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SUMMARY 

A wind-tunnel i nves t iga t ion  w a s  conducted to   s tudy   t he   f l ow  f i e ld   i n  
which separa t ion  is caused  by  an  expanding plume, with  emphasis on e f f e c t s  
associated  with  per iodic   unsteadiness  i n  t h e  plume. The separation  shock w a s  
photographed  with  high-speed  motion  pictures,  from  which mean shock  posit ion 
and excursion  data are reported.   Pressure  f luctuat ions were measured  beneath 
the   s epa ra t ion  shock  and s t a t i s t i c s  of t h e   r e s u l t s  are reported.  A response 
of the  separat ion  shock  to  plume per iodic   unsteadiness  was i d e n t i f i e d ,  and t h e  
magnitude  of a corresponding  transfer  function w a s  defined  and i s  reported.  

INTRODUCTION 

A rocket   booster   vehicle  w i l l  t y p i c a l l y  have a s igni f icant ly   under -  
expanded engine  exhaust   in   the l a t te r  duration  of i t s  burn. The exhaust 
then plumes t o  a large  diameter  and alters the   vehic le   f low  f ie ld   cons ider -  
ab ly .   S igni f icant ly ,   the  plume is usua l ly   l a rge  a t  t h e   a l t i t u d e  where t h e  
vehicle  encounters maximum dynamic pressure.  

When a l a r g e  plume is  generated by a v e h i c l e   i n   s u p e r s o n i c   f l i g h t , i t  
causes   separat ion  of   the  vehicle  boundary l aye r  w e l l  forward  of  the plume 
i t s e l f ,  and a separation  shock wave r a d i a t e s  from a posi t ion  near   the  sepa-  
r a t i o n   p o i n t .  The f low  f i e ld  i s  i l l u s t r a t e d  i n  f i g u r e  l. An inherent  un- 
s t e a d i n e s s   e x i s t s   f o r   t h i s   f l o w   f i e l d  as is o f t en   expe r i enced   i n   r i g id  
surface  compression  corner  flow a t  l a r g e  Reynolds  numbers.  (For  example, see 
references  1,2,3,and  4.)  Separation  shock  excursions  of  several meters were 
reported by Jones  from  in-fl ight  observations of a Saturn V veh ic l e   ( r e f .  5). 
One would expec t   ra ther   severe   sur face   p ressure   f luc tua t ions   to  accompany 
such  shock  motion. 

S ince   l a rge   l i qu id   fue l   rocke t   eng ines   exh ib i t  a periodic   unsteadiness ,  
the  question  of that inf luence  on  the  separat ion  shock  excursions  and 
the   r e su l t i ng   su r f ace   p re s su res  becomes one  of  importance. This paper 

*The research  presented i n .  t h i s  paper w a s  supported  by  the  National 
Aeronautics  and  Space  Administration  under  Contract No. NAS8-30624. 
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presents  some  results  of  a  wind-tunnel  simulation of plume-induced  flow 
separation  with  and  without  periodic  plume  unsteadiness. 

SYMBOLS 

Values  are  given  in SI Units.  The  measurements  and  calculations  were 
made  in U.S. Customary  Units. 

F  plume  forcing,  atm  2 

f frequency, Hz 

G power  spectral  density,  atm2-sec 

1 H(f) I transfer  function  magnitude 

4 test-section  dynamic  pressure,  atm 

R response  to  periodic  plume  unsteadiness,  atm 2 

U test-section  freestream  velocity,  m/sec 

X shock  position,  cm  (figure 1) 

X mean  shock  position,  cm 
- 

6 boundary-layer  thickness,  cm 

9 shock  angle,  deg  (figure 1) 

(5 standard  deviation,  cm 

MODEL AND TEST  FACILITIES 

Model  Description 

The  basic  configuration  of  the  model  used  in  this  study  is  a  cone- 
cylinder  body  which  uses  secondary  air  flow  to  produce  a  plume  near  the  aft 
end.  (See  figure  2.)  The  model  is  wall-mounted  with  its  axis of symmetry 
located  at  the  wind-tunnel  wall  boundary-layer  displacement  thickness  as 
calculated  by  the  method  of  Maxwell  and  Jacocks  (ref. 6 ) .  This  mounting 
arrangement  was  selected  to  provide  access  for  the  secondary  plume  flow  and 
to  minimize  the  distance  from  the  generation  of  the  plume  unsteadiness  (plume 
pulsing)  and  the  plume  itself.  (The  significance  of  minimizing  this  distance 
will  be  discussed  later.) 

Stainless  steel  fins  are  used  to  isolate  the  plume  to  a  sector.  The 
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u p p e r   f i n   s u r f a c e s   e x t e n d   i n t o   t h e  plume n o z z l e   a n d   s e t t l i n g  chamber so t h a t  
a l l  model  geometry i n  the   s ec to r   be tween   t he   f i n s  i s  that of a body  .of  revo- 
lu t ion .   Therefore ,   f low i n  the sector  between the f i n s   s i m u l a t e s   t r u e   a x i -  
symmetric f low  except   for   the   boundary   l ayer   on  the f i n   s u r f a c e s ,  and t h e  
d i s t ance   f rom  the   f i n   l ead ing   edge   t o   t he   s epa ra t ion   shock  is  kep t  small t o  
minimize  the  boundary-layer   effect .  The l e a d i n g   e d g e   o f   t h e   f i n  i s  sharp ,  
beveled away from the   f l ow  sec to r .  A dihedra l   angle ,   l imi ted   by   l ine-of -  
s igh t   r equ i r emen t s   ac ross   t he   t op  of t h e  model, is set i n t o   t h e   f i n s   t o  re- 
move them f rom  the   tunnel  w a l l  boundary  layer .  O i l  f l o w   s t u d i e s ,   p r e s s u r e  
measurements   on  the  upper   model   surface,and  Schl ieren  s tudies  were con- 
duc ted   t o   a s su re  that axisymmetric flow  had  been  realized. A l l  i n d i c a t i o n s  
were p o s i t i v e   e x c e p t   f o r  some f l o w   a n g u l a r i t y   i n  a small r e g i o n  a t  t h e   f i n -  
c y l i n d e r   i n t e r s e c t i o n .  A l i g h t l y   k n u r l e d  band i s  l o c a t e d   j u s t   b e h i n d   t h e  
cone-cyl inder   in te rsec t ion   to   p romote  a turbulent   boundary  layer .  

Plume Generation 

The  plume is generated by secondary   f low  d i rec ted   th rough  the   tunnel  
w a l l  i n t o  a s e t t l i n g  chamber i n   t h e   c o r e   o f   t h e  plume ( f i g u r e  3 ) .  Flow  from 
t h e   s e t t l i n g  chamber i ssues   th rough  the   nozz le   which  i s  formed  by two con ica l  
su r f aces   sha r ing  a c o m n  vertex. The re fo re ,   t he   nozz le   f l ow i s  approximately 
spherical   source  f low,   and i t  h a s   a n   i s e n t r o p i c  exi t  Mach number of 2.94. 
The s o l i d   c o r e   i n   t h e  plume cen te r   no t   on ly   p rov ides   space   fo r  a s e t t l i n g  
chamber  and in s t rumen ta t ion ,   bu t   a l so   g rea t ly   r educes   t he   s econda ry  mass flow 
requi red   whi le  s t i l l  gene ra t ing   t he   r equ i r ed   fo rward  plume s u r f a c e   f o r   t h e  
study.  Without  the  plume  core  the  secondary mass f low  requirements  would 
have  presented  severe  problems  in  terms o f   t he   phys i ca l   s i ze   o f   t he   supp ly  
p o r t s .  

Plume Puls ing  

Puls ing  o r  per iodic   uns teadiness  w a s  induced i n   t h e  plume s t a g n a t i o n  
p res su re  by a p e r i o d i c   p a r t i a l  relief of   the  plume supply a i r .  This  w a s  
accomplished  by  per iodical ly   diver t ing a p a r t   o f   t h e  plume supply a i r  t o   t h e  
atmosphere. The appa ra tus   fo r   do ing   t h i s  w a s  a v a r i a b l e - s p e e d   r o t a t i n g   d i s k  
with  evenly  spaced  holes   on a circumference  which  a l igned  with a t e f l o n  
o r i f i c e  which was t e e d   o f f   t h e  plume a i r  supply.   Pulse   f requency w a s  con- 
t r o l l e d  by the   d i sk   ro t a t iona l   speed   and  the pulse  magnitude w a s  c o n t r o l l e d  
by t h e   o r i f i c e   s i z e .  The arrangement i s  shown i n   f i g u r e  3 .  

The pressure   s igna l ,   measured   in   the  plume s e t t l i n g  chamber,  generated 
by t h e   p u l s i n g   a p p a r a t u s  w a s  t h a t   o f  a p e r i o d i c  component  superimposed  on a 
l a r g e r   s t e a d y  component. The p e r i o d i c   p a r t  w a s  approximately a s i n e  wave, 
e s p e c i a l l y   f o r  cases i n  which t h e   o r i f i c e   s i z e  w a s  about   the  same as t h e   d i s k  
holes .  The  wave w a s  somewhat l i ke  a " f l a t t e n e d   s i n e  wave" f o r  tests i n  which 
t h e   o r i f i c e  w a s  cons ide rab le  smaller t h a n   t h e   d i s k   h o l e s .  

The t i m e  r e q u i r e d   f o r  a p u l s e   t o  travel f r o m   t h e   o r i f i c e   t o   t h e  plume 
s e t t l i n g  chamber places   an  upper  l i m i t  on  the  frequency  ' for  which a good 
p res su re   s igna l   can   be   gene ra t ed .   In   t h i s   expe r imen t   t he   d i s t ance   f rom  the  
o r i f i c e   t o   t h e   s e t t l i n g  chamber w a s  approximately  10 cm,  and wave d i s t o r t i o n  
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was evident  a t  f requencies   above 500 o r  600 Hz. A t  1000 Hz. t h e   d i s t o r t i o n  
was severe. A p e r i o d i c  wave was produced  but with a great ly   reduced  ampli-  
tude   and   an   appearance  more l i k e  a r e c t i f i e d   s i n e  wave. It w a s  assumed t h a t  
i n d i v i d u a l   p u l s e s  were i n t e r f e r i n g   w i t h   e a c h   o t h e r .  Data repor t ed   he re  are 
f o r   f r e q u e n c i e s  w e l l  below t h e   d i s t o r t i o n   r a n g e .  

Ins t rumenta t ion  

S u r f a c e   p r e s s u r e   f l u c t u a t i o n s  a t  the   s epa ra t ion   shock  were measured b y - a  
f lush-mounted  s t ra in-gage-type  t ransducer  with a d i ame te r   o f  2 mm and a 
na tura l   f requency   above   100  kHz. The s ta t ic  p r e s s u r e  level was e l imina ted  
by  feeding  the  s ignal   f rom a s u r f a c e   o r i f i c e ,   l o c a t e d   l a t e r a l l y   a d j a c e n t   t o  
the   t ransducer ,   th rough a 3 m l e n g t h   o f   t u b i n g   t o   t h e  reverse s i d e   o f   t h e  
transducer  diaphragm. The l e n g t h  o f   t ub ing   f i l t e r ed   t he   f l uc tua t ions   and  
provided a t ime-average  reference so tha t   t he   t r ansduce r   s ensed   on ly   t he  
f luc tua t ions .   Th i s   t echn ique  was suggested  by Mr. L. Muhlstein,  Jr. of  
Ames Research  Center,  who was a l s o   k i n d  enough t o   s u p p l y   f i l t e r i n g   d a t a .  

Plume p r e s s u r e   f l u c t u a t i o n s  were measured  by a c rys t a l - type   t r ansduce r  
l o c a t e d   i n   t h e  plume s e t t l i n g  chamber. A l l  f l u c t u a t i n g   p r e s s u r e   d a t a  were 
s tored   on   magnet ic   t ape   for   subsequent   reduct ion .  

Separat ion  shock  geometr ic   data  were taken  f rom  high-speed  Schl ieren 
mot ion   p ic tures   t aken  a t  800  frames  per  second  with an exposure  of  0.002 
seconds.  Measurements were then  made by s i n g l e  frame p ro jec t ion   o f   t he  
r e s u l t i n g   f i l m   o n t o  a g r i d .  

Boundary-layer  thickness was measured  by  using two p a r a l l e l   s t a g n a t i o n  
probes mounted on a micrometer   locater .  The edge  of   the  boundary  layer  was 
i d e n t i f i e d  as t h e   p o s i t i o n ,   n e a r e s t   t h e  body, fo r   wh ich   t he   p re s su res  
balanced. 

Wind Tunnel 

The  wind t u n n e l   u s e d   i n   t h i s   p r o j e c t  was a blowdown supersonic   tunnel  
w i th  a 16-by 16-cm test  s e c t i o n ,   l o c a t e d  a t  The Un ive r s i ty  of  Alabama, 
Tuscaloosa.  A major   par t  of t h e   d a t a   c o l l e c t i o n  and r educ t ion  w a s  done  by 
Messers J .  D.  Dagen and F. L .  Smith. 

Test Condi t ions 

A l l  da t a   r epor t ed  are fo r   t he   fo l lowing   f r ees t r eam  cond i t ions :  

Mach no. = 2.9 

a i r speed  = 607 m/sec 

s tagnat ion   tempera ture  = 288 t o  294 K 

stat ic  p res su re  = 0.151 atm 
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s tagnat ion   pressure  = 4.76 atm 

dynamic p res su re  = 0.878 atm 

Reynolds  no. = 4..9 x l o 7  per  meter. 

The plume s t agna t ion   p re s su re  was nominally 33 atm. That   value  located 
t h e  mean posi t ion  of  the separat ion  shock on the   su r f ace   p re s su re   t r ansduce r  
and generated a c h a r a c t e r i s t i c   s i g n a l  which  could  readi ly   be  ident i f ied  on 
an   osc i l loscope .  

RESULTS 

Separat ion Shock Excursion 

Observation  and  measurements  from  the  high-speed  motion  pictures showed 
that   the   separat ion  shock was in   cons tan t   mot ion ,   regard less   o f   whether   o r  
no t   t he re  w a s  plume puls ing .  A s  i t  moved, i t   maintained  essent ia l ly  a cons tan t  
shock  angle   with  the  f reestream.  In   these tests, the  shock  angle w a s  28 
degrees .and mean shock  locat ion,  x, w a s  5.87 cm. I n   t h i s   con tex t ,   shock  
l o c a t i o n  and separa t ion   length  are taken   to   be   the  same ( s e e   f i g u r e  1). 
Histograms of shock  excursion  for a s teady plume and fo r   fou r   d i f f e ren t   pu l -  
s ing   f requencies  are shown i n   f i g u r e  4. Each h is togram  represents  4,000 
measured p o s i t i o n s ,  The root-mean-square l e v e l  of plume p r e s s u r e   p u l s e s   f o r  
t hese   da t a  i s  4 . 3  percent   o f   the  plume s tagnat ion   pressure .  

- 

There are no d i s t i n c t i o n s  among the  histograms  which  could  not  be 
a t t r i bu ted   t o   expe r imen ta l   e r ro r  and t h e   f i n i t e   d a t a  sample. The magnitude 
of  plume pulsing  used w a s  su f f i c i en t   t o   p roduce   obv ious   d i s t i nc t ions  i n  the  
sur face   p ressure  power spectra   associated  with  the  separat ion  shock  excur-  
s ions   ( t o   be   d i scussed   l a t e r ) .   The re fo re ,   i f   any   e f f ec t   ex i s t s  of plume 
unsteadiness  on the  shock  excursion  histogram, i t  is  r a t h e r   s u b t l e .  

The motion  pictures  of shock   t rave l  were viewed a t  s e v e r a l   d i f f e r e n t  
frame  speeds. It was no t   poss ib l e   t o   d$s t ingu i sh   t he   e f f ec t   o f  plume puls ing  
i n   t h i s  manner. I n  a l l  instances  the  impression  f rom  viewing movement of   the  
shock was t h a t  it jumps  from  one pos i t ion   o f  momentary s t a b i l i t y   t o   a n o t h e r  
i n   a n   a p p a r e n t l y  random manner. 

F luc tua t ing   P res su re  Power Spectra  

One of t h e  most obv ious   e f f ec t s  of  periodic plume uns teadiness   appears  
on  the power spectrum  of   the  surface  pressure  beneath  the  separat ion  shock.  
A spike, located a t  the   pu ls ing   f requency ,  is generated.   in   the  spectrum,  (see 
f i g u r e s  5 and 6). Figure 5 shows the p res su re   s igna l s  as  t aken   d i r ec t ly   f rom 
a one- th i rd   oc tave   f i l t e r ing   sys tem,  and f i g u r e  6 shows  power spec t r a  of t h e  
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same data   normal ized  as suggested  by Coe" ( r e f .  1). The s p i k e  i s  produced 
by 80 Hz plume pu l s ing  a t  an  RMS level  of   3 .76   percent   o f   the  plume s tag-  
na t ion   p re s su re .  The broadband level of the basic   spectrum  (unpulsed)  i s  
166.6 dB and   t ha t   o f   t he   spec t rum  a s soc ia t ed   w i th   80  Hz pu l s ing  is 166.9 dB. 

Comparing t h e   s p e c t r a   a n d   n o t i n g   t h a t  the broadband  ( integrated)  
levels are t h e  same l e a d s   t o   t h e   c o n c l u s i o n   t h a t   t h e   s p i k e  i s  formed a t  t h e  
expense   o f   t he   ba l ance   o f   t he   spec t rum.   In   f ac t ,   w i th in   t he  limits of   da ta  
scatter,  t h i s   conse rva t ion   o f   t he   spec t rum  in t eg ra l ,   w i th   r e spec t   t o   pe r iod ic  
plume pu l s ing  a t  va r ious   f r equenc ie s   and   s t r eng ths ,   has   been   obse rved   i n  a l l  
instances  (over   100 tests) i n   t h e   c o u r s e   o f  th is  p r o j e c t .  

Response t o  Plume Pu l s ing  

For t h e   p u r p o s e   o f   q u a n t i t a t i v e l y   r e l a t i n g  plume u n s t e a d i n e s s   t o   t h e  
p r e s s u r e   f l u c t u a t i o n s  a t  the   foo t   o f   the   separa t ion   shock ,   the  plume fo rc ing  
magnitude i s  d e f i n e d   t o   b e   t h a t  area under   the   resu l t ing   spec t rum  sp ike   which  
i s  above   t he   spec t rum  wi th   t he   sp ike   f a i r ed   ou t .   I n   de t e rmin ing   t he  area 
under   the   sp ike ,   each   one- th i rd-oc tave  band produces a r ec t angu la r  area 
c o n s i s t e n t   w i t h   t h e   f i l t e r   p r o c e s s  by  which  the  spectrum is produced.  This 
i s  n o t   w i t h s t a n d i n g   t h e   f a c t   t h a t  i t  is o f t e n   t h e   p r a c t i c e   t o   c o n n e c t   t h e  
p o i n t s   w i t h  a cu rve   t o   d i sp l ay   t he   spec t rum.  The q u a n t i t i e s   i d e n t i f i e d  as 
"forcing"  and  "response" are c lear ly   no t   the   on ly   ones   which   could   have   been  
chosen.   Since  there  i s  some a r b i t r a r i n e s s ,   t h e   " b e s t "   d e f i n i t i o n s  w i l l  
l i k e l y   v a r y   a c c o r d i n g   t o   p e r s o n a l   p r e f e r e n c e   a n d   s i t u a t i o n .  However, i t  is  
hoped t h a t   t h e   d e f i n i t i o n s   s e l e c t e d  are reasonable   and  useful .  

With t h e   d e f i n i t i o n s   s t a t e d ,   t h e   r e s p o n s e   t o   p e r i o d i c  plume uns teadiness  
i s  d i s p l a y e d   i n   f i g u r e  7 .  Wi th in   exper imenta l   e r ror ,   over   the   range   tes ted ,  
a l i n e a r   r e l a t i o n s h i p   e x i s t s  which i s  independent   of   pulse   f requency.  The 
r e s u l t s   c a n   b e   e x p r e s s e d   i n  terms of a t r a n s f e r   f u n c t i o n   i f  i t  is  pos tu l a t ed  
tha t   forc ing   and   response  are reasonably   represented  by a l i n e a r   d i f f e r e n t i a l  
equat ion.  Then the   magni tude   o f   the   t ransfer   func t ion  i s  

IH(f) 1 = /%= 0.0169 (16Hz f 250 H Z ) ,  (1) 

and i s  c o n s t a n t   f o r   t h e s e   d a t a .  

"Except t h a t  Coe used 6 measured ju s t   ahead   o f   t he   shock ,   whereas   i n   t h i s  
case 6 w a s  measured a t  the   shock   l oca t ion ,   bu t   i n   t he   absence   o f  a plume 
and  consequently a separa t ion   shock .   For   these   da ta ,  6 = 0.53 cm. 
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CONCLUDING RDlARKS 

S e v e r a l   e f f e c t s   a s s o c i a t e d   w i t h  plume-induced  flow  separation  have  been 
i d e n t i f i e d .  The fol lowing statements are a p p l i c a b l e   o v e r   t h e   r a n g e   o f   t h i s  
s tudy  : 

1. The sepa ra t ion   shock   exh ib i t s  an excurs ion   about  some mean l o c a t i o n  
a n d   m a i n t a i n s   e s s e n t i a l l y   c o n s t a n t   d i r e c t i o n  as it moves. Th i s  is  t r u e   w i t h  
o r   w i thou t  plume uns teadiness .  

2.  The p r o b a b i l i t y   t h a t   t h e   s e p a r a t i o n   s h o c k  is l o c a t e d   i n  a g iven  
p o s i t i o n   i n t e r v a l  a t  a g i v e n   i n s t a n t  is no t   i n f luenced  by  plume uns teadiness .  

3. Pe r iod ic  plume unsteadiness   produces a s p i k e  on the   s epa ra t ion   shock  
su r face   p re s su re  power spectrum. The s p i k e   s t r e n g t h  i s  p r o p o r t i o n a l   t o   t h e  
plume puls ing  magni tude.  The p r o p o r t i o n a l i t y  i s  cons t an t   ove r  a frequency 
range. 

4 .  The broadband l e v e l  of t he   s epa ra t ion   shock   su r f ace   p re s su re   f l uc tu -  
a t i o n s  is  n o t   a f f e c t e d  by pe r iod ic  plume uns teadiness ,  so tha t   the   spec t rum 
sp ike  i s  produced a t  the  expense  of   the  balance  of   the  spectrum. 
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Figure 1.- Plume-induced flow separation. 
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Figure 2 . -  The test model. 
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Figure 3 . -  P lume  generation  details.  
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Figure 4.- Effect of plume pulse frequency on shock excursions. 
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Figure 5.- Shock fluctuation pressure raw data. 
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Figure 6 . -  Shock  power spectra. 
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F i g u r e  7.- Power s p e c t r a   r e s p o n s e   t o   p l u m e   p u l s i n g .  

1683 

Ill1 I 1  I 


