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This document sumniarizes the t e s t  data generated and gathered during a 

series of wind tunnel tes ts  related to plume silllulatioli on Space Shuttle. The 

work was perfor~ned for NASA Marshall Space Flight Center, Huntsville, AL. The 

NASA Technical Coordination for this study was provided by Mssrs. Kenneth L .  

Blackwell and Josepli L .  Sims of Systems Dynamics Laboratory. 
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SUMPIARY 
I 

L 

A t  t l i e  i n i t i a t i o n  o f  t h e  SSLV prograll l, t c c l i ~ i o l o g y  f o r  s i ~ ~ i u l a t i n g  p1u111es 

i n  w i n d  tunne l  t e s t s  \vas n o t  adequate t o  p r o v i d c  t h e  r e q u i r e d  c o n f i d e ~ l c e  ill 

t e s t  d a t a  wlicre pluure-induced a e r o d y n a ~ ~ ~ i c  e f f e c t s  111ig1it bc  s i g n i f i c a n t .  A 
I l  
: j 

b road  r e s e a r c h  prograal was under taken t o  c o r r e c t  t h i s  d e f i c i e n c y .  Four  t a s k s  , ! . 

~ v l t h i n  t l i i s  broad progral l l  a r e  r u p o r t e d  on h e r c i n .  T I ~ r e e  o f  t l i cse  t a s k s  i n v o l v e  

c o n d u c t i n g  e x p e r i l ~ ~ e n t s ,  r e l a t e d  t o  t h r e e  c l i f f c r e n t  aspects  o f  t h e  p l u ~ r ~ e  s i r r~u ln -  

t i o n  p r o b l e ~ i ~ :  base pressures,  l a t e r a l  j e t  p ressures,  and p1u111e p a r a ~ ~ ~ e t e r s .  The 

f o u r t h  t a s k  i n v o l v e s  c o l l e c t i n g  a l l  o f  t h e  base p ressure  t e s t  d a t a  generated 

d u r i n g  t h e  prograsi. 

Task 1  ~ncasured base pressures on  a  c l a s s i c  cone-og ivc -cy l i nder  body as 

a f f e c t e d  b y  t l i e  c o a x i a l ,  I i l g l i  tes lpera ture  exl iaust  p1u111es o f  a  v a r i e t y  o f  s o l i d  

p r o p e l l a n t  rocke ts .  V a l i d  d a t a  were o b t a i n e d  a t  s u p e r s o r ~ i c  f r e e s t r e a ~ ~ ~  c o n d i t i o n s  

but  r i o t  a t  t r a n s o n i c .  Task 2 produced p ressure  d a t a  r e l a t e d  .to l a t e r a l  (separ -  

a t i o n )  j e t s  a t  M,,, = 4.5, f o r  ~ i i u l t i p l e  c l u s t e r e d  nozz les  canted t o  t h e  freest re an^ 

and o p e r a t i n g  a t  l i i g l i  d ~ ~ n a s ~ i c  pressin-e r a t i o s ,  qj/q, (up t o  450j .  A l l  progral l l  goa ls  

\ w e  111et a1 t l iougl i  t l i e  111odel hardware was found t o  be l a r g e  r e l a t i v e  t o  t l i e  \vind 

t u n n e l  s i z e  so t h a t  o p e r a t i o n  Ivas 1i111i ted t o  qj/q z 250 f o r  some n o z z l e  con f ig -  
N 

u r a t i o n s .  Task 3 was a  prograla 3P p a r a ~ ~ i e t r i c  ~ ~ ~ e a s u r e ~ ~ ~ e ~ i t s  i n  t l i c  ex l iaust  p1u111es 

o f  s o l  i d  p r o p e l l a n t  r o c k e t s ,  and generated t h e  l a r g e s t  p a r a ~ a e t r i c  s e t  o f  such 

d a t a  t o  date .  T c s t s  were p e r f o r ~ ~ ~ e d  a t  s t a t i c  backpressure c o n d i t i o n s  c o r r e s p o ~ ~ d i n g  

t o  a l t i t u d e s  o f  50 k f t ,  100 k f t ,  and 112 k f t  f o r  p r o p e l l a n t s  c o n t a i n i n g  2%, lo:<, 

a d  1  A~UIIIUII. Task 4 produccd a  cos~pact ,  b u t  c o ~ ~ p r e l ~ c n s i v e ,  c ~ l l c c t i o n  o f  

t e s t  d a t a  fro111 1 0  t e s t  s e r l e s  o f  p1u111c s i m u l a t i o n  e f f e c t s  on base p ressure .  
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NOMENCLATURE 
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A 
AP 
B.L. 
c.1. 
CTPB 
D, d i a  
ET 
HTPB 
JANNAF 
M 
M.O.C. 
P 

PBAN 
4 
R 
S/ N 
SRB 
SSLV 
SSME 
T 

Subscripts:  

amb 
b 
C 
ex 

Area 
Amsonium Perchlorate 
Boundary Layer 
Center L i n e  
Carboxv Terminated PolyButadiene 
. .. - 

External Tank 
t lydroxyl Terminated PolyButadlene 
J o i n t  Army Navy NASA Air Force 

' blach Number 
Method o f  Cha rac te r i s t i cs  
Pressure 
PolyButadiene Acry lon i  tri l e  
Dynamic Pressure 
Gas Constant 
S e r i a l  Number 
Sol i d  Rocket Booster 
Space S h u t t l e  Launch Vehic le  
Space Shu t t l e  Main Engine 
~ e n ~ p e r a t u r e  
Isen t rop ic  Exponent (Rat io  o f  S p e c i f i c  I ieats) 
P1ul;:e s iope ' 

Nozzle Area Rat io  
Nozzle Wall Angle 
P l a t e  I n c l i n a t i o n  - See F igure  14 

Amblent 
Base 
Chamber 
Exi t 
J e t  
Nozzle Wall 
To ta l  (Stagnat ion) 
Throat (Sonic) 
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11 Sect ion 1  ! 
INTRODUCTlON 

li 1 The development and operat ion o f  space launch vehic les may be considerably 

i- ' B inf luenced by the aerodynan~ic e f f e c t s  induced by the  various propu ls ive  rockets.  

I It i s  important  t o  be ab le  t o  accurate ly  p r e d i c t  these e f fec ts ,  so t h a t  data can 1' , I] I. be generated fo r  v e h i c l e  performance, s t a b i l i t y  and con t ro l ,  and s t r u c t u r a l  desfgn. 

:;,, t] Aerodynamic design data f o r  such vehic les are usua l l y  obtained fron: wind tunnel  

I'd 
! 

s imulated by f low ing a  gas (such as a i r  o r  some product o f  combustion) through 

model nozzles. A t  t h e  i n i t i a t i o n  o f  the Space Shu t t l e  Launch Vehicle (SSLV) program, 

the  technology f o r  s imu la t i ng  plumes \./as no t  adequate t o  prov ide the  requ i red  con- 

i i  " , 11 fidence i n  niodel t e s t  data. S i g n i f i c a n t  plume-induced e f f e c t s  \yere an t i c i pa ted  as 

i. 
the SSLV conf igurat ion,  sketched below, has f i v e  major plume-producing rockets. A  

', 11 research program was undertaken t o  co r rec t  t h i s  de f ic iency .  
! .' 
i: ( 
, 2 [il 
; i 

1 :I , ! 111 
i I 

(1 ;: 
,i 

1 :, ,,, i ,  

SOI.ID.PROPEI.I.ANT 
IXOCKETS 

EXTERNAL TANK [ET) 

.. . 
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Thc basic  approacl~ o f  t l i c  rcscarc l i  progl.alll was t o  conduct a s o ~ i c s  o f  para- 

111ctric wll id tutlnc'l t es t s  w i  t h  sufficient con t ro l s  t o  a l l ow  iridepcndent assess111e11t 

o f  t l i c  p c r t i n c n t  var iab les :  v c l ~ l c l c  type, nozzlc  gco~iietry, p rope l l an t  gas typc, 

rrozzl e colldi ttorts, and \ v i  nd tunnel frccstrea111 colit l i  t ions .  T l ~ c  t o t a l  prograa aas 

d i v i d c d  so tha t  NASA p c l ~ s o n ~ ~ c l  vc re  i t 1  cl largc o f  o11c c~ro\~[)  o f  cxpcr i~~rents ;  REbIiECII, 

Jncorporatcd was conl;ractcd to p c ~ ~ f o r t a  anotl iur group o f  cspc~. i~ i~cnts;  and a t h i r d  

group \vas contracted t o  o t l l c r  i n d u s t r i a l  concerns. Tl l is  docu~tlc~it  suaerla~-izes t l ~ e  

\ tork pcr fo lwcd by REEITECII, Incorporated. 

Therc were f o u r  tasks p o * f o r ~ ~ ~ c d  d u ~ + i n g  t h i s  co~ i t l -ac t .  Thrce o f  t l lesc invo lvcd  
I 

p e r f o n ~ i l i g  e ~ p w i ~ ~ ~ e ~ i t s ,  alld O I ~ C  i11v01ved c o l l c c t i ~ l g  r o l a t e d  publ is l ied c x p e r i ~ ~ t c n t a l  

data: I 
Task 1 High Tcnlpcraturc Exllnust Plusir? Efi 'ccts 011 Dasc Prcssurr S i ~ ~ i u l a t i o r l  

;ask 2 Latel*al  J c t  S t ~ ~ a r l a t i o n  

Task 3 P a r a i ~ ~ c t r l  c Ncasurca~cnts 'In Sol i d  P r o p e l l a ~ ~ t  IJlull~cs 

Task 4 P l u l ~ ~ e  S i~ i l u la t i on  Data Suwnary 

Task 1 was a tiyo-pliase e f f o r t  ivlricli ~ i~casurcd  bnsc p1,cssurcs OII a c l a s s i c  

c o ~ ~ c - o g i v e - c y l i n d e r  body as a f f c c t e d  by t l l c  coax ia l ,  h igh t c e ~ p c ~ ~ a t u r a  c x l ~ a u s t  

glu~l lcs o f  a v a r i e t y  o f  s o l i t l  p ~ . o p c l l a ~ l t  rockcts.  Tllc f i t ' s t  pllasc was conducted 

i n  tile NASA IISFC 14 s 14- I~ ic l i  Ti ' isonic I l l l i d  Tun~ie l  (TIJT) and p r i s i a r i l y  covcretl the 

supcrsonic speed range: M = 1 . 5 -  3.5. Tllc seco11d pliase Was conductcd i n  the 

NASA ARC 6 s 6-Foot Supersonic l J i ~ i d  Tu1111cl and c o v e ~ ~ c d  tl lc transonic spced range: 

bI = 0.9 - 1.5. Task 2 was a11 i ~ i v e s t i g a t i o n  o f  l a t e r a l  j e t  s i ~ ~ ~ u l a t i o ~ i  pal-a~ilcters. 

I t  rvas pc r fo~ .~ l~ed  i n  t l ie  ElSFC TllT us ing col ic-ogivc-cyl indcr and f l a t  p l a t c  l i~odels 

a t  M = 4.5, using t l i r ec  d i f f e ~ . e ~ i t  gascs: a i r ,  CF4, arid llc. A spccia l  I i ig l l  

pressure gas heato. (c!cvelopcd f o r  all e a r l i e r  t e s t  i n  the o v c r a l l  progral~i) \vas 

used t o  supply t l ~ e s c  gases. Tnsk 3 was a t e s t  t o  ii~easure selected paratneters 111 

the es l~aus t  plu111es o f  a v a r i e t y  o f  s o l i d  p rope l l a t i t  rockcts,  es l iaust i~ ig I n t o  a 

quiescent, I ~ i g l i - a l t i t u d e  cond i t io l i .  TIl is expcriercnt was a comprel~cnsivc alrd para- 



' 
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~ l ~ e t r i c  investigation u t i l i z i n g  t l ~ c  50 f t  d i a a ~ c t c r  spliere tha t  liad been b u i l t  as 

t i le exllaust r ccc i ve r  f o r  t l ~ c  ElSFC High Rey~iolds Nui~Lcr wind Tu1111el (HRIIT). Task 4 

consisted o f  c o l l e c t i n g  and s u ~ ~ r a r l z i n g  a l l  o f  t l l c  t c s t  data gcneratcd i n  t l l c  

c o ~ l ~ p l e t c  PIASA Plu~lle Tccl l l~ology progralli. Tl icrc was a t o t a l  o f  t c ~ i  t es t s  i n  t h a t  

prograrlt, and a f t e r  evaluat io l l ,  t l l c  data fro111 scvcll t c s t s  wo'c clloscn f o r  pub l i ca t i on .  i 
A l l  o f  thc t1ard1va1.c uscd on tl icsa cxpcrialcntal e f f o r t s  were develol~ed I 

specifically f o r  eacli r cspcc t i vc  t e s t  (except f a r  t l lc  gas l l cn tc r  ~ ~ l e n t i o n c d  above 

on 'Task 2).  Tlic To l l o~v ing  scct ions o f  t h i s  d o c u ~ ~ ~ c n t  prcscnt  a b r i c f  d iscussion 

o f  eacll task. For t l ie  t l l rec  c x p c r i ~ ~ ~ e n t a l  tasks, t l ~ i s  t l iscussion i ~ i c l u t l c s  de- I 
sc1.i p t i ons  o f  111ode1 llnrd\varc, auxi 1 i a r y  eqquip~l~c~it, instrumentation, resu l  t s  , 
nnd exa~ l~p lcs  o f  t l ie  data. For Task 4, t l l c  d i s c u s s i o ~ i  includes a sull~~ilary o f  t l ie 

var ious tes ts  and hardware fro111 wlii cll data arc  scrl~unarl zed. Detai  1  cd d i  SCUS- 

siol ls o f  a l l  aspects of each task arc  presented i n  separate docua~ents. Teblc 1 
I 
i 

i s  a guide to t l lcsc t lc ta i lcc l  docun~cnts along \\lit11 o thc r  r e l a t e d  d o c u ~ l ~ c ~ l t s  gcn- ! 
1 i b 

cra ted  on t l l i s  c o ~ ~ t r a c t ,  kcyed t o  the  tasks and associated t e s t  i d e n t i f i c a t i o n  i ,, 

nu~~lbers. 

TABLE 1. PROGRAEI SUPIEIARY 

Tcs t: Uocu~cn ta t i on  

Ti'sk NASA Test  S i t e  Tcs t  Data P r c t c s t  I n fo .  Othcr 
I d .  Id .  Repo~-t F~CIIIO blemo 

1 llAlOF TllT-586 RTR 016-1' RE\ 016-1' 

FA7 066-33 RTR 016 -2  RM 016-27 RE1 01 6-3' - 
2 FA1 3 TIJT-612 RTR 016-33 Rb1 016-4' RE1 01 5-5' 

3 FA21 HRIIT-30 RTR 016-411 RH 016-6" 

4 5 
NASA Tecl1nical Paper IIEi 016-7' - I d  

1. Superscr ipts denote rc fe rcnce i d c n t i f i c a t i o ~ i  nu~libcrs. 

2. Sollie r e s u l t s  o f  Ref. 4  were give11 a t  t l le  l o t t i  JANNAF 
P l  LIIIIC Tecllnol ogy Conference: Ref. 13. 
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Sect ion 2 

I I IGH TEElPERATURE EXHAUST PLUElE EFFECTS ON BASE PRESSURE SIMULATIOII 

I t  i s  i ~ n p o r t a n t  t o  accura te ly  p r e d i c t  the  acrodynaslic c l i a r a c t e r i s t l c s  

o f  t h e  Space Shu t t l e  dur ing  ascent t o  provide the  data requi red f o r  s t r u c t u r a l  

atid c o n t r o l  systelns design. Recent s tudies liave shown t h a t  induced e f f e c t s ,  

due t o  t l ie  plumes o f  the propu ls ion  enyincs, can have a s i g n i f i c a n t  ef fect  

on the  aerodynaniic c h a r a c t e r i s t i c s  dur ing  the  p o r t i o n  o f  the f l i g h t  where 

aerodynanlic forces a r e  l a rge  r e l a t i v e  t o  i n e r t i a l  forces. A t  the i n i t i a t i o ~ ~  

o f  t h i s  prograal, t hu  technology f o r  s in lu lat ing the  Space S i i u t t l e  p r o p u l s i o ~ i  system 

pluilles i n  a lvind tunnel was riot adeqi~ate t o  prov ide the requi red confiderice i n  

aerodyna~ttic data o b t a i  ned froln inode1 t e s t s  where plu~i ie induced e f f c c t s  a re  3 

s i g n i f i c a n t .  I n  o rder  t o  advance plunle s i ~ l ~ u l a t i o n  technology, a t e s t  prograsl was I 

i n i t i a t e d .  
' 4 
E 1 

Task 1 was conducted t o  measure the  aerodynaa~ic e f f e c t s  o f  plumes ~I'OIII ! j' 
I 

high te~~ lpe ra tu re  gases i n  the presence o f  an external  f l o w f i e l d .  T l i is  i n v e s t i g a t i o n  I 

prov3ded data t o  colllpare wit11 the e f f e c t s  observed using co ld  gas plun~es. Tl;e 

f i r s t  t e s t  phase was conducted i n  t l i e  FlSFC 14 x 14-Inch T r i son i c  Wind Tuiinel 

(Ref. 14) dur ing Decelllber 1973 (MSFC TIJT-586; FIA1 IF ) .  The second phase ivas con- 

\ 
, 

ducted i n  the  ARC 6 x 6-Foot Supersonic Nind Tunnel (Ref. 15) dur ing  August 1974, 

(AR.:, 066-33; FA7). For these tes ts ,  a wind tunriel   nod el which inc luded a s o l i d  , : I  ' 

, , 

p r o p e l l a n t  c o ~ ~ ~ b u s t o r  was b u l l t .  The s p e c i f i c  ob jec t i ve  o f  these t e s t s  was t o  1 / 

i 
nleasure coll~bustor, nozzle, and base reg ion  pressures using two types o f  s o l i d  1 c . 

, I  

prope l l an t ,  operated a t  f o u r  values o f  clialnber pressure, f o r  t \ ~ o  nozzle area r a t i o s ,  I ,  I I , 
r , ,  

a t  f o u r  freestrean) Mach nut~~bers. Propel lants w i t h  16 percent and 2 percent Aluminu~rl t 

were used t o  assess the  e f f e c t s  o f  p a r t i c l e s  on pluoie aerodyna~uic i n te rac t i ons ,  

a t  clianiber pressures fro111 400-1800 ps ia .  Conical nozzles o f  15' hal f -angle w i t h  

area r a t i o s  o f  4 and 8 were used t o  vary the  plurue shape. These nozzles were 
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ii c a l i b r a t e d  us ing co ld  a i r .  The wind tunnels were run  a t  Mach numbers o f  0.9, 

1.2, 1.5, and 3.5, I n  a d d i t i o n  t o  t h e  pressures measured, Schl ieren photographs 

i 

r 

days o f  operat ion, with 3 days o f  nozzle c a l i b r a t i o n m d  model i n s t a l l a t i o n  I 
1 

preceeding the  main t e s t  per iod.  The average operat ional  r a t e  was 2 hours I . ; -  
per run  i n  the blowdowti MSFC tunnt.9, For the second phase, a t o t a l  of 23 I 

I I 
f i r i n g s  were acconlplished i n  14 s h i f t s ,  a f t e r  5 s h i f t s  o f  model i ~ i s t a l l a t i o n .  1 

! 

1 1 were taken f o r  a l l  o f  t h e  second phase tests,  f o r  t h e  f i r s t  phase t e s t s  a t  Mach 
I 

U 3.5, and f o r  the nozzle a i r  c a l i b r a t i o n  tests.  Reference 1 prcscnts the  data 
C 

acquired du r ing  the f i r s t  t e s t  phase, along witli d e t a i l e d  d e f i n i t i o n  o f  t h e  hard- 

U 
i 

ware and t e s t s  condi t ions;  Reference 2 i s  a s i ~ l i i l a r  document f o r  t l ie second t e s t  

phase. I 

11 
I 

For t h e  f i r s t  phase, a t o t a l  o f  31 rocket  f i r i n g s  were accomplished i n  11 t I 

1 

) 
I 

I 
I 

, \  

Average operat ional  r a t e  was 6 hours per run  i n  the  cont inuous-f low ARC tunnel.  

A capsule surmary of t h e  Task 1 t e s t  ser ies  i s  presented i n  Table 11. 

Design and ins t rumenta t ion  o f  the model i s  shown i n  Figure 1. The pressure 

transducers were mounted i n  t h e  support s t r u t ,  f o r  c loses t  p rox im i t y  t o  t l ie  

pressure p o r t  and thus, minimum response lag .  Charac ter is t i cs  o f  t h e  s o l i d -  

propel lant-burn ing gas generator (Ref. 16), which produced t i le  h igh temperature 

gas f o r  the  exhaust plume, are presented i n  F igure 2. This device was designed 
1 

as an i n t e g r a l  p a r t  o f  t h e  model so t h a t  the  combustion chamber ou ts ide  wa l l  A 
forn!ed the  ou te r  mold l i n e s  o f  the  aerodynamic surface. I g n i t i o n  was provided 

by a s ing le ,  head-end mounted e l e c t r i c  squib. Typical  operat ion i s  shown i n  F igure 3 ,  

The nature o f  t h i s  t e s t  was such t h a t  the  yas generator chamber pressure 

: 
I 
-1 
I 
r :  
? 

Was n o t  e x p l i c i t l y  c o n t r o l l a b l e .  Once the i g n i t e r  f i r e d ,  the  p rope l l an t  burned, 

and the r e s u l t i n g  chamber pressure var ied  w i t h  t ime i n  response t o  i r r e g u l a r i t i e s  

I n  manufacturing to lerances i n  the various gas generators. Nozzle and base 

pressures were d i r e c t l y  a f f e c t e d  by t l i e  chamber pressure. Typical t ime h i s t o r i e s  

o f  se lected pressures are  shown i n  F igure  4. 
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TAOLE I 1  

CAPSULE OF TASK 1 TEST SERIES 

TYPO of  Tests '?. -.- 
l n t c r n a l  Flow 
( t h r u  nozzle) M, 0 

Nonc Tarc Runs 

RTR 016-5 

I lozzlc C a l i b r r t i o n  

Exhaust Pr'oducts from 
So l id  P rope l l an t  Gas 
Goncracor 

Outside Demonstration 

b. Chronology -- .- 
Oat* Event 

Sop-Oct 73 Gas Generator Dcvelopmcnt a t  Calspan Corp. (ttAS8-26701) 

26 Nov, Gas Gcncrator Dc l i vc ry  t o  MSFC 

3-5 Dcc. ' A i r  C ~ l i b r a t i o n  o f  lio:zlcs S/N 1,3 i n  MSFC TUT Special  
To r t  Scct ion 

5-19 Occ, Tarc Runs 6 Basic Hot F i r i n g s  i n  MSFC TUT Transonic 6 
Supcrsonlc TJst  Sections 

16 Jan. 75 A i r  Ca l l b ra t i on  o f  I/0121c S/ll 2, Rccallb. o f  ilo::lo SIfi3: 
I n  MSFC TWT Special Test Sect ion 

1 Aeg. Gas Generator D c l i v c r y  t o  ARC 

21-20 Aug. Tare RUIIS 6 Basic Hot F i r i n g s  i n  ARC 6 x 6-Foot SIIT 
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d. Nozzles 

Rex 

On 

--- 

I Design Measured 1 1 
F Dex. & on E Dex O* Dex D* L 

(cm) (cni) (cm) ( i n . )  ( i n . )  ( i n . :  

1 14.9' 7.88 1.77 .630 2.26 .696 ,248 .891 
2 1 3.63 14.7' 7.88 1.77 ,630 2.52 ,696 .248 ,994 
5 3.59 15.0' 7.92 1.77 ,630 2.30 .698 .248 .905 

3,44 15.0' 7.97 1.79 ,635 2.33 ,706 ,250 .918 
3,79 15.2" 4.05 1.78 ,884 1.88 .YUU ,348 ,740 

c- 
3.82 15.0' 4.09 1.78 .879 1.85 .700 .346 .730 

2 

-- - --- .. - 
e. Body IJressures 

x a-j P , b  

f. Nozzle Pressures 

....-- " --. .------ W --. 
Upstream Tap Ple id.  m X/L A / *  

Midd le Tap Downstream Tap 
I d .  Q, X/L A/A* I d  Q, X/L A/A* -.- ------- -I 

Figure  1. Concluded 

8 



R E M T E C H  I N C .  

a,.Ja~plete 

[P, ope1 l a n t  

1 (.079 Th ick )  pT;P-;; 
, (.090 Th ick )  

(All Dinlensions i n  inches)  

As_se!!lj?l i c s  . 
Des! gn 1 (p:fa) 

8 400 
800 

" ++. . 1200.. - 
, l.. , 400 

400 
800 

- - 
Propcl l a n t  

Length 
Side Ccnter 
1.50 5.60 
1.60 9.50 
9.50 1.50 
8.75 1.50 
1.50 3.15 
1.50 6.20 
1.50 8.60 

b P r o p e l l a n t  Pro . _ -. .. - 
Designat ion UTP-3001 

~ f ~ i a n u f a c t u r e r  Uni ted Techno1 ogy Center 
San Jose, C a l i f .  

I Batch No. - 
i A1 Content 1 G X  
I Ox id i zc r  AP 

Binder PBAN 
Flame Te~iiperature 610O0R 

.* -- - +  v / ( a t  PC = 300 p s i a )  

c. - Operat ional - Events 

biaphraglr 
Thickness 

,005 
,007 

- . - , -.--- 
Q u a n t i t y  Apkrox. 
Fab. 

7 

- 
AND - 3335-1 

Aero jet  S o l i d  Propulsion Co. 
Sacren;ento, C a l i f .  

VBCI-70-GO9 
2% 
AP 

CTPB 
5340°R 

( a t  PC = 510 ps ia )  ..--- 

Opens 

0 200 400 GOO 800 

Time (msec) 

F igu re  2. Task 1 Gas Generator Cha rac te r i s t i cs  
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For the time h i s to r ies ,  d igi ta l  data were recorded every 2 msec, producing 

a t o t a l  of approxinlately 100,000 d ig i ta l  data points (along w i t h  6-8 clianncls 

of analog data on each run). Useful schliern flow visualization photographs 

were obtained for  12 hot f i r ings ,  40 nozzle cal ibrat ions ,  and 9 t a r e  (wind  on ,  

plunle o f f )  run;. For each run, tlie time hfstories were examined, and the period 

was ident i f ied of l e a s t  variation i n  PC. The values of a1 l parameters were 

recorded for  tha t  period. Examples of tlie data selected by tliis process a re  

presented I n  Figures 5 and 6. Figure 5 shows base pressure, the parameter of 

primary in te res t  i n  this ,study. Figure 6 shows nozzle wall pressures compared 

to  two theoretical values. The degree of agreel~~ent of theory t o  t e s t  data 

w i t h i n  the nozzle strongly affects  the confidence placed in theoretically- 

predicted plume shapes downstream of the nozzle. 

The supersonic ()Im 2 1.5) data generated on th i s  task have been accepted. 

The transonic (M, L 1.2) have not been regarded with high confidence. In the 

Phase 1 transonic t e s t ,  Flach number #as controlled via tunnel plenum pressure. 

The tunnel control system could not respond rapidly enough to  compensate fo r  

the large plume-induced pressure t ransient  during the brfef rocket motor opera- 

t ion,  so steady-state tunnel conditions were not obtained. (In the supersonic 

phase, no such problem arose because Mach number was controlled by the nozzle 

area r a t i o  and the pressure ra t io  across the nozzle.) In the Phase 2 t e s t ,  tlie 

pressure transducers exhibited s ignif icant  zero-drif ts  during the 1-2 hour period 

between closing the wind tunnel and reaching the desired t e s t  conditions. I t  

was suspected t h a t  t h i s  d r i f t  was caused by temperature changes during the pro- 

tracted tunnel operation. However, no sat isfactory corrective technique was 

devised, so tha t  Phase 2 data could not be used. 
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Section 3 

LATERAL JET SIMULATION 

RTR 016-5 

Snlall solid propellant rocket n~otors are used on the Space Shutt le SRB 

to provide positive separation from the orb l tc r  and external ta~ik (ET). The 

plun~es fro111 these s~nall   l lo tors i~rpinge on the orbiter/ET cotnbination and 

cause induced aerodynal~lic effects,  wllicli can be a significarlt factor  !n t+e  overall 

aerodynanlic forces on tlie vehicle. Because of tlie in~portance of these separat.ion 

 noto or e f fec t s ,  the plurnes of the n~otors must be s i ~ ~ ~ u l a t c d  during aerodynam'ic 

t e s t s  of the separation. Altliough there lias been tes t ing t o  characterize the 

e f fec t s  of small li~otors f i r i ng  nornlal t o  tlie boundary flow past a vehicle, there 

a re  s ign i f ican t  differences between previous research and the conditions vihich will 

ex i s t  on the Space Sliuttle. In t h i s  case, the rat jr ,  of exhaust plun~e to freest re an^ 

dynan~ic pressure i s  higher, and ~nul t ip le  clustered nozzles a re  used, canted 

r e l a t l ve  t o  the freestrcasi. Because the  available technology fo r  sioulating the  

Space Shut t le  separation system plu~nes 111 a wind tunnel was not adequate to provide 

the reqll?red confidence in aerodynon~ic data, a t e s t  program was in i t i a ted .  Tllls 

t e s t  would determine i f  the  presently accepted simulation - liozzle contouring t o  

produce an a i r  plu111e shape to nlatcll tlie prototype plun~e sl~ape - were sui table  f o r  

th is  application. Su i tab i l i ty  \vould be evaluated by schlieren visualization of 

the colnplex interacting flowfield of the nozzle j e t  and the f reest reaa~,  and by 

pressures produced on both the nozzle-n~ounting body and on a f i a t  p la te  in proximity 

to the nozzles. 

To achieve these resu l t s ,  the following s e t  of pressure tnodels and 

instrumentation was b u i l t  and tested in the MSFC 14 x 14-Inch Trisonic Uind Tunnel : 

Flat  plate model 
Cone-cyl inder 111ode1 - short  
Cone-cyl inder nlodel - long 
Nozzles 
I~llpinge~nent pressure plate 
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The nlodels accomodatcd several  r ~ o z z l e  conf igura t ions .  Eacll n o i z l e  wa$ c a i l b r a t e d  

w i t h  a i r  by n~easuring e x i t  p i t o t  pressure i n  a qu icsccn t  backpressure cnv i ronr~ent .  

A heater  and gas supply  systeln was used t o  c o n t r o l  the tclllperature and pressure 

o f  t h e  t e s t  gases. Three gases were used: a i r ,  CF4, and He. Tlie t a r g e t  chaniber 

temperature was 1 OOOaR f o r  a1 1 cases. Model sur face pressures, schl  i e r e n  f l o w  

v isua l l za t f ion ,  and impingement p l a t e  sur face pressurcs were obtained. Tests 

were conducted a t  Mm = 0 and bl = 4.46. Var ia t ions  were nlade i n  lilodel nozz le  
n, 

chanlber pressure ( f rom 50 t o  2000 ps ia )  and tunnel t o t a l  pressure (fronr 20 t o  

70 ps ia ) .  Var ia t ions  o f  p i t c h  o r  yaw were n o t  iilade. A p l a t e  was mounted i n  t he  

l a t e r a l  j e t  plunies t o  i n v q s t i g a t e  i~npingenlent pressures produced by the plumes. 

Pressures were lneasured on the   nod el and inlpingement p l a t e  surfaces, and s c h l i e r e n  

photographs o f  t he  complex i n t e r a c t i o n  f l o w f i e l d  were made. A t o t a i  o f  202 runs 

were accomplislied 111 21 days o f  operat ion;  4 days o f  nlodel i n s t a l l a t i o n  preceeded 

the t e s t  per iod.  Thus, the average r u n  r a t e  a f t e r  i n s t a l l a t i o n  was about 9.6 per  

day. The grea tes t  nuil~bcr o f  runs pe r  day was 18, and 16 runs were accolnplished on 

eacli o f  two days. A capsule sunlniary o f  t he  Task 2 t e s t  ser ies  i s  presented i n  

Table 111. 

The SRR c o n f i g u r a t i o n  i s  a cone-cy l inder- f rustun~ w i t h  f o u r  separat ion ~niotors 

n~ounted on the cone and fou r  on the frustum, as sketched below: 

A f t  Motors 400 
/ 

. . ..L. .. . . . . i 

C D  I 
-.-.. ~--.--" ---=ci' L--7 Forward Elotors 4 .. 10 0 -....---- 

The lnodels and nozzles f o r  t h i s  t e s t  were designed t o  approxinlate t h i s  c o n f i g u r a t i o n  

bu t  1 i n l i t a t i o n s  o f  wind tunnel s i z e  and arrangeiilent d i d  no t  perrrii t exact sca l ing .  

D e t a i l s  of the iiiodels and nozzles are g iven i n  F igure  7. There were th ree  bas ic  

niodel s. Tlie c y l  t n d r i c a l  ~nodels qua1 i t a t i v e l y  represented the SRB, w i t h  t he  sho r t  

i 

i 
! .. 
ii 
, \ 

L 

, ., 

i i  

l !; 
16 

. I  

8 :~ 
+ 

. - . - 
- .:. . ,,: --, r ...,. ...a. r. i c r :  ,,. .,,i,. <. , . , . ,  , , .,.> 
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TABLE I 1 1  
ORIG~~~AT,  PAGE , 

CAPSULE OF TASK 2 TEST SERIES OF POOlt &1uALrry f 
a. Hardware Use 

i 
i 

Gas 
Nozz le  

C a l i b r a t i o n  -- - A -- ~ ---. - - ---- - - . 
Air 'lat 

Short 4 Shor t  (1  2 
'Iat I 

s l l o r t  ( 3 )  
Lonq ( 7 )  Lonq ( 3 ) .  

He F l a t  ' 1 
Loncl 1 

C F4 S h o r t  ( 2 )  S h o r t  (2 )  
Long ( 2 )  Lolln ( 2 )  
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2.877 

I-lode1 Uody 
I Prcssurc Leads 

* F i t t i n g  f o r  Gas Supply 
--.--. 

Rellloveablc tlozzle Blocks 1. 

4- 4.0-h ,-B.L, 
- _ Tr.iid ti011 --- 

*.- 
GI 1 ,250 --- -- ------ 

b. Long Mcdel 
I 
t 
I 

c .  F l a t  P la t e  Model 

Dimensions i n  inches. Nominal Tunnel Sta .  16.15 

Figure 7. Task 2 Model Designs 
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/ , .  
1-EI-Y-Z 

v 

O i ~ ~ ~ c n s i o n s  i n  irictios RC w' { SCALE: SIZE 
l O / l  

I 
DESIGN VALUES 4 E quan. 

E = No. No. Ava i l .  Scha ia t ic  
A e x / h  0 

Notes: @ Rc/R, = 4.0 unless noted 
@ R,/R, = 1.67 
@ I n  Nozzle P la te  I d .  No. "X-El-Y-Z", 

Y = nun~bcr o f  nozzle l io les, arid 
Z = degrees o f  i n c l i n a t i o n  o f  c.1. o f f  nonnal. 

@ T h i s  nozzle p r o f i l e  a lso  used i n  F l a t  P la te  Elodel 

1 d. Nozzles 

I 

F igure 7. Concluded 

19 
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model p o s i t i o n i n g  t h e  forward nozzles i n  the sch l i e ren  v i s u a l i z a t i o n  f i ~ l d ,  and 

the  long model p o s i t i o n i n g  the  a f t  nozzles therc. A c l a s s i c  f l a t  p l a t e  conf ig -  

u r a t i o n  was inc luded so t h a t  data from t h i s  t e s t  cou ld  be d i r e c t l y  compared t o  

previous data. Nozzle pa t te rns  provided a parametr ic v a r i a t i o n  from the  c l a s s i c  

s ing le ,  normal design through a s ing le ,  i n c l i n e d  design t o  the SRB-type o f  i n -  

c l ined,  four-nozzle conf igurat ion.  A1 1 nozzle p r o f i l e s  were conventio:~al con ica l  

shapes. \!all angles and rxpansion r a t i o s  were selected t o  match i t ~ i t i a l  plume 

shapes (6j) f o r  the  var ious t e s t  gases. 

To q u a l i t a t i v e l y  represent the Shu t t l e  FT, k h i c h  i s  i n  c lose  prax imi ty  t o  

the SRB separat ion motors, a f l a t  p l a t e  Was prov ided upon which the  niodel nozzle 

exhausts would impinge. I n s t a l l a t i o n  arrangements o f  t h i s  impingement pressure 

 plate d r e  shovrn i n  F igure  8. Locat ions of a l l  o f  the pressure inst rumentat ion 

p o r t s  a r e  shown i n  F igure  9. 

To supply heated, h igh  pressure gases t o  these model, an ex tan t  hedter 

(Ref'. 17) Has used. A schematic o f  t h i s  h ~ a t e r  i s  presented i n  F igure 10. 

There were three close-coupled tanks. Pneumatical ly d r i ven  compressors pumped 

low pressure gas t 6  t b e  c o l d  tank. This tank was used as the c o n t r o l l e d  sup- 

p l y  ,for the heater tank, bhere the gas could be e l e c t r i c a l l y  heated as desired. 

A mix ing va lve  was used t o  con t ro l  t h e  temperatvre of the gas de l ivered t o  the  

model. Gases could be de l ivered t o  the  model a t  2000 ps ia  and 1060°R, a t  f l ow  

ra tes  up t o  4 lb/sec fo r  10 seccnds. A small r e l i e f  tank permi t ted opera t iona l  

f l e x i b i l i t y ,  espec ia l l y  i n  prevent ing loss  o f  expensive CF4 gas. 

It was c r u c i a l  t o  i nves t i ga te  plume s imula t ion  a t  the h igh  j e t  dynamic 

pressure/ambient dynamic pressure ratios(qj/q,) associated vr i th  SSLV: qj/q, > 400. 

The maximum obta inable value o f  q j  was l i m i t e d  by t h e  gas heater capab i l i t y ,  so 

t o  achieve t h i s  h igh  r a t i o  of qj/q, t h e  value of q, was reduced by operat ing the  

tunnel a t  minimum stagnat ion pressure (20 @a). Unfortunately,  a t  t h i s  cond i t ion ,  

i t  was n o t  poss ib le  t o  v e r i f y  a tu rbu len t  boundary l a y e r  on the  s h o r t  niodel. 
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ORIGINAL PAGE 18 
Dinloisions i n  Inches OP POOR QUAI,I1'y 

v No111inal 'Pilnnul S t a t i o n  16.15 

a. S l io r t  t~lotlcl - 

Lonq Kodel 

F igure  8. Task 2 Impingenlent Pressure P la te  I n s t a l l a t i o n s  
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Sllort flodel: I~lPl-10 
Long Elodel : btP1-28 - 

a. C,ylinder Models 

RTR 01 6-5 

. Moi~ lc  Calibration -- 

Figure 9. Task 2 Instrumentation Locations and Nomenclature 

22 
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F l a t  P l a t e  Prcssurcs  FP1-181 6.OU7 
I 

'-1 43 

Looking Do\.rn 

109 131 
12.0" .- 5.0"-e 

(Also, Clial~~bcr Prcssurc FPc) 

C. F l a t  Nodel 

Figure 9. Continued 
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1 
li 

74 

: .:r a 7 1  

.'7 I-- . - - . :1 . I F  
.. 

Wind 

.ro- - . . - . . . - - . 

., . . 
, 

4 .r, fL.l 4.0" 
.. 7 

* 46 

. 3 .0"  .- p 

6. I~iil?inger,lent P la te  
Circled numbers denote l e f t - h a n d - t o -  
r ight -hand m i r r o r  irnages. 

F jgure 9. Concluded 
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To Model 

7 4 t~li xer 

4 .2  f t 3  2.2 f t 3  
4000 p s i a  

1 From Supply 

Figure 10. Task 2 Heater Sclicr~~atic 

Anotlier problelll a f f e c t i n g  t h i s  goal of  liigli values rjf q ./q; was t h a t  a nu111ber of  
J 

tun~rel  u n s t a r t s  occured, e spec ia l ly  ~ l t l i  four-hole nozzles on the  s h o r t  illode: a t  

high qj/q,,,. The I I I ~ X ~ I I I L I I I I  al lowable qj/q, value was deter~nined f o r  cacti nozzle by 

t r i a l  and er ror .  An exa~iiple o f  t h e  f lowfie ld  protluced by a four-hole nozzle on 

the  s h o r t  illode1 a t  an l ~ i t e r l ~ i e d i a t e  value of qj/q, ( ~ 2 4 0 )  i s  shown i n  Figure 11 ,  

along with typical  pressure  data .  In  t h e  ea r ly  s tages ,  several repea t  runs were 

~eade. The indicated r e p e a t a b i l i t y  was edequate t o  precludc f u r t h e r  repeat  poin ts  

i n  t h e  progratn. I t  a l s o  became apparent  t h a t  scl i l ieren photograptis of t h e  11, = 0 

puns were not u se fu l ,  and were not atteinpted a f t e r  Run 55. 

Of tlle 202 runs coe~pleted,  194 gave useful r e s u l t s  represent ing  approx- 

inlately 14,000 d i g i t a l  data  poin ts  and 156 schl ie rcn  flow v i sua l i za t ion  photo- 

graphs. 
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Sect ion 4 

PARAIlETRIC CIEASUREIIENTS I N  SOLID PROI'ELLANT PLUMES 

Sol i d  p r o p e l l a n t  rocket  ~ l lo to rs  a rc  colraon i t c a ~ s  on space vehic les.  Tliere 

has been cont inuing e f f o r t  t o  producc 111ore accurate analyses o f  p1u111es o f  sucli 

r ocke t  111otors. The t r a d i t i o n a l  111ct1iod f o r  evaluat ing t l ie  u t i l i t y  o f  a n a l y s ~ s  

i s  t o  colnparc a n a l y t i  ca1 ly -pred ic ted  p ropo ' t i cs  w i  t11 ~~ieasured values and, o f  

course, t l i i s  sathod has been appl ied t o  t l lesc analyses. Howevo', there have 

bee11 several  s l i o r t c o ~ ~ ~ i n g s  regarding t h i s  approach: 

1. Cleast~rod values o f  p1u111e p rope r t i es  arc  scarce. 

2. Elcasured values l~ave  n o t  been acquired \ v i t l i  c ~ i o t ~ g l ~  repeat  
cases t o  p rov ide  11igIi conf idence i n  t h e i r  re1  i a b i l  i t y .  

3 .  Data are ~ i o t  ava i l ab le  f o r  p a r a r e t r i c a l l y  var ied  condi t ions.  

An espc r i ren ta l  prograsl  as conducted t o  ovcrcoliie liiariy o f  t l lcse s l lor t -  

coll~irigs. T l ~ e  s p e c i f i c  ail11 o f  t h i s  progralr was t o  incrcase confidence i n  a  

p a r t i c u l a r  recen t l y  developcd ana lys is  o f  s o l i d  p rope l l an t  rocke t  111otor cxllaust 

p lu l~~es  (Ref, 18) f o r  Space S l i u t t l e  app l i ca t i ons .  The ove,.ridjng c o ~ i s i d e r a t i o n  

was t o  acqui re p a ~ - a ~ ~ ~ e t r i c  data o f  t l i c  u t ~ ~ ~ o s t  re1 i a b i l  i ty. Estcrisivc use was ~ ~ ~ a d e  

o f  repeat  data po in ts  t o  enliar~ce r e l i a b i l i t y .  A ne\v f a c i l i t y   as provided by 

adding a  vacutrlti capahi 1  i ty,  supplying . I ~ l s t ~ * ~ ~ ~ ~ ~ c n t a t i o n ,  and c n l ~ a ~ i c i  ~ i g  person~ie l  

acccss f o r  t l i c  50 f t  d iaa~eter  spliere tvh ic l~  i s  the esliaust rece i ve r  fo r  t i le  

IISFC l l i g l i  Reynolds Nuniber \li lid Tunnel (HRNT) (Ref. 19).  

- One rocket  nozzle geometry representa t fve  o f  t hc  s l i u t t l e  SRD (r  = 7.6, il,, - 
15') and one clcsign c l i a ~ ~ ~ b e r  pressure (1000 ps ia )  werc used tlwougllout. Tlle t e s t  

va r i ab l  es were propel1 an t  a1 UIII~ null1 content  arid pressure a1 ti Z~rde, enco~~~pass i  ng 

Sl~uCt le usage. Plu~ne measure~~ients i t ic luded prcssures, t c ~ ~ ~ p e r a t u r e s ,  forces, 

heat t rans fe r  rates, p a r t i c l e  s a ~ ~ ~ p l i n g ,  and Iligli-speed movies. Appros i~~ ia te ly  
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210,000 d i g j t a l  data po in t s  and 15,000 movie fran~es were acquired i n  90 f i r i n g s .  

Measurcaents were made i n  the  plulnes v i a  rake-111ounted probes, and on the  surface 

of a l a r g e  p l a t e  i ~ l ~ p i n g e d  upon by the  exhaust plume. Parametric va r i a t i ons  were nlade 

i n  pressure a1 t i t u d e  (50K, TOOK, 112K feet),  p rope l l an t  a1 uminur loadfng (2%,  lo%, 

15%), impinged p l a t e  incidence angle (30'; 45O, GO0, 90°), and d is tance from 

nozzle e x i t  t o  p l a t e  o r  rake  (XI0 = 5, 12, 16, 20). A nozzle c a l i b r a t i o n  phase 

(w i th  a i r ,  i n  the MSFC 14 x 14-Inch TIJT) proceeded the  basic  t e s t  o f  rocket  inotors 

i n  the HRWT 50 f t  sphere. A capsule sunrllary i s  given i n  Table I V .  

Tlie bas ic  t e s t  setup incorporated an ar ray  o f  plu~ne i n s t r u ~ l ~ e n t a t i o n  loca tsd  i n  

thc  exhaust plume o f  a small s o l i d  p rope l l an t  rocke t  motor (Fig. 12). The rocke t  

Inlotors t o  produce the  plu111es were o f  a design wli icl l  had been used frequently i n  

U. S.  Ara~y Cl iss i le  Research and Developrent Col11111and Progra~ns, F ig.  13. The motor 

rvas ~nounted onto the  noto or support f o r  a l i g n ~ ~ ~ e n t  w i t h  the plun~e inst rumentat ion 

equipnient. The propellant co~nposi t ion was 11 -35% HTPB binder,  84% s o l i d s  (AP and 

A t ) ,  and 4.65% o f  spec ia l i zed  agents and p l a s t i c i z e r .  Tllrce a luminu~ l~  contents 

were used: 2%, lo%, and 15%. Tlie p rope l l an t  (weighing approxinlately 0.3 l b . )  

was bonded t o  the case. The i g n i t e r  #as a separate conlponent i n s t a l l e d  i n  the 

nozzle entrance dur ing  t h e  motor asse~~ lb ly  procedure. Peak t h r u s t  was less  than 

400 l b .  Because o f  the  b r i e f  inotor operat ing t i n~e ,  -200 nlsec, inst rumentat ion 

requi red r a p i d  response cha rac te r i s t i cs .  Rocket nozzle and PC transducers were 

located ~ I I  c lose prox in l i t y  t o  the measuring p o r t  t o  preclude response lags. 

The plu~ne i ns t ru~nen ta t i on  i s  shov~n i n  F ig.  14. The rake o r  p l a t e  could be 

pos i t ioned a t  any l o n g i t u d i n a l  l oca t i on ,  and the p l a t e  could be ro ta ted  t o  several 

i n c l i n a t i o n s .  The rake could accolnmodate pressure, heat ra te ,  temperature, and 

force gage probes a t  0.50 i n .  increnlents. The force gage was posi t ioned w i t h  

greater  spacing so t h a t  i t s  l a rge  bow shock would no t  i n t e r f e r e  w i t h  adjacent gages. 

The purpose o f  t h i s  f o r c e  gage was t o  conf i rm t h a t  the p i t o t  pressure aeasurcd i n  

t h i s  two-phase f low environnlent t r u l y  represents gas-phase pressure \v i thout  spurious 

28 
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TABLE I V  

CAPSULE OF TASK 3 TEST SERIES 

a. Sunin~ary (Stlowing A l  t i  tudcs I n  ~ c c t )  
(No, o f  runs  i n  parcnthcscs)  

/ X/D . ---- --- 
P l a t c  50K (6) 
(9 = ll!jO) IOOK (6) IOOK (6) IOOK (26) 

Rakc 

--- 
f'art i c l c  IOOK ( I t )  
P 

' 23 2 1 5 4 I 

b. O c t a i l s  
Design PC = 1000 psia 

X/D35 

2% 0 15% 

P l a t c  
Q = roo 

' 0. a. 00 ' A. .A 
a. ' a. a. 

I ..--- --.- - -- 
I 

-- -"- ..--- --- a. a. - - 
JI = 90" ! 0. - am. 

rid 
0.. 

. . . , ~".. . .- . ~ . 
P a r t i c l e  ----- a. 00 

6 112,000 f c c t  p r e s s u r e  a l t i t u d e  
o 100,000 f c c t  p r e s s u r e  a l t i t u d e  
A 50,000 f c c t  p ressurc  a l t i t u d e  
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a. Rakc Probes 
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Force 

i j a  1. 

Hca t IJi t o t  T~IC~IIID- I 
1111proved 

Ra t c  Pressure Couple Ther~~~ocoup lc  
D e t a i l  I I 

b. P l a t e  De ta i l s  
1' - Prcssure 

1.0 T l i ick Soutll I) - l leat Rate 

12.0 b7;- 3.0 Typical  
P Q P P Q P P Q P P P - O P P Q P P Q P  IJCS t 

East  Q--C 2.5 Typicdl 

c. P la te  I n s t a l l a t i o n  

\Jest 

P la te  ---. 

, - 
Y1 , Nozzle 

N!lt . 

F igu re  14. Task 3 Plullle I n s t r u ~ ~ ~ e n t a t i o n  

A1 1 
Dilnensions 
I n  Inches 
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d. Par t i c le  Sag!@= r P r l v o  V a t o r  

- P I r t I c I c  

S ta r t -  

Figure 14. Concluded 

Laden 

particle-induced e f fec t s .  Tlle pla te  incorporated pressure and heat r a t e  gages. 

Alignment and spacing of gages were fixed. Plate incidence angles (Y') were 1 

available a t  15' increo~ents. Plume pressures were ~l~easured with conimercial trans- , 
I 

ducers located i n  close proxi~~l i ty  to the p i t o t  tube face, approxin~att~ly 10 in. ,  
j 
1 

to preclude response 1 ags. The temperature n~easuri ng device was a W - .  05Re/W-. 26Re 1 therniocouple, of 0.001 in.  diameter wire ,  ins ta l led i n  a special probe. Heat r a t e  
d 

measurement came from copper slug calorin~eters wit11 a nominal upper f lux level of 

600 Dtu/ft2/sec. The force gage incorporated a piezoelectric crysta l .  

Other i n s t ru~~~en ta t i on  included ~niovies and par t ic le  sampling. tligh speed 

color lnotlon pictures (approximately 1500 franles/sec) were acquired using a calnera I 
i, 
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I. I i n  tllc sphere. The pa r t i c l e  sas~pl ing equipl~~cnl: was i n t end~d  Lo quantlfy the par- 

t i c l e  s izc  dis t r ibut ion using a rotating wax disk (on a s tee l  backplate) shielded 

1 ;  by s lo t ted  cover to l imi t  the spatial  extent of s a ~ ~ ~ p l i n g .  Par t ic les  arrlvlng a t  
L 

i :  1 
the shield entered the s l o t  and Ialpinged the wax. Rotatlon of the disk behind th i s  i 

11 s l o t  arrayed the par t ic les  on the wax !n an arc  which produced a time history,  and 
.. .+ 

the length of the s l o t  p~oducei.1 a radial distr ibutiol; .  The disk vtas rotated a t  a U t 

I 
speed such tha t  the rocket motor start-up and toil-off  par t ic les  would not overlap, 1 i 

! 
yet  st111 be arrayed over most o f  the disk. 1 

Figure 15 sl~ows photographs of typical instal  led instrcnlentatlon. Flgure 16 

sllows t c s t  operattons for  several typical ins t rul~~er~tat ion setups, as pliotograpl~ed 

by the htgh speed i~rovle cantera. Typical time his tor ies  of t e s t  data are presented 

in Figure 17. As with the Task 1 t e s t  ser ies ,  PC was not exp l ic i t ly  controllable. 

The t h e  his tor ies  were evaluated to identify an  intetval  of 50 tnsec during which 

PC was acceptably s~~~oo t l l .  The data were  tho^ avo.ngcd over t h i s  jdantificd interval .  

Data selected by t h i s  process are presented i n  Figures 18-20. 

Equiprrlcnt durabi l i ty  was excellent ,  although there was instru~l~entation deter- 

ioration a t  X / D  = 5. The ll~ators had adequately constant chaltlber pressure character- 

i s t i c s ,  a1 though PC was l e s s  than design for  the 2% and 10% A 1  propellants. 

However, the progranl goal was sa t i s f ied  and 90 runs Were perfor~~led in 46 working 

days. A routine operation of 3-4 runslday was developed. A t  l e a s t  one repeat 

point was made for  each t e s t  condition. (The original plan called fo r  3 runs a t  

each condi t lon to provide highest confidence i n  the data,  b u t  dell~onstrated 

repeatabil i  ty was found to  be adequate wit11 only 2 runs.) Eleasuret~~cr~ts of stag- 
j 

nation temperatures were not re l iab le  nor was par t ic le  nu~~iber dcnsfty counting 1 
successful, b u t  tlle repeatabi l i ty  of pressure and heat ra te  nleasurell~ents was I i 

! \ 
i i 

excellent .  The result ing paranletric 111atrix of pressure and heat r a t e  data i s  I I 

the lt~ost con~plete s e t  of solid propellant rocket exhaust plunte and plu~l~e iotpinge- 

ment data available t o  date. 

34 
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ORI(;INAl. PAc;l: IF 
0 1 . '  1'1 N l l {  ~! l ' , l l , I l 'Y  

. t .  Ovrrnll Vim (lootfng North-fast)  h. Rare (lnoblnq So~lth) 

c. Plate (looiinq South) d. P a r t i v l ~  Fm~blc~.  fon P l d t n '  

figure 1 5 .  Task 3 Installations 

35 



Flgure  16 Typical Task 3 Operations 



--- . . "... ~ ~ I t l ~ i l N ~ \ l ,  Il/\(?In; 18 
1 R ~ I I  No. 77"'-1 1 ]I1' i1o0li (jtIii1,ryy 

i ,:,?-" 
c o n  1 j , a ... 

\...s....*......- 
I  

'. .. 
I FL'I+~u, 2.0 j 11 

F i g u r e  17. Tnsk 3 Ti111c I l i s L o r ~ e s  o f  D a t a .  
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Radia l  P o s i t i o n  ill itiches fro111 c o l t e r 1  i t l c  

Radial  P o s i t i o n  = 

J 

l l c a t  Rate 

Teslp. 

Ti111e - ~ ~ l s e c  

F igure 17. Concluded 
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OF POOR QUALITY 

Distance Fro111 Nozzle Throat ( i nc l l es )  

Figure 18. Task 3 Nozzle Data Su~nn~ary 

39 
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I 111 R a d i a l  D i s t a n c e  f rom C e n t e r l i n e  ( i n c h e s )  

111 Figure 20. Example o f  Task 3 Rake Data Summary 
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Section 5 

PLUME SIMULATION DATA SUElMARY 

Design of rocket  powered veh ic les  sucli as Saturn I & V, Space S l ~ u t t l e ,  and 

l a rge  111 i l i t a r y  rockets i s  considerably in f luenced by the aerodynan~ic e f f e c t  

induced by the  slain p ropu ls ion  rocket  engilies. Aerodynamic dcsign data f o r  these 

veh ic le  types are u s u a l l y  obtained fro111 \vind tunnel t es t s  o f  scaled . v e l ~ i c l e  models 

where the  n ~ a i n  propu ls ion  engine plunles are sirnulated by f low ing gases such as a i r  

o r  solne product  o f  coe~bust ion t l irough n~odel nozzles. A stult i-elel l lent study was 

begun t o  develop all ilaproved plulne s imu la t ion  procedure f o r  us2 i n  design o f  the  

Space S t ~ u t t l  e  Launcl~ Vc l i i c l e  (SSLV) . Task 4 consisted of gatt ier ing and sumnlarizing 

a l l  o f  t h e  wind tunnel t e s t  data generated on t h a t  study. 

The bas ic  p lan o f  t h a t  o v e r a l l  study c a l l e d  f o r  conducting a ser ies  o f  para- 

n ~ e t r i c  wind tunnel t e s t s  t h a t  liad s u f f i c i e n t  c o n t r o l s  t o  a l low independent assess- 

ment o f  t h e  p e r t i n e n t  var iab les .  Variables inc luded ~ i o z z l c  geolretry, p rope l l an t  

gas type. c l~a~nber pressure, and cl~alnber tealperature f o r  f i xed    nod el external  geonle- 

t r y  and wind tunnel freestream cond i t ions .  That 111atrix o f  var iables was then 

repeated f o r  con f i gu ra t i on  types \ \ rh ic l~ are i n~por tan t  t o  t l l c  SSLV sucli as n l u l t i p l e  

nozzles and m u l t i p l e  bases. T l ~ e  p rope l l an t  gases were chosen t o  encolnpass bot l l  

a i r  and sSLV prototype gasdynamic cha rac te r i s t i cs .  Then, co r re la t i ons  could be 

t r i e d  u n t i l  one was found ~vhict i  ~vould reasonably over lay  t h e  base pressure e f f e c t s  

using e i t h e r  a i r  o r  p ro to type p rope l l an t  gases. Th is  approach could a lso  be a t -  

telnpted f o r  the  various ex terna l  conf igura t ion  types and freestream Mach numbers 

t o  de tern~ ine  t h e i r  a p p l i c a b i l i t y  over t l ie  range of condi t ions t h a t  would be en- 

countered w i t l i  the SSLV. It was bel ieved t h a t  f o r  a p1u111e s i ~ n u l a t i o n  program t o  be 

a success, i t  elould be necessary t o  f u l l y  understacd ttie model and prototype nozzle 

and plunle f l o # f i e l d s ,  and t o  conduct the wind tunnel t e s t s  w i  t11 solne pa ra~ne t r i c  
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variatlocs. To attack the si~nulation problem in a parametric fashion i t  would 

be required t o  know the measurable parameters considered for this investlgation: 
I Model external geometry; external flow conditions (M,, Pt,, P,, Tt; a i r  assumed); 
I 

nozzle internal geometry; and internal flow conditions (PC,  Tc,  y ,  R ,  etc.  - 
thermochen~ical characteristics which are fixed for each exhaust gas). From the 

outset, i t  was decided to use a slniple classic configuratio~i (Fig. 21) such as the 

cone-ogive-cylinder as a baseline for investigation of the plume-to-freestream 

interaction in the base :cg!on. Ini t ial ly,  the base geometry was .limited to two 

configurations, a c l i~ss ic  single nozzle and a t r ip le  nozzle arranged symnietrically , 
on the base (orbiter clasg). In bo th  cases, the exit  planes were a f t  of the base. 

Using these confSgurations as baselines, the remdining parameters were varied. As 

i l lustrated id Figure 21, two gases were chosen as prototypes: CF4 for i t s  

variable y characteristics a t  medium temperatures, and an aluminized solid propellant 

for i t s  two-phase and high temperature characteristics. Air was used as the 

primary sin~ulant gas . Later, lieliunl was lused t o  obtain a different constant- 1 
I 

y flow. table below i l lustrates the matrix of gases and configurations that I 

was acco~npljshed during this  tes t  series. Figure 22 details the overall t e s t  \ 
progranl matrix. Note that  data from three tes ts  were omitted because of their 

questionable qua1 ity. 

GENERAL TEST MATRIX 

I Gas 

He1 i um 

. . 
12% A.C ( a )  ] .*", " n , I  \ I I I I 
I lo3 /,He (Dl I - l - -  " I 
a Combustion products o f  amnlonium-perchlorate-based solid propellant with 

I 

2% in CTPB binder 
b Combustion products of ammonium-perchlorate-based solid urouellant with 

16% AC I n  PEAN binder 
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ORIGINAL PAGE 18 
OF POOR QUA1,lTY 

TRIPLE NOZZLE BASE 
CLASSIC t o n n ~ r ~ n  I.II(E) 
C;EOMETnY 

SOLID IIOCI<P'I' 1100STER 
(APPROACI1 FI-OWFl ELD EI:I'ECTS) 

PIlOTOTY['liS COMIIUS l'lON MO131il. 

F i g u r e  21. Experimental Concept for Data i n  Task 4 
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CLASSIC OIICIT5R 1:TlSfl11 

CEOMETIIY CI.ASS CI.ASS SIIO 
(SINGLE N0ZZI.E) (TIIII'LE NOZZI-E) (Tllll'l.li I IODY) CLASS 

F i g u r e  22. O v e r a l l  P rog ra~s  S c l i e ~ l ~ a t i c  f o r  Data i n  Task 4 

45 
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IJ 
I I 
li 
I.] 
U 
tl 
U 
U 
n 
i 
u 
I1 
i l l  
I l l  
/I! 
Il i 
111 
I 

Fundalnental t o  t h i s  program was the understanding o f  t he  niodel nozzle I 

performance t o  the e x i t  plane. It was be l ieved t h a t  e r ro rs  between f l i g h t  and 1 
I 

wind tunne l  data on prev ious programs may have been due i n  p a r t  t o  l a c k  o f  under- 

standing o f  the f l o w  i n  bo th  p ro to type and model nozzles, To conduct the para- 1 
I ) 

me t r i c  program as planned i t  would be imperat ive t o  accurate ly  q u a n t i f y  parameters I 

t h a t  would poss ib ly  be used i n  a s in lu la t ion  equation, sucli as temperature and pres- 
1 i 

sure (and thus y o r  o the r  ther~nodynan~ic p rope r t i es ) .  Therefore, g r e a t  care was I 
taken t o  prov ide ins t rumenta t ion  from which the  nozzle performance could be de t -  ,I 
ermined. Furthennore, each nozzle was c a l i b r a t e d  under quiescent ex te rna l  f l o w  

cond i t i ons .  

There was a wide v a r i e t y  o f  apparatus used: f o u r  wind tunnels  and f i v e  

model assemblies ( w i t h  a t tendent  inst ru lnentat ion)  p lus  some a u x i l i a r y  equipment 

such as t h e  gas generator  and heater mentioned on Tasks 1 and 2, respec t ive ly ,  

above. D e t a i l s  o f  a l l  o f  t h i s  equipment a re  g iven i n  Ref. 5. A summary o f  t he  

models and nozzles i s  g iven  i n  F igure  23. 

A t o t a l  o f  10 t e s t  se r i es  were performed. The genera? q u a l i t y  o f  these t e s t s  

i s  presented i n  Table V. There were seven t e s t s  f o r  which the  b u l k  o f  t he  data 

were acceptable. Table V I  sum~narizes the  cond i t ions  o f  these t e s t s .  A g rea t  deal 

o f  model pressure da ta  were acquired, f o r  model chamber, nozzle wa l l ,  and 

model base regions. The base pressure i s  a f f ec ted  by plume f l o w  i n  t h e  base region,  

and t h e  s i t e  o f  t he  plume i s  a f i r s t  o rdc r  pararncter t o  be considered i n  performing 

s imu la t i on  analyses. Fur ther ,  the i n i t i a l  plume angle (6 .) i s  a good i n d i c a t o r  
J 

o f  r e l a t i v e  plume s i ze .  The rangc c,f ? ? m e  s i t e s  ava i l ab le  i n  the data, as a 

f u n c t i o n  o f  Idm, gas type, and con f i gu ra t i on  c lass ,  are shown i n  F igure  24. 

The data gathered and sun~nlarized i n  Task 4 were grouped i n t o  t h ree  categor ies.  

The f i r s t  category was t h e  ( s i n g l e )  base pressure o f  primary i n t e r e s t  t o  develop- 

ment o f  a s imu la t ion  parameter, along w i t h  t he  model chamber and wind tunnel free- 

stream condi t ions.  The l o c a t i o n  of these pressures on the var icus models i s  
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TABLE V - SCk'IARY OF QUALITY OF TESTS IIICLUDED Ill TASK 4 

3 (FAIl) Acceptable, sokio discrepancior i n  nozzlc wal l  p r cssu ro -  

Low confidence i n  PC values due t o  propol lant  contaminhtiofl. 

Accaptlble 1 
ducers questionable f o r  supersonic data, 

Transonic por t ion  acceptable; unresolved question about which 
l 

se r i a l  no, nozzle was used on l o f t  ind  r l g h t  SRO. 

Acceptable for qua l i t a t i ve  comparisons w l th tn  t h t s  data Set, 
but  tunncl interference prccludcs quant i ta t ive comparison 

i 
.nCthda*r from OfhtLlQI&x&-- i 

iADLE V I  - SUWAY OF T E S i  COIIDITIOIIS FOR DATA Ill TASK 4 
_I, 

. _ _ - . _  ̂_ -. . ...---- 
I 

Orb i te r  DIAl I 31 1 A I r  - i 3 . m  
' - . * .  . 

I .*. - e . .  - .' 1 1 

33 1 CFq 0 . .  * ,  t ] - • *.a i 7 1  - . .*a . 
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RTR 016-5 1 : 

a 2:: M Sol id Propel lant 
b 16% M Sol id  Prope!lant 
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WIND TUNNEI. DATA REI'RCSENTATIVE TRAJEC'TONY 

All1 0 SSME 
VD/am CF4 SRB 

' O r  

SOLID PROl'EI.LANTS 

GO - 

50 - 

10 - 
0 

10 

0 lid11 .I0 -L-. 1 '--I- A 

0.5 n.7 a9 1.2 1.5 3.5 0.5 0.9 1.05 1.2 1.3 1.5 2.0 3.5 

NORIINAL I:IiIII:S'IHEAM MAC11 NUMDER, M, 

Figure  24. Range o f  Plume Sizes f o r  Data i n  Task 4 
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ORIGINAL ?AGE 16 

skL3tched below: OF POOR QUALl'PY 

Basic pressure (t;ypical) 

An example o f  t h i s  category o f  data i s  presented i n  F igure 25. The second 

o f  t h i s  category o f  data i s  presented i n  F igure  26. 'rhe t h i r d  category was t h e  

nozzle c a l i b r a t i o n  data, o f  which an example i s  shown i n  F lgure  27. 

The complete s e t  o f  ten  t e s t  ser ies  spanned a three-year period, represent ing 

approximately 0 months o f  wind tunnel  occupancy. There were approximately 1200 

runs producing 300,000 d i g i t a l  data points .  A f te r  the Task 4 screening, t he re  

remained 661 v a l i d  runs comprising about 21,000 d i g i t a l  data points ,  a l l  of 

which were compactly presented i n  Ref. 5. 
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NOZZLE CI\LIDRATION UATA FOR CLASSIC GtORETRY 

A ... ~. ...*. *,. 

,467 1295.0 575 

I 

(AIR, A/A : 6.5, 35 IIliG.) 
,567 979.6 609 63.44 85.37 

152jO ,993 901.1 630 63.63 85.62 
153/0 2.141 903.0 637 63.50 05.45 
154/0 11.059 901.9 6112 63.50 05.57 
155/0 5.912 904.4 643 63.66 85.69 
156/0 ,567 11104.0 596 65.15 00.02 
157/0 1.016 1491.4 615 65.18 80.15 
150/0 1.901 1472.7 630 65.24 08.22 
159/O 4.001 1470.7 631 65.14 88.06 
160/0 7.656 1479.9 632 65.21 08.13 
161/0 4 1453.1 973 63.60 87.57 
162/0 ,939 1462.5 997 62.95 06.04 
163 /0  1.036 1463.6 990 63.02 B7.00 
164/0 3.986 1467.0 992 63.52 87 -66  
165/0 7.506 1471.1 904 63.76 87.913 

- A  l G G / O .  . .5!10 1460.7 863 G3.54 87.49 . . .  . 

F igu re  27. Exaniplc of Task 4 Nozzle c a l i b r a t i o n  Data 
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Sect ion 6  ORIGINAL PAGE 16 
OF POOR QIJAT,TTv 

CONCLUSIONS AND RECOElMENOATIOElS 

! 
Four tasks were performed t o  improve the  technology base f o r  p r e d i c t i n g  

f- 

ascent plume-induced aerodynamic e f f e c t s  on the  SSLV o w  t h a t  ava i l ab le  from 

Saturn developn~ent. The three experimental tasks produced an extensive s e t  
I 

of v a l i d  data: approximately 320,000 d i g i t a l  data points ,  15,000 o p t i c a l  movie 1 
fran~es, and 200 schl  i e r e n  s t i l l  pi~atographs. The data col lect ion/summarizing 

I /  

task inspected 290,000 d i g i t a l  data po in t s  from 1200 runs and re ta ined 21,000 po in ts  1 
from 661 runs fo r  pub l i ca t i on .  Each of these tasks was completed w i t h i n  budget, 

f /  
' 1 

and was documented w i t h i n  an adequate t ime per iod  a f t e r  t e s t  completion. As 

w i t h  most aerodynamic experimental programs, there  were some delays encountered 

i n  g e t t i n g  access t o  t h e  various wind tunnel f a c i l i t i e s ,  and some minor requ i re -  I 
ments f o r  occupancy o f  the f a c i  1  i t i e s  longer than i n i t i a l l y  expected. However, 

i n  general, the th ree  experimental tasks were performed i n  expedient fashion. 

The High Temperature Exhaust Plume E f fec ts  on Base Pressure Simulat ion Task (1) 

was the  f i r s t  use o f  s o l i d  p rope l lan ts  a t  the  MSFC TblT and ARC SWT f a c i l i t i e s  

and as such was r e l a t i v e l y  exp lora tory  i n  nature. Good performance was ex- 

perienced fo r  the  bas i c  model, bu t  t h e  pressure i ns t ru~nen ta t i on  needed more p ro tec t i on  

from t h e  heat o f  t h e  rocket .  The Latera l  J e t  S in~u la t i on  Task (2) met the  program 

goals a l though the  rnodel hardware was found t o  be l a rge  r e l a t i v e  t o  the MSFC TWT. 

The Parametr ic Measurements i n  S o l i d  Prope l lan t  Plumes Task (3)  ~ r o d u c e d  the  most 

extensive and parametr ic s e t  o f  plume data t o  date. The Plume Simulat ion Data 

Summary Task (4 )  condensed the r e s u l t s  of t en  t e s t  ser ies  i n t o  a  compact and r e a d i l y  

usable form. 

Those shortcomings i n  the  t ransonic data obtained i n  Task 1  were corrected 

i n  a  subsequent NASA t e s t  a t  AEDC, and no recommendations are envisioned 
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regarding t h a t  aspect. The s i z e  o f  the MSFC TWT constrained some o f  the  La tera l  

J e t  Simulat ion t e s t i n g  t o  operat ion a t  qj/q, l ess  than SSLV ranges. It would be 

des i rab le  t o  ob ta in  a t  l e a s t  a l i m i t e d  data s e t  i n  a l a rge r  wind tunnel,  where the 

SRB separat ion c o n d i t i o n  could be performed. REMTECH envisions t h a t  such a t e s t  

would use the  e x i s t i n g  " long cy l i nde r "  moue1 p lus  h igh  pressure gas heater,  w i t h  

a i r  and CF4. The NASA Langley UPWT would be a promising candidate wind tunnel. 

These data would colnplete the  v e r i f i c a t i o n  o f  the dynamic pressure r a t i o  as an 

adequate c o r r e l a t o r  f o r  the SSLV separat ion nlotor conf igura t ion  ( 4  nozzles) a t  

f l i g h t  s tag ing  cond i t ion :  qj/q, -450. This v e r i f i c a t i o ~ i  was n o t  completely 

achieved i n  the FiSFC ~ l i ~ , ' w i t h  the s i z e  model requ i red  t o  mount the  various nozzles 

o r i g i f l a l l y ' t e s t e d .  

I n  t h e  o r i g i n a l  p lan  f o r  the  Parametric Plume Measurements t e s t ,  the e f f e c t  

o f  motor sca le  was o f  concern. That e f f e c t  was no t  addressed i n  t h a t  t e s t  due 

t o  t h e  expense involved, al though there  were discussions o f  "piggy-backing" 

inst runientat ion on a ground t e s t  f i r i n g  i n  the  SRB development ( o r  a re la ted  

prograrll). However, t h i s  has n o t  come t o  pass. It i s  recommended t h a t  an inves t -  

i g a t i o n  be undertaken o f  the p r a c t i c a l i t y  o f  quan t i f y i ng  t h e  motor scale e f f e c t  

by "piggy-backing" pressure and heat r a t e  i n s t r u ~ ~ i e n t a t i o n  i n  the  exhaust plume 

o f  a medium o r  l a r g e  s i z e  s o l i d  p rope l l an t  rocket .  REMTECH envis ions t h a t  such 

a sclienle could be made t o  be achievable w i t h i n  reasonable resource a l l o tn~en ts ,  

if competent and thorough p re tes t  planning i s  completed. The data thus acquired 

vlould pe rm i t  the extensive parametr ic data base already obtained a t  small scale 

t o  be extended w i t h  h igh  confidence t o  SSLV f u l l  scale values. 

The recommendations j u s t  i d e n t i f i e d  as a r e s u l t  o f  analyzing t h e  Space Shu t t l e  

Plume Sin lu lat ion E f f e c t  on Aerodynamics are  summarized as fol lows: 
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1. Conduct a  l i n~ i t ed  t e s t  of the Lateral J e t  Si!~~ulation hardware in  a  
larger wind tunnel. 

2. Perform an investigation to e s t ab l i s l~  the pract ical i ty  of n~ounting 
pressure and heat r a t e  instru~iientatiotl in tlic exhaust p1u111c of an 
SRB devol ol1111enta1 illator. 
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