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SUMMARY 

An experimental investigation was made of the pressures induced on 
a flat plate at a free-stream Mach number of 1.39 by a supersonic rocket 
jet exhausting upstream and downstream. Measurements of the pressure 
distribution on a flat plate were made at zero angle of attack for 
11 different locations of the jet exhaust nozzle beneath the wing. 
Measurements were made at ratios of rocket-exit total pressure to free- 
stream static pressure from 6 to 60 and at a Reynolds number per foot of 

6 approximately LO x 10 . The rocket when exhausted upstream produced a 
strong shock that moved further upstream with increasing rocket-exit 
total-pressure ratio. Positive incremental normal-force coefficients 
were obtained at all test positions. Data at 11 test positions are 
tabulated for rocket-on and rocket-off pressure coefficients as well as 
for incremental pressure coefficients for the 48 orifices of the flat 
plate for the range of ratio of rocket-exit total pressure to free-stream 
static pressure of the investigation. Changing the location of the 
model with respect to the plate had a negligible effect when the rocket 
was varied in the chordwise direction, but the pressure coefficients 
were reduced as the rocket was lowered away frpm the flat-plate wing. 

INTRODUCTION 

The Langley Pilotless Aircraft Research Division has been conducting 
investigations on the effect of propulsive jets on lift, drag, and pressure 
distributions on flat-plate wings and airplane configurations. The major- 
ity of the investigations of this type have been made with jet-exhaust 
parameters which are characteristic of turbo jet engines (for example, 
refs. 1 to 4). The effects on the flat plate from a rocket jet exhausting 
perpendicular to the free stream and parallel to the flat plate were 

l~u~ersedes recently declassified NASA TM X-129 by Abraham Leiss, 
1959. 



published in reference 5. An initial report on a rocket jet exhausting 
upstream at a free-stream Mach number of 2.0 beneath a flat surface was 
presented in reference 6. The present investigation deals with the 
pressure distributions and loads induced on a flat plate at a free-stream 
Mach number of 1.39 by rocket Jets of design Mach number 3 exhausting 
upstream and downstream at zero angle of attack for various positions 
with respect to the plate. 

The ratio of rocket total pressure to free-stream static pressure 
varied from 6 to 60 and the free-stream Reynolds number per foot was 

/ 

approximately 10 X lo6. The tests were made in the preflight jet of 
the NASA Wallops Station. 

A area, sq in. 

A,B, ... K location of exhaust nozzles or test designations 

incremental normal-force coefficient, F~,n - F~,f 
QT 

C~ pressure coefficieyt, pw - pm 
s, 

Mp = Cp,n - Cp,f 
D diameter, in. 

Mach number 

normal force, lb 

P static pressure, lb/sq in. 

Pt rocket-chamber total pressure, lb/sq in. 

Pt - rocket-exit total-pressure ratio 
pm 

9 dynamic pressure, Zp M * , ib/sq in. 
2 = J m  



radius, i n .  

specific-heat r a t i o  (for air 7 = 1.4; fo r  rocket mixture 
y = 1.22) 

chordwise distance from nacelle e x i t  (positive i n  direction of 
rocket j e t ) ,  in .  

Y spanwise distance from nacelle center l ine ,  in.  

Subscripts : 

e j e t  e x i t  

f j e t  off 

n j e t  on 

T nozzle throat 

w wing 

w free stream 

APPARATUS 
4 

The t e s t s  were made i n  the pref l ight  j e t  f a c i l i t y  of the NASA 
Wallops Station. A 27- by 27-inch nozzle producing a free-stream Mach 
number of 1.39 was used f o r  these t e s t s .  The experimental technique used 
i n  th i s  investigation was, f i r s t ,  t o  mount a f l a t  p la te  i n  a f ree  j e t  
blowdown wind tunnel; then a strut-mounted sogid-propellant rocket motor 
was located below the f la t  surface and ignited during the t e s t .  S t a t i c  
pressures on the f l a t  plate  were measured t o  determine the ef fec t  of the 
je t .  Photographs of the rocket nacelle mounted i n  2 of the 11 t e s t  posi- 
t ions beneath the f l a t  plate  a t  the e x i t  of the 27- by 27-inch nozzle are  
shown as  figure 1. 

A sketch of the rocket nacelle with i ts  principal dimnsions is  
shown i n  figure 2. The body of the rocket nacelle had a f ronta l  area of 
5.411 square inches with an overall  length of 20.9 inches. The e x i t  
area Ae and the area AT of the convergent-divergent supersonic 

rocket nozzle were 2.238 and 0.330 square inches, respectively. The e x i t  
Mach number M, was 3.0 and the value of ' y a t  the e x i t  was 1.22. The 

rocket nacelle was mounted on a sol id hexagonal-shaped support s t r u t .  
The leading edge of the s t r u t  was swept back from the rocket nacelle a t  



a 25' angle and was tapered i n  plan form from 6 inches a t t h e  rocket  
nacelle t o  I 2  inches a t  the mounting base 19.5 inches.below the rocket  
nacel le ,  

Figure 3 shows the location of the rocket nacelle with respect  t o  
the wing and p re f l i gh t - j e t  nozzle e x i t  f o r  the 11 t e s t  posi t ions .  The 
f l a t  p la te  shown i n  f igure  3 i s  described i n  reference 2. 

INSTRUMENTATION 

The rocket-chamber pressure was measured f o r  a l l  of the t e s t s .  The 
locat ion of t h i s  pressure o r i f i c e  i s  shown i n  f igure  2. The posi t ion of 
48 s ta t ic-pressure  o r i f i c e s  (0.06-inch ins ide  diameter) on the wing i s  
shown i n  f igure  4. The free-stream t o t a l  pressure and the  stream s t a t i c  
pressure were measured 112 inch upstream from the e x i t  of the p re f l igh t -  
j e t  27- by 27-inch nozzle. 

A l l  the pressures were recorded by e l e c t r i c a l  pressure transducers 
of the strain-gage type i n  conjunction with an oscillograph. A 10-cps 
timer corre la ted a l l  the time h i s t o r i e s .  Shado~~graphs, which were made 
a t  an exposure of approximately 0.003 second, were obtained by using a 
carbon-arc l i g h t  source and a translucent g lass  screen. 

msm AND PETHODS 

The lower surface of the  wing was r i g i d l y  mounted a t  zero angle of 
a t t ack  8.3 inches above the  center l i n e  of the p re f l igh t - Je t  nozzle, 
which located the  wing i n  the  Mach diamond. Tests were made with the  
rocket nacelle i n  b l  posit ions,  a s  shown i n  f igure  3 .  The v e r t i c a l  
plane of the rocket  ( i n  every t e s t )  was a l ined  with the center l i n e  of 
the f l a t  p l a t e  (plane of o r i f i ces  1 t o  12) .  A t  a l l  posit ions the rocket  
nacelle was a t  angles of a t t ack  and yaw of 0' with respect  t o  both the  
wing surface and t he  center l i n e  of the  p r e f l i g h t  j e t .  

The t e s t s  were made by f i r s t  s t a r t i n g  the  Mach number 1.39 p r e f l i g h t  
j e t  and recording rocket-off data a t  equilibrium conditions and then 
f i r i n g  the rocket and recording rocket-on da ta ,  The combustion-chamber 
pressure varied with the burning of the rocket .  The var ia t ion of rocket 
pressure with time was s imilar  during each of the t e s t s .  The t o t a l  f i r i n g  
time of the rocket  was approximately 0 .6  second. A typical  rocket 
pressure-time curve i s  presented i n  f igure  5 .  



ACCURACY 

By allowing f o r  an instrument e r ro r  of 1 percent of fu l l - sca le  
range, the probable e r ro r  of the data  obtained i s  believed t o  be within 
the f ollotring l i m i t s  : 

RESULTS AND DISCUSSION 

Downstream Fi r ing  

Four t e s t s  were made with the rocket f i r i n g  downstream. These 
t e s t s  were made t o  supplement the data  of reference 2. The r e su l t s  a r e  
tabulated i n  tables  I t o  I11 ( t e s t s  A, B, C ,  and D ) .  Table ~ ( a )  i n c l ~ d e s  
the rocket-off pressure coef f i c ien t s .  Tables 11(a) t o  11(d) present  the 
rocket-on pressure coef f i c ien t s  and tables  111(a) t o  111(d) give the 
incremental rocket pressure coefficients. Rocket to ta l -pressure  r a t i o s  
up t o  60 were obtained by the  use of rockets,  whereas i n  reference 2 
a i r  j e t s  produced j e t  to ta l -pressure  r a t i o s  of only 15. 

Figure 6 presents the  var ia t ion of incremental pressure coef f i c ien t s ,  
f o r  t e s t  posi t ion A, with o r i f i c e  locat ion along the  rocket center  l i n e  
f o r  rocket  to ta l -pressure  r a t i o s  of 10, 30, an@ 50. As i n  reference 2, 
the maximum incremental pressure coef f i c ien t s  increased with increased 

pt/p,. Figure 7 shows the  e f f e c t  of v e r t i c a l  distance from the f l a t  

p l a t e  a t  a rocket to ta l -pressure  r a t i o  of 50. As t h e  rocket ex i t  was 
moved away from the  p la te ,  the i n i t i a l  pressure r i s e s  occurred on the 
p l a t e  a t  a greater  distance from the  e x i t .  This r e s u l t  conforms with 
t h a t  i n  appendix A of reference 3. 

A comparison with reference 2 a t  the same e x i t  s ta t ic-pressure  
r a t i o s  indicated t h a t  the magnitude of the  induced pressures on the f l a t  
p l a t e  was about t h e  same even though t h e  e x i t  to ta l -pressure  r a t i o s  
were approximately 10 times g rea te r .  



Ups t r e m  Fi r ing  

.- The jet-off  pressure coeff ic ients  
are  g -off curves a re  shown i n  f igure  8, 
which presents the var ia t ion  of rocket-off pressure coeff ic ient  with o r i -  
f i c e  locat ion f o r  t e s t  posit ions E, F, G, and J. The rocket nacelle i n  
posi t ion E has an in terference e f f ec t  on the  port ion of the p l a t e  above 
the nacel le .  As the rocket i s  lowered, t h i s  interference i s  reduced a s  
indicated by the  reduction i n  pos i t ive  rocket-off pressure coeff ic ients  
on the p l a t e  f o r  pos i t ion  E t o  posi t ion F ( f i g .  8) and appears t o  be non- 
ex i s ten t  a t  both posi t ions  G and J because the pressure coeff ic ients  a t  
these posit ions are ,  f o r  a l l  p r ac t i c a l  purposes, iden t ica l .  The shadow- 
graphs i n  f igure  9 i l l u s t r a t e  the pos i t ion  of the jet-off shock waves i n  
r e l a t i on  t o  the f l a t - p l a t e  wing. A t  t e s t  posi t ions  E and H the jet-off  bow 
shock i n t e r s ec t s  the f l a t  p la te  near the t r a i l i n g  edge. A t  t e s t  pos i t ion  F 
the bow shock barely in te r sec t s  the edge of the  f l a t  p l a t e  and a t  t e s t  
posit ions G, I, J, and K the bow shock misses the f l a t  p la te  completely. 

Rocket-on pressure coeff ic ients . -  The experimental jet-on pressure 
coeff ic ients  f o r  individual  o r i f i c e  locations a t  a l l  t e s t  posit ions f o r  
in teger  values of rocket total-pressure r a t i o  a re  given in - tab le  11. In  
f igure  10 the  chordwise var ia t ion of jet-on pressure coeff ic ients  f o r  
t e s t  posi t ions  E, F, and G i s  presented a t  four  spanwise posit ions a s  a 
function of distance from the rocket e x i t  x/DT a t  a rocket t o t a l -  

pressure r a t i o  of 46. 

The grea tes t  disturbancd along t h e  nace l le  center l i n e  i n  f igure  10(a)  
occurred at t e s t  posi t ion E (4.985%) which was t h e  c loses t  posi t ion t o  
t h e  f l a t  p l a t e .  This maximum pressure disturbance moved toward t h e  wing 
t r a i l i n g  edge and was reduced i n  magnitude as  the  rocket j e t  was moved 
fur ther  away from the  wing t o  posit ions F and G.  This e f f e c t  i s  not a s  
obvious i n  the  comparison of the d i f f e r en t  spanwise posit ions presented 
i n  f igures  10(b),  10(c ) ,  and 10(d) .  A possible reason f o r  t h i s  i s  the  
separation of the  wing boundary layer .  There i s  some evidence of boundary- 
layer  separation a s  indicated by the shadowgraphs ( f i g .  11) because the bow 
shock s p l i t s  up i n t o  a lambda-leg formation a t  the  in tersect ion with the  
p l a t e  lower surface.  Shadowgraphs of the  flow f i e l d  about the rocket e x i t  
a t  various t e s t  posit ions f o r  a jet-on total-pressure r a t i o  of 45 a re  pre- 
sented a s  f igure  11. Note t h a t  the bow shock, from the jet-off posi t ion,  
has moved upstream t o  the forward posi t ion of the  rocket j e t  exhaust. An 
explanation of the  mixing phenomena i s  given i n  reference 6 .  

Figure 12 presents the var ia t ion of rocket-on pressure coeff ic ients  
with rocket to ta l -pressure  r a t i o s  f o r  various o r i f i c e s  located on the  
rocket center l i n e  f o r  t e s t  posi t ion E. Since the  higher rocket-exit  
total-pressure r a t i o  causes the bow shock t o  move upstream, the jet-on 
pressure coeff ic ients  would be expected t o  increase and decrease as  
i l l u s t r a t e d  i n  f igure  12. 



Figure l j  i l l u s t r a t e s  the  chordwise var ia t ion of jet-on pressure 
coeff ic ients  with distance from the rocket e x i t  x/DT a t  a rocket t o t a l -  

pressure r a t i o  of 46 f o r  t e s t  posit ions F, I ,  and J a t  four spanwise posi- 
t ions .  Figure 10 shows the e f f ec t  of pressure d i s t r ibu t ion  as the rocket 
i s  moved ve r t i c a l l y  away from the p la te ;  f igure  l j  shows the e f f ec t  on the 
pressure d i s t r i bu t i on  as  the rocket i s  moved away p a r a l l e l  t o  the p l a t e  
and i n  the  di rect ion of the  airstream. The r i s e  i n  posit ive pressure 
begins a t  approximately the  same distance from the  rocket e x i t  i n  f igure  13 
regardless of the posi t ion of the wing t r a i l i n g  edge. This means t h a t  the 
forward penetrat ion of the  bow shock i s  not  a f fec ted  by the wing t r a i l i n g  
edge. The reduction i n  pressure on the wing between posi t ion F and posi- 
t i on  J can probably be a t t r i bu t ed  t o  the e f f ec t s  of the var ia t ion i n  wing 
t r a i l i n g  edge with respect  t o  the rocket e x i t  and i t s  e f f ec t  upon the 
l oca l  flow conditions on the  wing. 

Incremental Pressure Coefficients 

Incremental pressure coeff ic ients  ACp were obtained by subtracting 
the jet-off  pressure coeff ic ients  CpJ f  from the  jet-on pressure coef f i -  
c ien t s  Cp,n. The incremental pressure coef f ic ien t s  a re  an indicat ion of 
the magnitude of the  j e t  e f f ec t s  as  obtained from the  respective t e s t  posi- 
t i on .  Figure 14 presents the  chordwise var ia t ion of incremental pressure 
coeff ic ients  a t  four spanwise s ta t ions  f o r  t e s t  posi t ions  E, F, G, I, J, 
and K a t  a rocket-exit  total-pressure r a t i o  of 46. As shown i n  the f igure ,  
the maximum pressure disturbance due t o  the bow shock i s  a t  about ~ D T  t o  
~ D T  away from the rocket e x i t .  Although the  values of ACp vary, the 
pressure d i s t r ibu t ions  follow f o r  the  d i f f e r en t  t e s t  posit ions a s imilar  
pat tern ,  with the exception of t h a t  of t e s t  posi t ion E .  The rocket i n  
t e s t  posi t ion E i s  close enough t o  the f l a t  p l a t e  t o  cause disturbances 
other than the bow-shock disturbances t o  the p l a t e .  The incremental 
pressure coeff ic ients  f o r  the complete range of rocket-exit  total-pressure 
r a t i o s  a r e  presented f o r  a l l  t e s t  posit ions i n p  t ab l e  111. 

Normal-Force Coefficients 

By using the method of reference 3, ACE was obtained by in tegrat ion 
and was p lo t ted  i n  f igure  15 as  a function of rocket-exit  total-pressure 
r a t i o  f o r  t e s t  posi t ions  F, G, and J .  In  reference 3, the loads due t o  
the exhausting j e t  were confined t o  the area of the  p la te  covered with 
pressure o r i f i c e s .  The t e s t s  described herein were made with the j e t s  
exhausting upstream, causing the exhaust e f f ec t s  t o  cover a l a rger  area 
than instrumented. The incremental normal-force coef f ic ien t  i s  presented 
a s  an indication of the normal-force interference only i n  t h a t  pa r t  of 
the interference flow f i e l d  covered by the p l a t e .  Since the greater  p a r t  
of the  normal force of t e s t  F was pa s t  x/DT of 11.228, no comparison 

between t e s t  posit ions of ACN can be made. I n  general,  ACN increased 



as  t he  rocket-exit to ta l -pressure  r a t i o  was increased. Posi t ive  incre- 
mental normal force on t he  wing was obtained a t  a l l  t e s t  posi t ions ,  

CONCLUSIONS 

Experimental. s tudies  have been made a t  a free-stream Mach number 
of 1.39 with an e x i t  Mach number of 3.0 of a supersonic rocket j e t  
exhausting p a r a l l e l  t o  a f l a t - p l a t e  surface f o r  e x i t  total-pressure r a t i o s  
from 6 t o  60 i n  the  di rect ion of the  f r e e  stream and 180' t o  the f r ee -  
stream flow. Results of t h i s  invest igat ion a re  summarized as  follows: 

1. Although the  rocket-exit  total-pressure r a t i o s  of the rocket 
exhausting downstream were 10 times higher than the j e t -ex i t  t o t a l -  
pressure r a t i o s  of NACA Research Memorandum L55L13, the pressure coeff i -  
c ien t s  on the f l a t  p l a t e  were of the same magnitude when compared a t  
equal j e t -ex i t  s ta t ic-pressure  r a t i o s .  

2. The maximum pressure coeff ic ients  on the f l a t - p l a t e  wing with 
the rocket exhausting upstream occurred with the  rocket e x i t  located a t  
4.985 rocket th roa t  diameters away from the wing and t h i s  maximum value 
was reduced a s  the  rocket e x i t  was moved fu r the r  away from the wing. 

3. When the  rocket e x i t  was varied i n  the chordwise di rect ion a t  
a constant v e r t i c a l  distance$ a negligible change i n  j e t  e f f ec t s  occurred. 

4.  A study of the shadowgraphs of the f l a t  p la te  shows t h a t  the bow 
shock s p l i t  i n t o  a lambda leg  on the lower p l a t e  surface, thus indicat ing 
separation of the  boundary layer  i n  t h i s  region.  

5 .  Posit ive incremental normal force  on the wing was obtained a t  a l l  
t e s t  posit ions;  the incremental normal fa rce  increased with increasing 
rocket total-pressure r a t i o s .  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Fie ld ,  Va . , August 27, 1959. 
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TABLE I.- VALUES OF JET-Om PFXSSURE COEFFICIENTS FOR 

ALZ, WING ORIFICE POSITIONS 

(a) Downstream firing 

I 

Orif ice 
ordinates 

Orifice 
ordinates 

I Cp,f at 
test 

position 



TABLE: 1.- VALUES OF JET-OFF PF93SSW COEFFICIENTS FOR 

ALL WING ORlFICE POSITIONS - Concluded 

(b)  Upstream f i r i n g  

, a t  t e s t  / /  o r i f i c e  /C".I at / /  Ori f i ce  I C p l f  at/! o r i f i c e  / c ? , ~  a t  t e s t  1 
ord ina t e s  I Orifice I pos i t i on  - ord ina t e s  o rd ina t e s  o rd ina t e s  pos i t i on  - 

pos i t i on  p o s i t i o n  
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Upstream distance from rocket exit ,A " T 
Figure 8.- Chordwise variation of jet-off pressure coefficients for test 

positions E, F, G, and J. 
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Figure 8.- Concluded. 



Test posi t ion G 

(a )  Test posi t ions  E, F, and G. L-59-6016 

Figure 9.- Shadowgraphs of the  flow f i e l d  about the rocket e x i t  with j e t  
off  f o r  t e s t  posi t ions  E, F, G, H, I, J, and K. 



Test position J 

Test position K 

(b) Test positions H, I, J, and K. L-59-6017 

Figure 9.- Concluded. 
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Figure 10.- Chordwise variation of jet-on pressure coefficients at posi- 
tions E, F, and G for a rocket pressure ratio of 46. 



(c) 4.491 DT Spanwise from rocket center line. 
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Figure 10. - Concluded. 



(a) Test position E. (d) Test position I. 

(b) Test position F. (e) Test position J. 

(c) Test position G. 
L-59-5100 

(f) Test position K. 

Figure 11.- Shadowgraphs of the flow field about the rocket exit for a 
total-pressure ratio of 45 at test positions E, F, G, I, J, and K. 
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Distance from r o c k e t  exit, x/DT 

Distance from rocket exit, x/D, 

Figure 13.- Chordwise variation of jet-on pressure coefficients at posi- 
tions F, I, and J for a rocket pressure ratio of 46. 
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Figure 1 3 . -  Concluded. 
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Figure 14.- Chordwise variation of incremental pressure coefficient 
C~,n - Cp,f at four spanwise stations for positions E, F, G, I, 

J, and K at a rocket pressure ratio of 46. 
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Figure 14.- Concluded. 
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