e a t e r  portion of the  total  plume flow and the 

lip shock would move closer t o  the  plume boundary with decreas ing  d is tance  

from the  nozzle exit .  

16 were  specified t o  invest igate  this  phenomena. 

Pitot  p r e s s u r e  data exhibited a n  unexpected variation with 

In Fig.28, a d is turbance  d e -  

The  phenomenon is apparent ly  a cha rac t e r i s t i c  

I t  was 

If t h i s  hypothesis was  c o r r e c t ,  the  inviscid core 

Additional plume rad ia l  su rveys  at x/Dexit = 12 and 

Radial  dis t r ibut ions of exp1:rimentally m e a s u r e d  pitot pressure a t  

s cve ra l  ax ia l  locations a re  presented  in F igs .  29  and  30 for the  2 and 1070 

A1 propel lants ,  respect ively.  

cshaust  plunie boundary corresponding to the  experimental  test conditions.  

As anticipated, the  s i z e  of the viscous region d e c r e a s e s  and the location of 

the peak p r e s s u r e  moves  c l o s e r  t o  the  plume boundary a s  the  r ad ia l  si irveys 

moved c lose r  t o  the  nozzle  exit plane. 

when Figs.  2 9  and 30 a r c  compared .  

appear  t o  he m o r e  s m e a r e d  for t he  10% A1 propellant than t h e  2 %  A I  propcl-  

lant .  Thc peak p r c s s u r c s  for the l0"X AI propellant a r e  lower thaq the  peak 

p r c s s u r c s  for the 2';;) A I  propcllant.  

Included in both f igures  is a typical R A M P  

A two-phase effect is d iscernable  

The  compress ion  and  viscous reg ions  

The observcd phenomenon i s  well documented in ana lyses  oi fa r  plume 

An inviscid c o r e  flow exis t s  in highly expanded p lumes  f rom the 

e x i t  

flow fields. 

nozzle to x /D 

to the  nozzle center l ine,  and t h e  plume fiowficld can no longer be accura te ly  

modcled by inviscid analytical  techniques.  

= 20 t o  40. At !+is point viscous effects have penetrated 

F igu res  2 9  and 30 c lear ly  show 
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the  change f rom a predominantly inviscid plume to an increLsingly viscous 

plume as the  dis tance from the  nozzle  exit  plane i n c r e a s e s ,  

The  R A M P  inviscid flowfield solution produces good ag reemen t  with 

measu red  pitot p r e s s u r e s  in the  inviscid portion of the  exhaust plumes at the  

t h r e e  al t i tudes,  for t he  t h r e e  A1 propellant loadings at the  four axial  stations.  

F igure  31 compares  analyt ical /experimental  pitot p r e s s u r e  for t h e  270 AP 

propellant at s/.IDeSit = 16 and 20. The data compar isons  are excellent in 

the  inviscid region of the  plume. N a t e  the  l a r g e r  inviscid region at x/Dexit 

= 16. 

scntcd for the  10 and 157, A l  Fropel lants  respect ively.  At x/Dexit = 15, the  

10% A1 propellant produced the  distribution in Fig.  34. Data compar isons  

are  acceptable  in the  inviscid portions of the  plume. 

In Figs.  32 and 33 pitot p r e s s u r e  compar isons  at x/D = 20 are  pre- exit 

Two simulated al t i tudes,  100,000 and 112, 000 ft ,  w e r e  used to obtain 

rad ia l  survey data at x/Dexit = 12. 

i nc rease  the  s i ze  of the  inviscid region of the  plumes.  

analyt ical  and experimental  pitot p r e s s u r e s  at a simulated alt i tude of 100,000 

f t  a re  presented  in Figs .  35, 36 and 37 for the  2, 10 and 15% AI propel lants ,  

rcspect ively.  

lent in the  inviscid region of t h e  plume. 

comparison is acceptable  although the  analyt ical  and experimental  dis t r ibut ions 

h a v c  a somewhat different slope from the  nozzle center l ine  to R,{’D 

For a n  alt i tude of 112,000 ft ,  analyt ical /experimental  pitot p r e s s u r e  com-  

par i sons  a r e  presented  in F igs .  38 ,39  and 40 for t he  2 ,  10 and 1570 A I  pro- 

pel lants ,  respect ively.  

1.39 and 1.66, the  pitot pressure compar isons  a r e  excellent for a l l  t h r e e  

propellant loadings. 

radial  locations have a different s lope than the  r ema inde r  o f  the  distribution. 

Referr ing t o  Figs.  35, 36 and 37, the corresponding experimental  data for  a n  

alt i tude of 100.000 ft do not exhibit th i s  phenomenon. 

thv t r ansduce r s  in question are acceptable  and do  not show any anomalies .  

Esper imcnta l  data for the  two different alt i tudes were  obtained at  different 

The 112,000 f t  a l t i tude was specified to 

Compar isons  of the  

Data compar isons  for t h e  2 and 10% A! propel lants  a re  excel-  

The 15% Ad propellant pitot p r e s s u r e  

= 1. exit 

With the  exception of experimental  data  at R/Dexit = 

T h e  experimental  data for each propellant at t hese  two 

The  t i m e  h i s to r i e s  of 
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t in ics  in thcs tcst p r o g r a m  with snmawhat differcwt instrunicntation coni igurn-  

t ions. I t  w a s  concluded that  t h c  esperimenLa1 rneasuroments  at  t h e s e  two 

r ad ia l  locations w e r e  in error.  

error is unknown. 

At t h e  t i m e  of th i s  writ ing,  the cause  of t h e  

T h e  r e s u l t s  presented  in Figs .  38, 39 and  40 support  t h e  conclusion tha t  

t h e  RAMP two-phase flowfield solution is a n  adequate model  for inviscid flows. 

T h e  ana l ;  'pal calculations ag reed  with t h e  experimental  m e a s u r e m e n t s  for a 

g r c a t e r  radial d i s t ance  irom the  nozzle center l ine than for t h e  100,000 f t  a l t i -  

tude test conditions. 

F igu re  4 1  shows r a d i a l  distributions of pitot p r e s s u r e  at x/D 

for the  10 and  1570 A I  propel lants  exhausting to a n  al t i tude of 100,OCO f t .  

T h e r e  w e r e  no rocke t  f i r ings  using t h e  270 AI prnpellant at t h e s e  test condi- 

t ions.  The aqnlytical  1570 A1 pitot pres-  
s u r e  distribution h a s  a somewhat different slope than t h e  experimental  data 

which suggests  t h e  need for a small ref inement  in the  pa r t i c l e  size. d i s t r ibu -  

t i o n  and/or  t h e  particle dr;lg model .  

at  x/D 

43. 

in tho expansion is c l ea r ly  i l lustrated in Fig.42. 

pitot p r e s s u r e s  for t h e  15% AI propellant a r e  significantly lower than those  

lor  t h e  29'0 A1 propellant.  

plumes can  be approximated by t h e  location of t h e  peak pitot p r e s s u r e  in the  

r ad ia l  distribution of m e a s u r e d  p r e s s u r e s .  
shock location for t h e  270 AP propallant but does not appear t o  predict  t h e  shoc 

ioc.ation very  well for t h e  1570 AI propel!.a.,t. 

for thc  2% AP propellant is very  sirliilar to  pitot p r e s s u r e  d is t r ibu t ions  ob -  

tained in a previous test p r o g r a m  a t  x/D = 1.5 using a i r  as t h e  working 

fluid. 

to the  l ip  shork is t h e  pressure decay through a s h e a r  layer c rea ted  as t he  

plume flow dccc lcra tes  from a supersonic  velocity to the  qniesccnt  ambient  

cnvironmcnt.  

AP loading i n  F i g s . 4 2  and 43. 

= 5 exit  

Both data compar isons  a r e  good. 

Radia l  distributions of pitot p r e s s u r e  

= 5 and a s imulated altitude of 50,000 a r e  presented  in F igs .42  and 

T h e  difference in gas p r e s s u r e  caused  by t h e  p re sence  of sol id  particles 
esit 

Analytical and experimental  

Location of t he  l ip  shock in the  experimental  

The  R A M P  code p red ic t s  t h e  

T h e  experimental  distribution 

ex it 
T h e  p r e s s u r e  distribution radially outboard of t h e  peak p r e s s ~ r c  due 

The s h e a r  l a y c r  appears t o  i n c r e a s e  in s i ze  with increasing 

This  quali tative t rend is  al . ;o evident whcm 

2 1  
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the pitot p r e s s u r e  dis t r ibut ions for the  2 and 10% AI propel lants  in Figs.29 

and 30 are  compared.  

3.5.2 Energy Flux Distributions 

Esper imcnta l  p lume energy zlux data  w e r e  obtained a t  several r ad ia l  

locations for each plume axia l  station radial ly  si lrveyed with t h e  r a k e  m e c h -  

an ism.  

f lus  at p i n t s  in t h e  plume. Energy  f lux  data from points ir, t h e  v iscous  

portion of t h e  plumes w e r e  not included in the  data compar isons .  

flow r e g i m e s ,  convective energy fluxes are proport ional  to t h e  s q u a r e  root 

of p re s su re .  If experimental  and analyt ical  p r e s s u r e s  do not compare at  a 

given point, t he  energy flux at a corresponding r ad ia l  location may still be 

compared by a d j u s t i q  t h e  analyt ical  energy  flux by the  s q u a r c  root of t h e  

r a t io  of experimental  t o  analyt ical  p r e s s u r e .  

applicable in a complex flow r e g i m e  such as the  viscous mixing region of a 

plume. To compare  with t h e  total plume energy f lux  m e a s u r e d  by the  ca lo-  

rimctcrs. t he  analyt ical  par t ic le  energy  flu^ n o r m a l  to t h e  c a l o r i m e t c r s  and  

thc  gas  convective energy flus were  calculated.  For each t e s t  condition in- 

vcst isatcd,  the analytical  par t ic le  and  g a s  energy fluxes w e r e  plotted sepa- 

ra ic ly  as a function of r ad ia l  dis iance from t h e  nozzle  center l ine.  

the  total  calculated energy flux at a given r ad ia l  location, the  valu,?s of the  

par t ic le  and g a s  energy fluxes are summed.  Typically t h e  calculated value 

o f  to ta l  cnergy !lux is  l a r g e r  than t h e  m e a s u r e d  value in two-phase exhaust 

plumes.  

This well-documented phenomenon is thought to be the  r e s u l t  of a par t ic le  

deb r i s  layer forming on the  heat  t r ans fe r  p rcbc  and shielding i t  from the  total  

cnergy flux in the plume. 

R A M P  and P1,iMP impingement energy flux calculations in the  past to  account 

for the shielding phenomenon. 

is multiplied by a constact fraction (typically 0.3 t o  0.5) before: being added 

tn  the g a s  convcctivc energy flw to  obtain the total  predicted energy flux. A 

pr i inarv  objective in the  analysis  of the  t e s t  p rog ram energy flu.. data was to 

dc t e rminc  the  actual accommodation coefficient (a) for a i f f r ren t  t e s t  conditions.  

Slug ca lo r ime te r s  mounted on cyl indrical  probes m e a s u r e d  energy  

In laminar  

This  simple cor rec t ion  is not 

To obtain 

This  effect is m o r e  pronounced with increased  Al propel lant  loading. 

An accommodation coefficient has  been applied to 

The  pa r t i c l e  energy flux calculated a n a l y t i c a l l y  
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To clctcrtniiic a from the  analytical/cspcriincntal data conipiirisons. thi- ~ i l -  

i-iilatcd v a l w  o f  gas ccmvcctivc cncrgy flus was subt rac ted  from tlic tiitusiiri~d 

ciicrgy flus valuc and the  resul t ing f igurc divided by t h e  prcdicted particle 

cncrgy flus n o r m a l  to t h e  probe.  

cnergy flux and pa r t i c l e  energy flux with m e a s u r e d  total energy  flux are pre- 

sented in Figs.44 through 57. 

t h e  heating rate f igures  as a function of al t i tude,  propellant loading and  axial 

station. Because of t h e  small size of t h e  g lumes ,  only o n e  data point w a s  ob- 

ta ined iri t h e  inviscid portior. of the p lumes  at a simulated al t i tude of 50,000 f t .  

Several c a l o r i m e t e r s  w e r e  destroyed or r e n d e r e d  inoperable  by t h e  s e v e r e  

impingement  environments  in the  plumes at x/D 

Compar isons  of calculated g a s  convective 

Table  3 contains  a cross re fe rence  guide for 

= 5 and dn a l t i tude  of exit 
50,000 ft. 

Figures  47,48 and  43 show the  analyt ical /e<perimental  energy flux 
compar i sons  a t  x/Dexit = 12 and an  al t i tude of 100,000 f t  for the 2, 10 and 

15% A I  propel lants .  

tr ibution of the  g a s  and  par t icu la te  phases to the  total plume ene rgy  flux for 

var ious  propellant AI loadings. The total energy flux increases significantly 

with increasing Ad loading (both experimental ly  and analytically). T h e  par - 
t iculate  contribution to the  total energy  flux i n c r e a s e s  significantly with in- 
c reas ing  Al loading. For the 10 and  15% Al propel lants ,  the  particle energy  

flux dominates  the t h e r m a l  environm-ent. The g a s  convective flux is greater 

than the  particle energy  flux for the  2% Ad propellant.  

energy flux for the 15% A1 propellant is somewhat g r e a t e r  (even after com- 

pensation for differencies  in chamber  p r e s s u r e )  than the  fluxes f o r  t h e  10 and 

2% A I  propellants.  Particles in a gas expansion typically r e m a i n  at a higher  

t e m p e r a t u r e  than the  g a s  and  t r a n s f e r  t h e r m a l  energy to the  g a s  phase. At a 

specified axial  station in comparable  plumes, t h e  g a s  t e m p e r a t u r e  is g r e a t e r  

for a propel lant  with a higher  loading of solid par t ic les .  

stagnation point heat  t r a n s f e r  model ,  t e m p e r a t u r e  effect is reflected primarily 

in the  change in specific heat at constant  p r e s s u r e ,  C 

and enthalpy, hD, Hs and hw, contain C 
relation: 

Comparison of t h e s e  f igures  indicates  the relative con-  

T h e  g a s  convective 

In the  Marvin-Diewert  

Prandt l  number ,  Pr. 
P' 

to t h e  first power in t h e  following 
P 
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At a given point in comparab le  plumes,  t he  g a s  'temperature and C 

for a 15% Al propellant than for  a 2% At  propellant. 

are higher 
P 

The  particle energy  flux at a given axial statim in comparable p lumes  

is a function of t h e  g a s  expansion but predominant ly  a function of pe rcen t  A I  

loading. The  analytical  tmriation in particle energy  flux with propellant A1 

loading is evident at each a x i a l  station. Compar ison  of Figs.45 and 46 re- 

vea ls  that t h e  particle energy  flw for t h e  15% Al propellant is significantly 

g r e a t e r  than t h e  flux for t h e  10% AI propellant at x/Dexit = 5 .  

s t i l l  evident in Figs. 56 and 57 at x;Dexit = 20. The m o r e  s e v e r e  t h e r m a l  en-  

vironment  in the  15% Al plume is evident experimental ly  not only in the higher 

measu red  energy  fluxes but a l s o  in t h e  photographs of the rocke t  f ir ings.  

Fig. 58 photographs reproduced  from color movies of t h e  rocke t  f i r ings are 

presented  for t h e  10 and  15% A l  plumes impinging on t h e  flat plate. 
s p h e r e  was  not i l luminated with a lighting source .  

on the  photographs i s  entirely f rom the  rocke t  f ir ings.  The  2% A I  propeliant 
produced sufficient radiation to be  visible on the color film but insufficient 

visible radiation to appear in t h e  black and white reproductions.  

of t h e  2% Al rocke t  f i r ings are avai lable  but could not be i n c h d e d  in th i s  re- 

p o r t  because of t h e  a f o r e m e n t i m e d  reproduction difficulties. 

radiation in t h e  photographs of Fig. 58 i s  emitted from the particles (the 2% 

AI plumes  .%*ere almost invisible due t o  the  small number of par t i c l e s )  which 

are at a sufficiently high temperature :.o emit vis ible  radiation. 

significant visible difference in the  radiation level f rom the  plumes with 

d i f f  er ent  At propellant loading s . 

T h i s  t r e n d  is 

In 

T h e  test 

Visible radiation r eco rded  

Photographs 

The  vis ible  

T h e r e  is a 

At t h e  x/Dexit = 20 ax ia l  station, t h e  m e a s u r e d  energy fluxes in t h e  

Comparing energy fluxes at x/Dexit = 16 and 

inviscid portion of t he  2 and 10% AI plumes w e r e  somewhat  higher than the  

total  predicted energy flux. 
20 in Figs. 53 and 55  for t h e  2% AI propellant and Figs .  54 and 56 for  t he  10% 
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AI propcllant, it i s  observed that the particle energy flw decreases by a 
larger percentage than the gas convective flux between x/Dexit = 16 and 20.  

This observation suggests that a deficiency in modeling the particle phe- 
nomena i s  responsible. Preliminary flowfield calculations in the post-test 

analysis employed a particle size distribution with a mass mean diameter 

of three microns. In Fig.59, energy flux distributions a r e  compared for 

plume calculations using different mass mean particle sizes. With a particle 

distribution about a mean diameter of three microns, the gas convective energy 

flux i s  less than the flux calculated with a mean diameter of 0.8 microns. The 

particle energy flux n e a r  t he  nozzle centerline i s  an order of magnitude greater 
for the calculation with the three micron mean particle diameter. 

energy flux is sharply peaked near  the nozzle centerline and decreases rapidly 

with increasing radial distance from t he nozzle centerline. 

lines for the larger particles a r e  located nearer to the nozzle centerline for 

the plume calculated with a larger mass mean particle diameter. Thus, a 

greater amount of particle kinetic and thermal energy is present near the 

nozzle centerline. A small increase in the mean particle diameter would 

provide the necessary particulate energy to increase the total predicted energy 

flux to the measured level. 

tween the  g a s  and particulate p b s e s  is more sensitive to particle size than 

the momentum coupling. 
might be adequately refined to accurately predict pressures in the plume but 
not adequately refined to accurately predict total energy flu. 

would be especially evident in the plume far field where particle mass fluxes 

a r e  low and the analytical predications approach the measured value of t&al 

energy flux, i.e., small amounts of particulate matter to produce shielding and 

debris layer effects. This trend in decreased shielding effects with decreased 

particle mass flw is evident in  Fig.60. 
function of energy flux accommodation coefficient. 

accommodation coefficient of 1 .O as the particle mass flux decreases toward 

zero. 
the particle size distribution would correct the discrepancy in the x/Dexit = 20 
energy flu comparisons. 

Particle 

Limiting stream- 

In the analytical model, the energy coupling be- 

A particle distribution input to the analytical model 

This deficiency 

Particle mass flux is plotted a s  a 

The data approach an 

At the time of this writing, it was concluded that a slight refinement in 
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3.6 IMPINGEMENT DATA COMPARISONS 

Thc  flat plate  appara tus  depicted in Fig. 3 was used t o  obtain impingement 

p r e s s u r e  and heating rate data a t  x/D exit 
s e v e r a l  angles  of attack with r e spec t  t o  the  nozzle center l ine.  Orientations of 

the  flat plate  that  w e r e  analyzed a r e  defined in the  schemat ic  d iagrams of Fig. 
61. As indicated in t he  photographs of Figs.62 and 63, t he  two-phase flow field 

in  the  vicinity of t he  flat plate is qui te  complex. The flow complexity is a re- 
sult of the  l a r g e  s i z e  of t he  plate relative t o  the  plume as  well  as t he  coupling 

between the  g a s  and particulate phases  downst ream of the shock standing off 

the plate. The  variation in  impingement phenomena with angle of a t tack  of t he  

body is i l lus t ra ted  in Fig.62. Wi th  t he  flat plate at s e v e r a l  inclination angles ,  

t he  shock s t r u c t u r e  and boundary l a y e r  on the  plate a r e  significantly different. 

As  the flat plate approached an inclination angle of 90 deg, t he  standoff shock 

became  norma l  t o  the  p lume flow. 

increasing inclination angle. With the  flat plate  at 90 deg and centered at 
x/Dait = 20, t he  n o r m a l  shock is approximately seven nozzle  d i ame te r s  up- 

s t r e a m  of the  flat plate. The  gas-par t ic le  coupling behind the  standoff shock 

was beyond the  scope of t h i s  project  and was not investigated.  

code does  not model  t he  shock with a l a r g e  standoff distance.  

impingement calculations a s s u m e  that t he  impingement shock is very  c lose  

t o  the  body surface.  

is not modeled by the  PLIMP code. 

effect on :mpingement p r e s s u r e s  and heating r a t e s  of the standoff shock s t r u c -  

t u r e  i s  significant. Impingement p r e s s u r e  and heating rate comparisons,  p r e -  

sented l a t e r  in t he  text  graphical ly  i l lus t ra te  th i s  point. In Fig.63, the  s i z e  

of the vis ible  boundary l a y e r  3n the  plate  v a r i e s  with propellant A t  loading. 

Apparently the  s i z e  of the  boundary l a y e r  i nc reases  with increasing M loading. 

The m o r e  solid par t ic les  that  a r e  present  in the  plume, the  m o r e  pa r t i c l e s  that  

a r e  entrained in the  plate  boundary layer .  The  PLIMP impingement model  

does not account for  the  additional boundary l a y e r  thickness  r e s d t i n g  from 

increased  propellant At loading. One accommodation coefficient is used in 

the  present  ana lys i s  t o  account for all mechan i sms  (shocks,  debr i s  l a y e r s ,  

par t ic le  effects,  etc.) which affect  the  t r a n s f e r  of energy f rom the  plume t o  

= 5, 12 and 20 with the  flat plate  at 

The shock standoff dis tance inc reased  with 

The PLIMP 

P U M P  

The  complex two-phase flow field behind the  shock 

At the high-body angles of a t tack,  t he  
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the surface of an impinged body. One purpose of this analysis is to dctcrmine 

the value of this accommodation coefficient for heating rate comparisons for 

various test configurations and propellant A l  loadings. 

3.6.1 Impingement Pressure Comparisons 

In Figs. 64, 65 and 66, analytical and experimental impingement pressures 

a r e  compared for the flat plate at x/Dexit = 5 with the flat plate inclined at  45 
deg to the nozzle centerline. The experimental data were obtained at  a simu- 

lated altitude of 50,000 f t .  Comparison of the experimental data for the three 

propellant A l  loadings indicate that the impingement pressure is a function of 

A1 loading. ,For the same experimental conditions, the 270 A l  propellant pro- 

duced the highest impingement pressure and the 15% A l  propellant produced 
the lowest impingement pressure. 

the radial surveys of gas pitot pressure. 
dominate the impingement pressure measurements. 

perimental and analytical flat plate impingement pressures a r e  good at x/Dexit 

= 5 for all  three propellant .Q1 loadings exhausting to a simulated altitude of 

50,000 ft. 
t h e  2 and 15% Al propellant loadings. 

culations agreed in magnitude and trend with the experimental data a t  x/Dexit 
= 5 and a simulated altitude of 100,000 f t .  

along the flat plate centerline a re  plotted for the 2 and 10% Al propellants in 
Figs.67 and 68, respectively. 

This trend is the same a s  that observed in 

It was concluded that gas effects 
Comparisons of the ex- 

The photographs of Fig. 63  correspond to these test conditions for 

Analytical impingement pressure cal- 

Impingement pressure comparisons 

Figure 69 illustrates schematically the impingement of a Flume on the 

flat plate located in the plume at x/Dexit = 20. The plume radial pitot pres- 

sure slrrveys revealed that the viscous region of the plume comprises a sig- 

nificant portion of the plume flow at x/Dexit = 20. 
viscous region increased to a value significantly higher than that predicted 

inviscidly. 

measurements at x/D = 12 and 20. Analytical/experimental impingement 

pressure data comparisons at x/Dexit = 12 a r e  presented in Figs. 70, 71 and 

72 for the 2, 10 and 1570 1u propellants, respectively. 

Local pitot pressure in the 

The same phenomenon was observed in the flat plate impingement 

exit 

The impingement 
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p r e s s u r e s  calculated analytically agree fa i r ly  well  with the  experimental data  

on the  portion of the plate located in  the inviscid portion of the plumes,  although 

the location of the shock somewhat ups t r eam of the su r face  of the plate m a y  

explain the  m e a s u r e d  c o r e  impact p r e s s u r e s  being higher  than predicted.  Meas-  

u red  impingement p r e s s u r e s  on the flat plate located in the viscous portion of 
the  p lumes  a r e  significantly higher  than the p r e s s u r e s  pred ic ted  inviscidly. 

This t r end  is observed  again in the impingement p r e s s u r e  data  compar isons  

at x/Dexit = 20. Impingement pressure compar isons  for the plate inclined at 
30 deg and centered  at x/Dexit = 20 are presented  in  F igs .73 ,74  and 75. Com- 

par i sons  for t h e  flat plate inclined at 45 deg are presented  in  Figs .76.77 and 

78 for the  2 ,  10 and 15% At propel lants ,  respect ively.  

t he  flat plate positioned n o r m a l  to t h e  nozzle center l ine  a t  x/D 

presented  in  Figs .79,  80 and 81. Predic ted  impingement pressures at x/Dexit 

= 20 are  significantly lower than the  measu red  p r e s s u r e s  in each c a s e  ove r  t h e  

en t i r e  length of the  plate. 

standing off the  plate at a d is tance  of 5 to 7 nozzle d i amte r s .  A P L I M P  cal- 

culation at x/'D 
portion of the  plume. 

nificantly affects the  environment seen by t h e  plate. 

sented in Fig.79, it appears that  the  stagnation p r e s s u r e  seen b y  the flat plate 

is approximately equal  to t h e  stagnation p r e s s u r e  behind the  no rma l  shock. 

The  PLIMP model  assumes that the  shock is located physically close t o  the  

impinged body. The model  does not calculate  t h e  l a r g e  shock standoff d i s -  

t ance  assoc ia ted  with bodies at high angles  of attack or the  gasdynamic prop-  

erties of t h e  expansion behind the  shock. 

problem indicates that  t he  gas -pa r t i c l e  flow behind a shock m a y  exhibit 

significantly different cha rac t e r i s t i c s  than the  flow in a typical  expansion. 

T h e r e  i s  a possibil i ty that the  g a s  i s  "shocked down" i n  velocity when passing 

through a shock but t he  par t ic les  are  not "shocked down" as much. 

s u l t  downstream of t he  shock could b e  a r e v e r s a l  of t he  energy and momentum 

t r a n s f e r  between the  gaseous and par t iculate  phases .  The particles would t r a n s -  

fer  momentum to  the  g a s  and  the  g a s  (now at a higher  t empera tu re  than the 

par t ic les )  would t r ans fe r  t he rma l  energy to the  pa r t i c l e s .  

would significantly affect  the  ac tua l  p r e s s u r e s  and heat  t r a n s f e r  r a t e s  exper i -  
enced by an  impinged body. 

Data compar isons  for 

= 20 are exit 

In Fig.62, it is observed that a norma l  shock is 

= 15 in  Fig. 79 produced excellent ag reemen t  in the  inviscid 

The n o r m a l  shock s t ruc tu re  standing off the plate s ig-  
exit  

From the  r e s u l t s  pre- 

A c u r s o r y  investigation of the  

The net re -  

These  phenomena 

Fur the r  ref inement  of the  impingement ana lys i s  
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i s  necessa ry  t o  accurately pred ic t  t h e  impingement environment experienced 

by l a r g e  bodies at high angles  of a t tack i m m e r s e d  in  small plumes. 

3.6.2 Impingement Energy Flux Compar isons  

In Figs. 82 and 83, analyt ical  and experimental  impingement heating are 
compared  along t h e  center l ine  of t he  flat plate at x/IDexit = 5 with the  plate  in- 

clined at 45 deg t o  the nozzle  center l ine.  Comparison of t he  experimental  

data  for t h e  2 and 10% propellant AI loadings indicates  that  t he  impingement 

energy fluxes are a strong function of A l  loading. 

conditions, t he  10% A1 propellant produced t h e  highest impingement energy 

flux and the  2% Al propellant produced the  lowest. 

tha t  observed in t h e  radial su rveys  of plume energy fluxes. 

experimental  and analyt ical  impingement energy fluxes at a s imulated al t i tude 

of 50,000 ft are not presented.  

impinge d i rec t ly  on a n y  ca lo r ime te r s .  

due only to upwash and downwash on the  plate  w a s  m e a s u r e d  experimentally.  

Experimental  impingement data was  not obtained for the  s imulated alt i tude 

F o r  the  same experimental  

This  t rend  i s  t he  s a m e  as 
Compar isons  of 

The  exhaust p lumes  w e r e  small and did not 

For  th i s  test condition, energy flux 

of 112,000 ft. 

Impingement energy flux compar isons  for  t he  flat plate (45 deg inclina- 

t ion) centered at x/Dexit = 12 are presented  in  Figs.84, 85 and 86 for t he  2, 10 

and 15% A1 propellants,  respect ively.  

pingement energy flux with propellant AI loading is evident. 

experimental  energy flux with Al loading is smaller than that  predicted analyt- 

ically.  This  r e f l ec t s  the  increased  shielding of the  flat plate su r face  by a g a s  

and par t iculate  deb r i s  boundary l a y e r  with inc reased  propellant A l  loading. 

The t r end  of increasing analyt ical  im- 

The  inc rease  in 

Far field impingement energy flux comparisons a r e  presented  in  Figs. 87 

through 95 for  t he  t h r e e  propel lants  impinging on the  flat plate inclined at angles  

of 30, 45 and 90 deg, F igu re  87 shows that  t he  experimental  energy flux a t  

Y = 1.25 f t  is higher  than the  sum of the  g a s  convective and pa r t i c l e  energy 

fluxes. Apparently the  l ip  shrxk impinged d i rec t ly  on the  ca lo r ime te r  o r  the  

s h e a r  layer was  present  at Y = -1.25 f t  resul t ing in a v e r y  high energy flux. 

29 

I OCKHEEO . HUNTSVILLE RESEARCH & ENGlNEERtMG CENTL R 



LMSC-HREC TR D497079 

The heat t r a n s f e r  model  that was used to  calculato the  g a s  convwt ivc  

heating r a t e  dis t r ibut ions was Ecke r t ' s  Reference Enthalpy method for flat 

plates.  Fo r  low angles of a t tack (30 deg flat plate  c a s e s )  this method gives  

reasonable  dis t r ibut ions of heating ra te ;  however, a t  high angles  of a t tack 

(on the  ups t ream portion of the  plate) the r e s u l t s  a r e  questionable and p e r -  

haps  another  theory  should have been used. 

a r e  important  s ince  it is n e c e s s a r y  t o  have an accura t e  prediction in o r d e r  

to calculate  meaningful accommodat ion coefficients for the  amount of par- 
t i c l e  energy flux t r a n s f e r r e d  t o  the  sur face .  Fo r  the 2% aluminum loading 

a relat ively small e r r o r  o r  change in convective heating rate m a y  r e s u l t  in  

a l a r g e  difference in  accommodat ion coefficient s ince the  gaseous  heating in 

the  reg ions  of the  p lume for which impingement heating data  was taken in the 

l a r g e r  portion of the  total energy flux. 

The convective heating r a t e s  

A l a r g e  portion (750/0) of the impingement heating rate data m e a s u r e -  

m e n t s  were  taken in the shear  region of t he  plume, although the data compar-  

i sons  w e r e  made  using the inviscid plume re su l t s .  The data  shown that a r e  not  

in the  shea r  l aye r  a re :  x/D = 5,a = 45, x = -0.5 ft; x/D = 12, a = 45, x = -0.5 

and 0.5; x/D = 20, a = 30 and 45, x = -0.5 f t .  Al l  of t h e  90 deg impingement 

heating data at x/D = 20 is in the shea r  region. The s h e a r  l a y e r  will affect 

the  data comparison for  a l l  ca ses  s ince  the  l a r g e  s h e a r  region will be  cap-  

tu red  by the  plate and flow down the  plate. 

The effect of the  standoff shock on the  heating rate predictions to the 

p la te  is probably very important. 

made  with the  PLIME' code a s s u m e  that tbe shock is parallel and c losc  to  the 

sur face  being impinged upon. 

r e g i m  of the plate where  the  shock is a t  a higher angle  than predicted and is 

located a considerable  dis tance away from the sur face .  

coupling between the g a s  and pa r t i c l e  phases  downstream of the shock. The 

gas-par t ic le  coupling r e su l t s  in local  pa r t i c l e  energy fluxes which a r e  prob-  

ably significantly different than those  predicted in the undisturbed flow field. 

The effects of this  coupling i n c r e a s e  with increasing aluminum loading. 

A l l  the heating and p r e s s u r e  calculations 

Most of the heating r a t e  data was taken on a 

The re  is strong 
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The previously mentioned factors and the large number of particles 
which a r e  captured by the plate and flow down the plate severely complicate 

the analysis to calculate heating rates to  a large surface impinged upon by a 
small two-phase plume. It was therefore difficult to  calculate a consistent 

set of accommodation coefficients that would reeult in good data agreement 
for all points. 

It should be noted that despite the complicating factor in the heating 
analysis, the results of the 2% aluminum cases in the inviscid region were 

fairly good. These results would give some credence to previous calcula- 

tions made for the Space Shuttle separation motor impingement. 
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4 .  CONC LUSlONS 

T h e  iollclwing conclusions w e r e  drawn from the r e s u l t s  of the post-test 
analysis :  

Overal l ,  t1.z RAMP numer ica l  flowfield solution adequately p red ic t s  
gasdynamic p rope r t i e s  in t h e  inviscid portion of two-phase exhaust 
p lumes  . 
Predict ion of exhaust plume g a s  p r e s s u r e s  r e q u i r e s  a n  adequate  
model  of t h e  flowfield thermodynamics.  The  assumption of con-  
s tan t  thermodynamic properties was  found t o  be inadequate. R e -  
su l t s  indicated t h e  expansions w e r e  chemical ly  frozen. T h e  g a s  
thermodynamics  w e r e  found to be  a s t rong function of t h e  change 
in entropy and  g a s  total enthalpy levels  caused  by t h e  momentum 
and energy exchange between the  g a s  and  par t icu la te  phases. 

P s e s e n t  methods  of calculating mass mean particle sizes for small 
( L  less than 100) sol id  propellant m o t o r s  a re  margina l .  Empi r i ca l  
data  from A i r  Force test data  proved adequate  for  predicting far- 
field plume energy fluxes. The  commonly used nozzle  th roa t  d i a m -  
eter c o r r e l a t i m  with mass mean par t ic le  size is not  appl icable  for 
nozzles  with a throa t  d i ame te r  of less than 1 in. 

Analytical calculat ions assuming one pa r t i c l e  s i z e  d;&ributed over 
t h e  exhaust p lume flow field does not c o m p a r e  as wel l  with exper i -  
menta l  data  as calculations assuming a log n o r m a l  distribution of 
pa r t i c l e  sizes about a mass mean s i ze .  

Analytical calculations using the  empi r i ca l  pa r t i c l e  drag  model  
developed by Crowe do  not produce a s  good of experimental /  
analyt ical  data compar isons  a t  low pa r t i c l e  Reynolds number  a s  
calculations using the  !<liege1 d rag  model .  At high propellant AI 
loadings,  calculations using t h e  Kliegel drag model  overpredic t  
two-phase momentum exchange at low par t ic le  Reynolds number  
and underpredict  two-phase momentum exchange at  high pa r t i c l e  
Reynolds number.  

P a r t i c l e  energy flux accommodation coefficient for plume energy 
f luxes i s  a strong function of particle mass flux. The  magnitude 
of t h e  accommodation coefficient va r i e s  inverse ly  with pa r t i c l e  
mass flux. 

The  P L I M P  code adequately pred ic t s  impingement p r e s s u r e  on 
bodies at low angles  of a t tack.  
function of t h e  impinged body shock s t ruc tu re .  

Impingement p r e s s u r e  is a s t rong 
The  P L I M P  code 
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docs  not adequately model  the  body shock s t r u c t u r e  and  thus t h e  
impingcinent environment  of l a rge  bodies at high angles  of attack 
in small p lumes .  

Impingement energy  fluxes are  modified significantly by the shielding 
effect of the  two-phase boundary layer on the  impinged body, Analyt- 
i ca l  impingement energy flux calculations using the  PLIMP code are  
conservat ive with r e s p e c t  t o  t h e  actual  environment experienced by 
the  impinged body. 

a 
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5. RECOMMENDATIONS 

5.1 FURTHER INVESTIGATIONS 

0 Investigate the viscous exhaust plume phenomena observed in the 
test pr ogyam . 

0 Investigate the two-phase phpiiomena downstream of normal and 
oblique shocks standing off impinged bodies. 

0 Develop an analytical model to  adequately predict impingement 
environments experienced by bodies at high angles of attack with 
respect to the impinging exhaust plumes. 

5.2 ANALYTICAL PROCEDURE 

0 Generate thermodynamic properties assuming an equilibrium 
chemistry model with a chemical freeze point. 

0 U s e  multiple tables of thermodynamic properties. The tables 
should be expanded from chamber conditions corresponding to 
several chamber enthalpies and two entropy levels for each 
chamber enthalpy. 
should encompass the range of values calculated for the two- 
pha s e expan s ion. 

Use the Kliegel drag model to calculate particle drag coefficients. 

For nozzles with a throat diameter greater than one inch, calcu- 
late the mass mean particle diameter with the throat diameter 
correlation (Ref. 8). 

For nozzles with a throat diameter less  than one inch, calculate 
the mass mean particle diameter based on motor L* (Ref. 11). 

0 Model the distribution of particle sizes with a log normal distri- 
bution about the mass mean diameter, 

e Use Fig. 60 to determine the accommodation coefficient for pre- 
dicting exhaust plume heating rates from calculated values. 

The range of total enthalpies and entropies 

0 

0 

0 
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Propellant 

2% 
Alumjnum 

10% 
Aluminum 

15% 
-4luminum 

Table  1 

PROPELLANT FORMULATIOIJS 

Component 
~ ~ 

Aluminu..l 

A P  

HTPB Binder 

MT4 Binding Agent 

IPDI Curing Agent 

Poly butene Plastic iz e r 

Aluminum 

AP 
HTPB Binder 

MT4 Binding Agent 

IPDI Curing Agent 

Pol ybut e ne Pla s t  ic iz er 

Aluminum 

-4 P 

HTPB Binder 

MT4 Binding Agent 

IPDI Curing Agent 

Pol ybut eiie Plas t ic izer  
- 

?ercent  by Weight 

2.00 

82.00 

11.35 
0.15 

1.00 
3.50 

i 0.00 

74.00 

11.35 

0.15 

1.00 

3.50 

15.00 

69.00 

11.35 
0.15 

1.00 

3.50 
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Table  2 

CROSS-REFERENCE GUIDE OF FIGURE NUMBERS FOR FIGURES 

Altitude 

At 
Propel lant  
Loading 

WITH ANALYTICAL AND EXPERIMENTAI, PITOT 
PRESSURE COMPARISONS 

X/Dexit - - 5 12 16 20 

50,000 f t  4 1.42 - -- .- 
100,ooo f t  19.20.21.40 23.34, 35.36 30. 33 18.30. 31, 32 
112,000 ft 37, 38, 39 - - 

2% 41 23, 34, 37 30 18.23. 30 

10% 19,20 ,21 ,40  35.38 33 31 

32 15% 40.41.42 36,39 

42 
- 

Table 3 

CROSS-REFERENCE GUIDE OF FIGURE FUMBERS FOR FIGURES 
WITH ANALYTICAL AND EXPERLMENTAL HEATING 

RATE COMPARISONS 

12 16 20 

50,000 f t  43 

Altitude 100,000 f t  44.45 46 ,47 .48  52,53 54, 55, 56 
-- - 112,000 f t  49, 50, 51 

2% 46 ,49  52 54 

Propel lant  10% 44 47.49 53 5 5  

15% 43.45 48 ,51  56 

AI 

Loading 
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7' dia. perforated duct 

-Plume Instrumentation 

Fig. 1 - Test Facility (Ref .  3) 
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Propel 1 ant Case 

. 

igniter  

\ 
P r o p e l  1 a n t  \ -  - 30" 

P, Tap Nozzle: Throat Oia. = 0.524" 
E = 7.6 
R,/R* = 4.0 

Fig.  2 - R o c k e t  Motor ( R e f .  3) 
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5.0 ft 

Note: P = pressure transducer; Q = heat rate gage. 

Fig .  3 - Diagram of Flat Plate and Flat Plate Instrumentation 
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I 
Alumin um I Loading 

Radial 
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9 = 30° 

Flat Plate 
9 = 450 

Flat Platc 
9 = 60° 

Flat Plate 
9 = 90° 

Solid 
Propellant 

Simulated Altitude (ft) 

0 50,000 

0 100,000 

0 112,000 

0 

:/Dexit = 16 I x/Dexit = 20 

2% 10% 2% 10% 15% 

0 0  000000 0 0 0 c I lo l o  I 
000 0 0  0 C I 

I 

0 0 0 0  ooc 

0 0 0 0 0 0  

Fig .  4 - Matrix of Test Conditions Investigated 
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r Pressure 
Transducer 

0.0. 
I .D.  

Fig. 7 - Pitot Pressure  Probe Assembly (Ref .  3)  
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0 Experimental, Test Point 13/1 

0 Experimental, Test Point 13/2 

h Experimental, Test Point 13/3 

Pc = 860 psia 

Pc = 900 psia 

Pc = 893 psia 

I 

0 

0 

- I I I I I 
2 3 4 5 6 7 0 1 

Nondimensional Radial Distance from Nozzle Centerline R/Dexit 

exit Fig. 8 - Radial Distributions of Nondimensional Pitot Pressure at x/D 
= 16, 10% Aluminum Loading and an Altitude of 100,000 ft 
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0 Experimental, Test Point 13/1 

Pc = 860 psia 

Pc = 900 psia 
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Exp?rimental, Test Point 13/2 

A Experi. tntsl, Yest Point 13/3 
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0 

0 1 2 .0 2 4 5 6 7 

Nodimensional Radial Distance from Nozzle Centerline, R/D ex it 

Fig. 10 - Radial Distributions of Total Energy Flux at x/Dexit = 16 for 10% 
Aluminum Loading and an Altitude of 100,000 ft 
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streamline 

Entropy, s 

Fig.  12 - Thermodynamic Characteristics of Two-Phase 
Expansion and RAMP Thermochemical Table 
CLEF rruction 
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. . -  

Analytical Calculation 

0 Experimental 

I I I I 1 1- 
0 0.02 0.04 0.06 0.08 0.19 0.12 0.14 0.16 

Axial Distance from Nozzle Throat (ft) 

Fig. 13  - Comparison of Analytical Nozzle W a l l  Static Pressure  with Experimental 
Pressure Measurements for Several Nozzles and 2% AI Propellant 
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. _L_ . 

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 

Axial Distance from Nozzle Throat (ft) 

F i g .  14 - Comparison of Analytical Nozzle Wall Static Pressure with Experimental 
Pressure Measurements for Several Nozzles and 10% AI Propellant 
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. .- . 

Axial Distance from N o z 2 s  Throat (ft) 

Fig. 15 - Comparison of Analytical Nozzle W a l l  Static Fressure with Experimental 
Pressure Measurements for Several Nozzles and 15% Al Propellant 
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100 

10 

1 
0 2 4 6 8 10 

Nondimensional Radia l  Distance from Nozzle Centerline, R/Dexit 

Fig. 16 - Radial Distributions of Experimental Pitot Pressure  at x/D exit = 12 and a Simulated Altitude of 100,000 ft 
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it 

Fig. 17 - Radial Distributions of Analytical Pitot Pressure  at x/Dexit = 12 
and a Simulated Altitude of 100,000 ft 
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A Experimental, 270 Al 
Experimental, 10% At 
Experimental, 1570 At 
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Nondimensional Radial Distance from Nozzle Centerline, R/Dexit 

Fig. 18 - Radial DiLxibutions of Measured Total Energy Flux for Various 
Propellant AI Loadings at x/Dexit = 20 and a Simulated Altitude 
of 100,000 ft 
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- t  
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- c- 
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. -..- - 
. .  . 

I I 1 
0 2 4 6 8 10 

Nondimensional Radial Distance from Nozzle Centcrline, R/D exit 

Fig. 19 - Radial Distributions of Analytical Cae Convective Energy F l u  
at x/Dexit = 20 for the 2, 10 and 15% Al Propellants at a Simu- 
lated Altitude of 100,000 Et 
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, I t I '  
t . *  

Nondimensional Radial Distanc : from Nozzle Centerline, R/Dexit 

Fig. 20 - Radial Distributions of Analytical Particle Energy Flux Normal 
to Probes at X/D,it = 20 for the 2, 10 and 15% A1 Propellants 
at a Simulated Altitude of 100,000 ft 
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Fig. 21 - Species Mole Fractions -4long Nozzle Centerline for 2% A1 Propellant 
Chamber Pressure of 783 psia, Nonequilibrium Chemistry 
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0 4 6 8 10 

Nondimensional Radial Distance from Nozzle Centerline R , ' 9  
exit 

Fig .  22 - Comparison of Experimental and Analytical Pitot Pressure  
= 20 and a Distributions for the 2% AJ Propellant at x/D 

Simulated Altitude of 100,000 ft ex it 
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It Analytical  Calculation with Mass Mean 
P a r t i c l e  D iame te r  of 0.80 m i c r o n s  - -  

Analytical  Calcul.ation with Mass Mean 
P a r t i c l e  D iame te r  of, 1.44 m i c r o n s  

Exper imenta l  

D4 970 79 

f 

0 1 2 3 4 5 

Nondimensional Radial  Distance f r o m  Nozzle Center l ine R/D exit 

Fig. 23 - Comparison of Experimental  P i to t  P r e s s u r e  Measurements  
with Analytical Calculations Using Log Normal  Pa r t i c l e  Size 
Distributions About Different Mean Pa r t i c l e  Diameters  for  
the 10% Al Propel lant  at x/Dexit = 5 and a Simulated Altitude 
of 100,000 it 

60 

LOCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER 



LMSC-HREC TR D497079 

100- 

10 
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Nondimensional Radial Distance from Nozzle Centerline R/D ex it 

Fig. 24 - Comparison of Experimental Pitot Pressure  Measurements 
w ith Analyt ic a1 Cal c ula t ions Us i ng D iff e r e nt E mp ir icirl Pa r t ic le 
Drag Models for the 10% AI Propellant at x/Dexit 7 5 and n 
Simulated Altitude of 100,000 ft 
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I .  

Analytical  Calculation with t 

Kliegel Drag  Coefficient : . . .  ---r--- . 

------Analytical Calculation with . -- - 
Kliegel Drag  Coefficient x 0. 2 

Kliegel D r a g  Coefficient x 2. 0 
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1 --+ ..-. --- - Analytical Calculation with 

t Experimental  , I  

t- I '  
I 

t 1. 

I :- 

I! 
i I 
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0 1 2 3 4 5 

Nondimensional Radial  Distance from Nozzle Centerline R/Dexit 

Fig.  25 - Compar ison  of Experimental  Pi tot  P r e s s u r e  Measurements  with 
Analytical Calculztions Using Different Values of Pa r t i c l e  Drag  
Coefficient for  the 10% Af Propel lant  at x/Dexit = 5 and a 
Simulated Altitude of 100,000 f t  
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Fig. 27 Compar ison  of E q e r i m e n t a t  Pi tot  P r e s s u r e  Measurements  
with Analytical Calculations Csing Different P a r t i c l e  Size 
Distribution,. for 2% A l  Propel lant  a t  x/Dexit = 12  and a 
Simulated Altitude of 100,000 ft 
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exit 

Fig.  28 Experimental Distribution of Pitqt Pressure at x/Dexit = 20 for 
the 2% AI Propellant and a Simulated Altitude of 100, ft 
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Fig. 31 - Radial Distributions of Nondimensional Pitot Pressure  for 2% 
Al Propellant at an Altitude of 100,000 ft at x/Dexit = 16 and 20 
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Fig. 32 - Radial Distributions of Nondimensional Pitot Pressure  for 10% 
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A I  Propellant at x/Dexit = 20 and a Simulated Altitude of 
100,000 ft 
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Fig .  3 3  - Radial Distributions of Nondimensional P i to t  P r e s s u r e  for 15% AI 
Propel lant  at  x,’Gexit = 20 and a Sirr.ulated Altitude of 100,000 ft  
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F i g .  34 - R a d i a l  Distribution!' of Nondimensional P i to t  P r e s s u r e  for  10% Al 
Propel lant  at x/D . = 16 and  a Simulated Altitude of 100,000 ft  
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Fig .  35 - Radial Distribations of Nondimensional Pitot Pressure a t  x/D 
= 1 2  for  270 AP Propel lan t  a n d  Altitude of I00,OOG ft exit  
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F i g .  36 - Radia l  Distributions of Nondimensional P i to t  P r e s s u r e  for 1070 
A t  Propel lant  at x/Ilexit x 12 c i ~ i d  a n  Altitude of 100,000 ft 
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Pressurc Along Centerline of Flat Plate for 2% A1 Propellant 
at X/D,it = 5,  $ = 45 deg and a Simulated Altitude of 100,000 ft 

105 

LmRHEEO - HUNTSVlLLt RLSEARCH & FNGINEERING CENTER 



LMSC-HREC TR D497079 
Analytical Calculation 

Experimental 

100 

* 
2 
x 

a" 

1( . . -  

I 

0. 

Distance Along Flat Plate Centerline, Y (ft) 

Fig. 68  - Comparison of Experimental and Analytical Impingement Pressure 
Along Centerline of Flat Plate for 10% A1 Propellant at x/Dexit = 5 ,  
J1 = 45 deg and a Simulated Altitude of 100,000 ft 

106 

LOCKHEED. HUNTSVILLE RESEARCH & ENGINEERING CENTLR 



LMSC-IIREC TI< 11497079 

I 

E 
0 
M 
c 
M 
E 
a 

.d 

.r) 

E 
c1 

P) 

E 
E 
5 

c, 
rn 
5 
(d .c x w 
‘cl 

0 
u 
ld 

aJ 
.c 
u 
v) 

.r( 

c, 

E 

I 

m 
9 

M 
la 
.r( 

10 7 

COCKHE€U - HUNTSVILLE RESEARCY & ENGINECHING CENIEh 



LMSC-HREC TR D497079 

80 

* 
0 
4 

X 

n" 

2 

L 
2 io 

\ 
pc . 
Q, 

rn 
m 
Q, 

E 9) 

n r 

.r( i! 

M 
E 

.PI 

.-I 

2 
0 
m 
E 

.r( 

a 

z 

1 

I 
! - .  
_. ~ 

I 
. ._ - 
I 
i 

I 

- ?  -.- : .- 
I , - . - . + - - -  

1 --- . - Analytical Gas Impingement 
Pres sur e 

&per imental 

I 
I 

er 
- - - I  . - -7 .- - 

-2 - 1  0 1 2 

Distance Along Flat Plate Centerline, Y (ft)  

Fig. 70 - Comparison of Experimental and Analytical Impingement 
Pressure Along Centerline of Flat Plate for 2% AI Propellant 
at X/Dexit= 12, Jc = 45 deg and a Simulated Altitude of 100,000 ft 

108 

LOCKHEED . HUNTSVILLE RESEARCH 6 ENGINEERING CENTER 



LMSC-HREC TR D497079 

100 

* 
0 

X 
d 

a" 
\ a 
d 
a 
k 

In 
6u 
9) 

ct 
* ; 10 
9) 
M 

a .f 
E 
Y 

4 
(d 
E 
0 

.PI 
In 

.d ! 
a 
E 

; 

1 

Analytical Calculation 
$ Experimental 

- 2  - 1  0 1 2 
Distance Along Flat Plate Centerline, Y (ft) 

Fig.  71 - Comparison of Ekperimental and Analytical Impingement Pressure  
Along Centerline of Flat Plate for 10% A1 Propellant at x/Dexit = 12, 
9 = 45 deg and a Simulated Altitude of 100,000 ft 

10 9 

LOCKHEED - HUNTSVILLE RESEARCH 6 ENGINEERING CENTER 



LMSC-!IREC TR D497079 

I 

N 
E- 

110 

LOCKHEED. HUNTSVILLE RESEARCH & ENGINEERING CENTER 



LMSC-HREC TR D497079 

I - Analytical 
Calculation 

Experimental - 

Deb* 8s and I .A 

f _ , . - - -  - - - - i . - .  . 

. i  . 
! . - - . i :  

-2 - 1  0 1 2 
Distance Along Flat Plate Centerline, Y (ft) 

Fig. 73 - Comparison of Experimental and Analytical Impingement Pressure 
Along Centerline of Flat Plate for 2% AI Propellant at X/De,it = 20, 
+ =  30 deg and a Simulated Altitude of 100,000 ft 

1 1 1  

LOCKHEEO HUNTSVILLE RESEARCH 6 ENGINEERING CENTER 



I,MSC-HREC TR D497079 

0. 

-, - - . .+- _ _  .. .. . . I 

I ! f ! 

I ! 
1 '  .. .. 

Analytical Calculation I 9 Experimental 

-2 - 1  0 1 2 
Distance Along Centerline of Flat Plate, Y (ft) 

Fig.  74 - Comparison of Experimental and Analytical Impingement Pressure 
Along Centerline of Flat Plate for 10% A1 Propellant at x/Dexit = 20, 
Jc = 30 deg and a Simulated Altitude of 100,000 ft  
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Fig. 75  - Comparieon of Experimental and Analytical Impingement Pressure 
Along Centerline of Flat Plate for 15% A1 Propellant at x/Dexit = 20, 
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Fig. 76 - Comparison of Experimental and Analytical Impingement Pressure  
Along Centerline of Flat Plate for 2% A1 Propellant at x/Dexit = 20, 
JI = 4 5  deg, and a 6imulated Altitude of 100,000 ft 

114 

LOCYHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER 



LMSC-HREC TR D497079 

- 
Q) 
k 

ID 
9) 

E 

li 
u 
E 
9) 

9) 
M 
c 

E 

.r( 

W t 
4 
Ld 
E 
0 
m 
E 
9) 

.r( 

E s 
E 

; 

10 

1 

0.5 

Fig. 77 - Comparison of Experimental and Analytical Impingement Pressure 
Along Centerline of Flat Plate for 10% A1 Propellant a t  x/Dexit = 20, 
9 = 45 deg, and a Simulated Altitude of 100,000 ft 

115 

LOCKHEED HUNTSVILLE RESEARCH EL rNGlNEERlNG CENTER 



50 

-r 
0 

X 
r( 

au 
\ a 

0.5 

10 

1 

. . . ~ . -  -- - - - -  . 
I 

I 
8 ...... 1 i - Analytical Calculation 

+-.. -- ..-. ---1 i ;  f Expcriinerital 
I 

+--- 

I 
1 - .  
I 

1 2 

Distance Along Flat Plate Centerline, Y (ft) 

Fig. 78 - Comparison of Experimental and A;.alytical Impingement Pressure 
Along Centerline of Flat Plate for 1 5 %  Al Propellant a t  x/Dexit = 20, 
9 = 45 deg and a Simulated Altitude of 100,000 ft 

116 

LOCKHEED - HUNTSVILLE RESEARCH & ENGIKZERING CENTER 



IJMSC-HREC TR D497079 

1 

0.5 

. .  

i - -  

I 

Analytical Gas Impingement I 
Pressure  at x/Dexit = 20 

Pressure  at x/Dexit = 1 5  

- 1 '  
- -  I .  - - - - Analytical Gas Impingement 

T 
f Experimental 

- 1  0 1 2 
Distance Along Flat Plate Centerline, Y (ft) 
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Along Centerline of Flat Plate for 15% A I  Propellant at x/Dexit = 20, 
j (  = 90 deg, and a Siraulated Altitude of 100,000 ft 
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Fig. 82 - Comparison of Experimental and Analytical Energy Flux Along 
Centerline of Flat Plate for 2 % A l  Propellant at X/Defit = 5,  
Ji = 4 5  deg and a Simulated Altitude of 100,000 ft . 
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Fig. 83 - Comparison of Experimental and Analytical Energy Flux Along 
Centerline of Flat Plate for 10% A f  Propellant at x/Dexit = 5 ,  
L$ = 45 deg and a Simulated Altitude of 100,000 ft 
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Fig. 84 - Comparison of Experimental and Analytical Energy Flux Along 
Centerline of Flat Plate for 2 % A f  Propellant at X/Defit = 12, 
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Fig. 85 - Comparison of Experimental and Analytical Energy Flux Along 
Centerline of Flat Plate for 10% A1 Propellant at x/Dexit = 12, + = 45 deg, and a Simulated Altitude of 100,000 ft 
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Fig. 87 - Comparison of Experimental and Analytical Energy Flux Along 
Centerline of Flat Plate for 2 % A l  Propellant at X/Dexit = 20, 
JI = 30 deg and a Simulated Altitude-of 100,000 f t  
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Fig. 88 - Comparison of Experimental and Analytical Energy F l w  Along 
Centerline of Flat Plate for 10% A1 Propellant at x/Dexit = 20, 
J1 = 30 deg and a Simulated Altitude of 100,000 ft 
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Fig. 89 - Comparison of Experimental and Analytical Energy Flux 
Along Centerline of Flat Plate for 15oJo A1 Propellant at 
X/Dexit = 20, I# = 30 deg and a Simulated Altitude of 
100,000 ft 
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Fig.  90 - Comparison of Experimental and Analytical Energy Flux 
Along Centerline of Flat Plate for 270 AP Propellant at 

"/'exit = 20, + = 4 5  deg and a Simulated Altitude of 

100,000 ft 
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Fig. 91 - Comparison of Experimental and Analytical Energy Flux 
Along Centerline of Flat Plate for 10% A l  Propellant at 
x/Dexit = 20, JI = 45 deg, and a Simulated Altitude of 
100,000 ft 
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Fig.  92 - Comparison of gxperimcntal and  Analytical Energy Flux 
Along Center l ine of F l a t  Plate for 15% A-l Propel lan t  at 
x/Dexit = 20, 4 = 45 deg, and a Simulated t\ !titude of 

100,000 f t  
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Fig. 9 3  - Comparison of Experimental and Analytical Energy Flux 
Along Centerline of Flat Plate for 2% Ap Propellant at 
x/Dexit = 20, 4 = 90 deg, and a Simulated Altitude of 
100,000 ft 
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Fig. 94 - Comparison of Experimental  and Analytical Energy Flux 
Along Centerline of F la t  P l a t e  for  10% A1 Propel lant  a t  
x/Dexit = 20, $ = 90 deg, and a Simiilatcd Altitude of 

100,000 ft 
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Fig. 95 - Comparison of Esperirnental  and  An;Aytical Energy  Flux 
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