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SUMMARY 

Pressure  distribution  associated  with  the  stable  combustion of 
aluminum borohydride  about a body of revolution  (parabolic  forebody, 
cylindrical  afterbody) was -rimentally investigated in a wind tunnel 
at a Mach number of 2.47 and a free-stream  static  pressure  corresponding 
to a 55,000-foot  altitude.  Fuel was injected through four  circumferen- 
tial  and  equally-spaced  fuel  orifices  which  were stationed 10.5 Fnches 
upstream of the  base of a body 21 inches long. 

* Pressure  Fncreases on the  cylindrical  and  base  surfaces of the  model 
were  measured.  Canbustion  resulted in static-pressure  increases of about 
2.0 inches of mercury on the  cylindrical  surface of the  model.  Base- 
pressure  increased frcm 1.37 inches  prior to ccanbustion to 4.98 inches 
of mercury  durlng cdustion. Since  these  results  were  obtained in a 
small wind  tunnel,  they may be  subject to undetermined  wind-tunnel  ef - 
fects.  Resolution of the  uncertainties would require sbilar tests in a 
large  wind  tunnel  or Fn free flight. Calculations  showed  that  consid- 
erable  reduction  or  possibly  even  complete  cancellation of the total drag 
of the  body of revolution may be  obtained if these Urge increases in 
base  pressure,  measured  in a small wind  tunnel,  can  be  duplicated  in a 
free-fllght  situation or caparable large  wind-tunnel  tests. 

INpioceTCTION 

The  effect of a heat  addition  to a supersonic  airstream  adjacent  to 
bounding  surfaces has received  considerable  attention in recent years. 
The  results of analytical studies of heat addition to supersonic flow 
are  presented i n  references 1 to 5 .  Reference 3 presents a graphical 

stream  to  which  heat is added. By using t h i s  graphical method,  refer- 
ence 4 shows  that  moderate  heat  addition  adjacent to a supersonic  two- 

m method  for obtaining the flow field in a two-dimensional  supersonic 

- dimensional wing results in increased lift and reduced drag. 
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It was demonstrated  in  reference 6 that  stable  ccnnbustioa  of  aluminum 
borohydride  occurred  when  the  fuel was injected  into-  the  airfltrem  ad- 
jacent  to  the  top wall of a supersonic  wind  tunnel.  Stable  combustion 
was achieved  without  flameholding  devices.  The  flameholding  properties, 
afforded  by  the  wind-tunnel wall and attendant ‘fioedary layer, were ap- 
parently  sufficient.  The  combustion of aluminum b o m i d e  in a super- 
sonic  wind  tunnel  produced an increase  of 20 to 40 percent  in  static  pres- 
sure  along  the  tunnel wall (ref’. 7) . Fkperhental data are  presented in 
reference 8 on the  static-pressure  increases  resulting  from  the  cambus- 
tion ofaluminum borohydride i n  the  stream  adjacent  to a flat-plate m o d e l  
i n  a Mach 2.46 wind  tunnel.  Reference 8 also presents  temperature  and 
pressure data taken within the  heated  region. 

The  purpose  of  the  present  investigation was to  measure  the  static- 
pressure  changes on the  cylir&Acal  and  base  surfaces  produced  by  the 
combustion  of aluminum borohydride  in a region.enve1aping  the  afterbody 
of an axisymmetric body i n  a supersonic wind tunnel.  Previous  exgeri- 
ments  in  reducing  base drag of bodies of re-volution  have  consisted of 
either  bleeding  air  into  the  base  region  (refs. 9-d lo), or burning 
(or  adding  heat) i n  the  wake  region  downstream  of  the  base. In  refer- 
ence 11, a pyrotechnic was used as EL fuel,  and  in  referehce 12, the  fuel 
used  was  hydrogen. 

This exploratory s tudy  of the  aeroaynamic  effects  of  the  combustion 
about  the ‘Irody of  revolution  used  essentially  the  same  experimental  tech- 
niques as those  used i n  reference 8 for  combustion-in  the  supersonic 
stream  adjacent  to a flat  plate. No attempts  were  made  to  vary  the  fuel- 
flow rate or to control  or  measure it with a high degree of accuracy;  the 
determination of optimum  fuel-flow  rates was considered  beyond.the  scope 
of  the  present  study.  Consequently,  the  results  are not discussed  in 
terms of the  over-all  efficiency  of  this  heat  addition  and  are not cam- 
pared  to  the  more cmventional.tPlrust-producing systems  such as ramjets 
or rockets. 

The results  are  presented’for 12 steady-state  combustion runs at R 

Mach nmber & ’  2.47 and a Reynolds  number  of  approxlmtely 8.OX1O6. Can- 
bustion  and  the  associated  flow  disturbances  are  briefly  described  and 
illustrated ~ t h  high-speed  motion  pictures.  The  investigation  reported 
herein was done at-the NACA Lewis laboratory. 

SYMBOLS 

cP pressure  coefficient  (p - pol/%  where 90 is  the  free-stream 
dynamic  pressure  and  is  equal  to yp&/2 
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d maximum body  diameter, 1.75 Fn. 
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body  length, 21 in. 

Mach  number 

static  pressure,  in. of Hg 

Reynolds  number  (based on free-stream  conditions  and  body  length) 

time  interval during combustion  measured  from  instant of ignition 
as  seen in high-speed  motion  pictures,  sec 

cylindrical  coordinate  system  (see  sketch  with  table I} 

ratio of specific  heats,  isentropic  exponent 

Subscripts : 

b base  conditions 

C d t h  combustion 

0 free-stream  conditions 

The  apparatus  consisted of a supersonic  wind  tunnel,  model,  transient 
and  steady-state  pressure  instrumentation,  fuel-injection  system, and a 
retractable  ignitor. 

Wind  Tunnel and Model 

A 1- by  1-foot  nonreturn-type wind tunnel  operating  at a %ch  number 
of 2.47 was used in this  investigation. T o t a l  temperature  and  pressure 
of ap-proximately 1000 F aha 47.8 inches of mercury,  respectively,  were 
maintained  during  the  combustion  runs.- The dew  point  was  held  at -55O F 
or lower. The model  was  positioned  in  the  tunnel (fig. 1) so that  the  base 
of the  model was 2 inches  upstream of the  center  of  the  ll-inch-diameter 
windows;  the  windows  were  used  for  schlieren  and  other  types of observa- 
tion.  This  position of the  model was chosen  because,  the mdel being 
longer than the  window,  the  flow  around  the  base was of greatest  interest. 

The  model  and  sting  support  used in t h i s  investigation  are shown in 
figure 2. The near-parabolic  forebody  of  the model was 10.5 inches long. 
The  cylindrical  afterbody was also 10.5 inches long with a cylinder di- 
ameter of 1.75 inches. This model -8 studied in a previous  aerodynaxnic 
investigation  at a Mach  number of 3.12 (ref. 13). 
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Static-Pressure  Instrumentation 

Static-pressure  instrumentation  consisted o f  21 static-pressure 
orifices on the  surface  and 10 static-pressure  orifices on the  base of 
the  model  (shown in table I) The  static-pressure  orifices  were  numbered 
to  simplify  the  following discussion. %st  response was assured  by mak- 
Fng the  static-pressure  orifices 0.048 inch in diameter. Pionburning 
pressure data were  measured  with  butyl-phthalate  differential  manometers. 
The  model and tunnel-wall  pressure  changes  resulting  from  combustion  were e. 
measured  by  differential  pressure  transducers  using  fixed  reference  pres- -E 
sues. Reference 8 gives E6 more  detailed  description  (including  the 
response  characteristics and callbration  procedures)  of  the  static- 
pressure  instrumentation.  Static calibrations.sof these  instruments,  per- 
formed  prior  to  and  after  the  entire  series  of  combustion runs, indicated 
an accuracy  within A5 percent in the  range  of  pressure  changes  measured. 

. 
- 

a 

Photography 

During  cambustion,  high-speed (1400 to 4500 frames/sec)  schlieren 
motion  pictures  were  taken of the  flow  about  the  base  region of the model. 
Righ-speed (1300 to 4200 frames/sec)  black and white  motion  pictures  of 
the  flame  (directly  photographed)  were taken with a camera  trained on 
onsof  the  flat  schlieren mirrors. In addition,  color  motion  pictures 
taken at comparable  speeds  were  used in the  direct-flame  photography for 
same of the  cambustion  runs. Timing  mrkers were  provided in ... order  to 
determine  the  film  speed. 

r 

Fuel  Injection  and  Ignition 

The  main  features  of  the  f'uel-injection  system  (fig. 3) were de- 
scribed in reference 8. The only significant  differences  were in arrange- 
ment of model  fuel lines and  orifices.  The  fuel  lines  from  the  injector 
to the  model  consisted of a 1/8-inch  copper  tube mnifolded to  four 1/16- 
inch  Inconel  tubes.  The  four  Inconel  fuel  tubes  were  led  through  the 
sting  and  model  to the fuel  orifices;  these  orifices  were  evenly  spaced 
around  the  model  at  a-distance z of 10;s inches  (see  table I). To mini- - 

mize  orifice plugging during cmbustion and to  provide far easy  cleaning 
after  the  combustion runs, the  length of the  fuel  orifices was made 
smaller  than  the  model wall thickness,  shown in figure 4. 

Prior  to  fuel  injection,  the  fuel  lines lesding to  the  model  were 
continually  flushed  with a low-pressure helium flow. Fuel  charges of 
25 to 28 cubic  centimeters  of  aluminum  borohydride  were  injected  under - 

helium  pressure  for  periods  of 2.0 to 3.8 seconds.  The  helium  injection 
pressure was mintained  at-50 pounds per square i n c h  gage  except in. rugs 
1 and 2 (table 11) where a higher  helium  pressure (100 lb/sq  in.) was wed 

d 

. " 
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t o  prevent plugging. This plugging resulted fram solids that formed by 
the  reaction of the fue l  with traces of foreign materials i n  the newly- 
instal led f u e l  system of the model. 

The fuel-flow  rate  in  cubic  centimeters  per second was indirectly 
determined by dividing the volume of the f u e l  charge In the injector by 
the combustion time interval. The  volume of fue l  was measured when the 
injector was f i l l ed .  The naaximum e r ro r  i n  the measurement of the fuel 
volume was estimated t o  be about &l cubic  centimeter  for the f u e l  volumes 
used. The duration of combustion was measured frm the  traces of the 
pressure-change data. This method of time measurement does not  consider 
the fuel-flow  duration p r io r  t o  ignition. As in reference 8 the measured 
time intervals have been arbitrarily increased by 0.2 second t o  account 
f o r  the preignition  and  post-flame  periods of the fue l  flow. 

An electric-spark  ignitor  {fig. 1) was used t o  ensure  consistent  ig- 
nit ion of the fuel.  The igni tor ,  a s t e e l  rod with a 1/4-inch  diameter, 
yielded a 1-joule repeating  capacitance spark a t  a rate of 5 spElrks per 
second across a 1/8- t o  3/16-inch ~ a p .  The rod was insulated frm the 
tunnel wall and after extending about 1 inch  into  the  tunnel  angled 
toward the m o d e l  t o  a position 1/4 inch upstream of the m o d e l  base. 

. Once ignition occurred,  the flame quickly travelled upstream t o  the 
fue l   o r i f ices  and, i n  general, remained seated  there  unti l   the  fuel WELS 

i gn i to r  was retracted from the model t o  remove any possible  effects it 
might have on the combustion region o r  on the adjacent model static  pres- 
sures. The retraction was i n i t i a t ed  by a photoswitch that sensed the 
combustion. The ignitor was retracted by rotating  the rod 90' about  the 
ax is  perpendicular t o  the side tunnel wall. After the burning  stopped, 
the ignitor  returned t o  i t s  original o r  extended position. 

c expended. In this investigation, after ignition was established,  the 

Ignition and  combustion of the fuel occurred in  every run made with 
the body of revolution. The data for  a l l  these runs, numbered 1 t o  12, 
are   l i s ted   in   t ab le  II. Good cambustion i s  considered t o  have been ob- 
tained in eight runs {runs 2, 3, 4, 5, 7, 9, 11, and 12) .  Good cmbus- 
t ion  was relatively uniform, and intense burning  occurred  adjacent t o  the 
afterbody  (surface and base) of the model resul t ing  in   s ignif icant  
changes in   the  s ta t ic   pressures   for   the  ent i re  m o d e l  boundary of the 
c d u s t i o n  region. The results  presented and discussed  herein  are 
mainly concerned with these  eight good-cambustion runs. 

rn For the group of good combustion runs, the f uel-f low rates were 
10.6 t o  12.8 cubic  centimeters  per second, a variation of A9 percent, 
which i s  within the es tba t ed   e r ro r  of measuremen t .  Although the - 
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fuel-flow rates for   the weak combustion runs were considerably lower, for  
cmpletenese,  the data obtained for  these weak combustion runs (1, 6, 8, L 

and 10) are included in   t ab l e  11. A lhited discussion of the weak 
canbustions runs i s  presented in  appendix A. The aerodynamics of the 
body  of revolution  without  canbustion  are  presented i n  appendix B where 
they are also compared br ief ly  with the aerodynami-cs of similar bodies 
of revolution (refs . 13, 14, 15, and 16) . 

The effect  of canbustion on the free-stream flow was noted by measur- rp 
ing the static-pressures  along  the wind-tunnel walls a t  a distance z of 
3.5 and 9.5 inches. During ccmibustion there were no pressure changes an 
the wind-tunnel walls at  these  stations. 

P 
3 

Description of Burning and Associated Flow Phenomena 

Although a study of' the nature of the combustion itself was not the 
object of t h i s  investigation,  certain  general  characteristics of the com- 
bustion were noted so that pressures measured on the model during canibus- 
t ion might be properly  evaluated. The portion of the flow asd model  which 
was observed is  shown i n  figure 5. 

Visual observation  revealed that canbustion produced a very  bright 
yellow-green  flame in the good cauibustion t h i s  flame was character- 
i s t ic  of the flames studied in previous work.. In  the good canbustion I 

runs, the flame had a maxFmum diameter CIP about 9 inches a t  or  near  the 
model base. ' Within an axial distance fram 3 to 8 inches downstream  of 
the m o d e l  base, the  vis ible  flame gradually died out. V i s u a l  observation 
of the model and s t ing after colngletian of run8 revealed that the ash 
patterns on the model surface  about  the f o u r  or i f ices  were similar fo r  a l l  
good combustion,runs.  Further downstream the m o d e l  surface  and  base, 
the ash was evenly  distributed. 

As noted frm the  motion-picture  observations, upon ignition of the 
fuel   the  flame quickly propagated upstream to   t he  fuel or i f ices  and ex- 
panded radially u n t i l  steady-burning was reached ( in   the mean-value sense) . 
Both ignition and  subsequent  establishment of steady  burning are presented 
and discussed i n  appendix C. 

Typical examples of steady burning (run 9) are shown in   f igures  6 
and 7. The  two frames (directly photographed) in   f igure 6. show that dur- 
ing steady burning,  the axial extent of the flame varies somewhat, but 
the downstream termination of the flame is always i n  v i e w  (within.6 t o  8 in. downstream of the base) . The mimum diametrical extent of the flame 
(8 t o  9 in.) is a lso   v i s ib le  in the figure. .This view of the cambustion 
is me whfch looks slightly Lzpstream of the perpendicular t o  the schli-e-ren 
window. 

if  



U C A  RM E57E15 - 7 

‘a 

Two schlieren  motion-picture  frames  of r u n  9, shown in figure 7, 
present a picture of the f low and  shock  waves  associated with the  cam- 
bustion. As described in reference 8, the  steady-state  burning  is  ac- 
companied By an oblique  shock  wave  just  upstream of the  fuel  orifices. 
In figure 7, the f h e  shock  wave  after  reflection  by  the  tunnel walls 
is  seen as the  downstream  set  of  oblique  shock  waves.  The  intersection 
of the  flame  shock  waves  with.the  schlieren  windows may be  faintly  seen 
in figure 7 as  curves  which can be  appraxFmELted  by  hyperbolas.  The  in- 
teraction of the  reflected  flame  shock  waves  with  the  burning  or  heated 
region  yields a shock-wave  structure  which  does  not  easily  &ord a 
quantitative  picture of the  flow in the  region  of  interest.  However,  the 
absence of strong-  or  normal-type  shock  waves in the  reglon  viewed  by  the 
schlieren  is  clearly  evident in figure 7. 

Y 

Axial  and  Meridional  Static-Pressure Data Obtained  During  Combustion 

Figure 8(a) presents  two  types  of  axial  variation  for  the  sta.tic- 
pressure  increases  obtained from the  good  cwibustion runs. The pressure- 
change data in this  and  subsequent  figures  is  presented in terms of 
(pc - p)  where p and  pc  are  the  absolute  static  pressures in inches 
of  mercury  prior to  and  during  combustion,  respectively. The data  for 

(pc - p) . The  data  for run 12 is an example of the  greatest  variation . run ll is an example of the  smoothest  axial  variation  of  pressure  change 

c of pressure  change  (pc - p) with axial  distance z. In either  case,  the 
measured  pressure  change is less  than 0.01 inch of mercury  from  static- 
pressure taps 2 to 6.  This means  that  the  combustion  did  not  alter  the 
flow about  the  model  from  the  nose  to a position withh 1/2 inch  upstream 
of the  fuel  orifice. 

While  the  two  sets  of data downstream of the fuel orifice are not 
precisely  similar,  the  average  values of (pc - p) in t h i s  range of z 
are about  the  same.  For  run 11, the  value of (pc - p) sharply  increases 
fram  zero  at a z distance  of 10 inches  to a measured  peak  value of 2.18 
inches of mercury  at a z distance of U. inches. As z increases  from 
the peak position,  the  values of (pc - p) first  decrease  to a minimum of 
1.85 inches  of  mercury  and  then  increase less rapidly  to a level of about 
2.10 inches of mercury.  For  run 12, the data indicates a peak value of 
2.56 inches  of  mercury at a z of 12 inches  and a minFmum of 1.45 inches 
of mercury at a z of 14 inches. This minimum value is also  the  lowest 
value  obtained in the  eight  good  combustion rum. 

Figure 8(b) presents  the  axial  variation of the  pressure-change 

of (pc - p) v a r y  from 1.45 to 2.72 inches of mercury  downstream  of  the 
8 (pc - p> for all of the  good cmbustion runs. While  the  measured  values 
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fuel orif ices,  the  bulk  of  the data points  lie in the  range  of  (pc - p) 
from 1.8 to 2.2 inches of mercury. This indicates  that,  for any particu- 
lar run and  aft of the  peak  region,  the  pressure  changes do not vary 
appreciably  with  the axial distance z. Also, the  differences among the 
individual  runs may be  consider.ed small. - " . . .  - 

Faired  curves  of  the a x i a l  variation of pc, which is the absolute 
statlc  pressure on the  model  during  cmbustion,  are  presented in f i w e  
9 for  the  average  of  the  good  combustion runs along with runs 4 and 9, 
the minimum and maximum runs of the  axial data, respectively. Also in- 
cluded in figure 9 is  the  nonburning  axial  pressure-dlstribution  curve 
(obtained from the data presented  and  discussed in appendix B) . The  ab- 
solute  pressures  during  combustion  pc  are  obtained by adding  the  pres- 
sure  changes  (pc - p) to  the  nonburning  static  pressure p. The  values 
of p shown  by  the  curve in figure 9 are  calculated  for a total pressure 
of 47.75 inches of m e r c u r y  (average  value of t o t a l  pressure for a l l  the 
good combustion m s ) .  The  static  pressures  resulting from combustion 
are  about 70 percent  greater  than  those  without  combustion. 

The  meridional  variation of the  pressure  changes  (pc - p) resulting 
frm combustion is presented in figure 10. The data presented  include 
only those  good  ccrmbuation runs for which the  most  complete s e t a  of d a t a  
points  were  obtained  at  the  meridional  stations.  For a z distance a€' 
17.5 inches  (fig.  lO(a)),  the  pressure  changes  for run 2 are  virtually 
constant  for  the meriaan angle cp from -900 to 90'. The  slight  asymmetry 
of the meridimal pressure-change  distribution  for  the  other  runs may re- 
sult f r m  slight  ineguallties i n  the  fuel f l o w s  from  the Individual fuel 
orifices. In  figure 10(b) at a z distance of 20.5 inches,  the data is 
presented  for cp from 0' to go0, I n  general,  the  meridional  variation 
appears to be  about  the  same- at this statim. The data presented  in  fig- 
ure 10 show that there is no significantly  large meridiml variation in 
the  pressure changes resulting from combustian. 

No effect o f  the  fuel-flow  rate on pressure  changes  could  be  obtained 
for  the  good  combustion runs. For these  eight  good-cambustion  runs,  their 
fuel-flaw rates of 10.6 to 12.8 cubic  centimeters  per  second nay be  repre- 
sented  by a single  value  of  the  fuel-flow  rate  if  .the  indicated  errors  of 
measurement  are taken into  consideration.  While-  considerably low& values 
of  the  fuel-flaw  rate  were  obtained for the weak-cambustion runs (1, 6, 
8, an& 101, they are  not  useful in  a study  of  the  effect of fuel-flow 
rates on the  static-pressure  changes.  The lower fuel-flow  rates,  pre- 
sumably occurring because  of  poor or no fuel flow through one or several 
of  the  fuel  orifices,  resulted in the  character  of  the  combustion  region 
being  drastically  changed  from  that  of  the  good-combustion runs. For ex- 
-le, run6 8 and 10 with  fuel-flow  rates o f .  6,0..and 8,O cubic  centimeters 
per  second,  respectively,  were  essentially  runs with conibustion  occurring 
only downstream  of  the  model  base (anendix B) . 
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Base-Pressure Data During Canbustion 
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The  most  significant  increase in pressure  resulting  from  combustion 
occurred on the  base  of  the  model.  The  data  obtained frm the 10 base- 
pressure  statics  are  plotted  separately in figure 11 and  also  figure 12 
simply  for  convenient  presentation.  The  variation  with  the  meridian 
angle  from 0' to 90' is  presented in plots (a> and  (b) of figures ll 
and 12 for r values  of 0.63 and 0.81 inch,  respectively.  The  (c)  plots 
of  figures LL and 12 give  the hta at Q of 90' for r from -0.63 to 
0.81inch.  For  runs  with  ignitor  retraction  occurring,  the  base-pressure 
changes  measured  during  combustion  have  been  corrected  for  the  slight 
change  in  base  pressure  resulting f r m  ignitor  retraction  (see  appendix B). 

The  pressure-change data for  the  base  is  presented in figure EL f o r  
the  eight  good  combustion runs. In this  figure,  the  extreme  values  of 
(pc - p)  are 3-47 and 3.90 inches  of  mercury,  which  is a variation of 
less  than &6 percent  (based on the  average of the  extreme  values). Cam- 
paring the  average  (pc - p)  data  for  the  four runs having high fuel-flow 
rates  did  not  indicate  even a slight  trend  with varying fuel-flow  rate. 
For the  good  canbustion runs, the  base-pressure  changes  are  relatively 
independent of any sort  of  grouping  with  the  possible  exception  of run 9 
which  gave  slightly  higher  values  than  the  rest  of  the runs. 

The  average  of  the  good  combustion  data  and  data  without  combustion 
is  shown  in  figure l2 in  terms  of  base  pressures  in  inches  of  mercury 
absolute.(for  average  total  pressure of 47.75 in, of mercury).  Figure 
12 clearly  shows  the  large  magnitude of the  base-pressure  increase,  as a 
result of the  canbustion  reported  herein.  The  average  absolute  pressure 
in the  base  during  combustion  is 4.98 inches of mercury  as  determined  from 
the  averaged data points in figure 12. 

The  base-pressure data for the  four runs (1, 6 ,  8, and lo), which  re- 
sulted  in weak conibustion  presumably  because  of  partially  plugged  fuel 
lines,  is  presented in appendix A. 

MSWSSION OF RESULTS 

The  canbustian  about  the  model in the 1- by  1-foot  supersonic  wind 
tunnel  resulted in a region  of f b e  at its maximum cross  section  about 
8 to 9 inches in diameter. This fact, along with  the  substantial  pressure 
increases on the  base  and  along  the  model  axis,  suggests  that  the  results 
be  carefully  inspected  for  the  possible  exis.tence of wind-tunnel phenmena 
which  may  have  affected  the  results  quite  significantly. If these  wind- 

be  duplicated  in  free  flight. 
- tunnel  effects  exist,  then  possibly  the  results  reported  herein  cannot 
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Since itwas not  possible  actually t o  observe the flow upstream of 
the  schlieren window, an appr-te picture of the flow fn th fs  upstream 
region was constructed by sketching  in-the flame and shock waves. This 
i s  done by using as references  the  places where the shock waves and flame 
not only originate,  but  also  enter  the ccpnbustion or  heated  region. The 
sketch.is for a plane  cross  section, which includes the model centerline. 
This cross  section i s  perpendicular to   the  wind-tunnel side walls and t o  
the  schlieren light path through the  tunnel (cp, 0' or  180°). 

Figure 13 presents  a  sketch of the flow about  the  entire model f o r  P 
run 9. The intersection of the  three-dimensional shock waves with  the % 
cross  section of the plane is sham as a s o l i d  l ine.  The flame and heated 
regions  are shown a s  a shaded a r e  about  the model afterbody. The por- 
t ion of the flaw under schlieren observation i s  denoted by a dashed line. 
The sketch does not show the nose  and  cambustion shock waves entering  the 
flame  and heated  region  (shaded), because careful  scrutiny of the  schlieren 
motion-picture  frames does not  yield any certain evidence that the nose 
and combustion shock waves penetrated  the  canbustian  region. In figure 7, 
w h a t  may be taken as shock waves traversing  the  cabustion and heated re- 
gion may actually be shock .waves existing  outside of and adjacent t o  this 
region, which could  consist of subsonic flow. The nature of the  interac- 
t ion of shock naves  and the cmbxstion  region can be answered only by 
further  research. b .  

tP 

The schlieren  motion-picture and pressure-change data along  the 
model axis provide a definite answer on whether or  not choking of the air- ., 
flow occurred for  the axial positions viewed with schlieren and also for  
the upstream positions. If, during combustion,  choking of the flow did 
occur ae these   pos i t ions   in   the   t es t   sec t im of the wfnd tunnel,  then 
static-pressure  increases on the model and  wind-tunnel walls upstream of 
the combustion would have resulted. AB discussed  previously,  the results 
do not show m y  static-pressure  increases ahead of the canbustion  region 
on the model o r  wind-tunnel walls. In addition, none of the schlieren 
motion pictures show any normal-type shock waves moving t o  any position 
upstream of.the  schlieren window or  existing  within  the  region viewed. 
This holds from a time prior t o  ignition, and a t  a l l  subsequent tFmes in- 
cluding  the peripd .of steady  burning. 

The nonexistence of other wind-tunnel effects on the pressure- 
change results cannot be shown. The lack of any clear-cut  picture of 
the flow o r  of' any pressure o r  temperature data within the combustion or  
heated  region does not allow a determination of the Mach-number distribu- 
t ion   in  this region. A knowledge of the Mach nuniber i n  the  region down- 
stream of the  base  woulabe of particular importance. If an appreciably 
large  subsonic  region  (see ref. 8) existed  adjacent t o  the  sting  support, 
the  pressure  increas.es  obtained on the model base qnd f u r t h e r . u p s t r a  
could have. resulted, a t  Ieast i n  part, frm the pressure  energy  being  fed 
i n  through t h i s  subsonic  region fram strong shocks. These shocks cer- 
tainly may be aisumed t o  exist further downstream i n  the wind tunnel. 



NACA RM =E15 11 

cn 
M 
rl 
dr 

Even though the  position  and  strength of these  shocks in the  wind  tunnel 
are  not known, the  schlieren  motion  pictures  do  not  indicate  that  any 
such  shocks  existed  within  the  region  viewed (7 to 8 in.  downstream  of 
the  model  base) . 

What  effect  the  presence of the  sting  support  had on the  combustion 
is also  not  actually known. Since  most of the  visible  flame  occurs  up- 
stream of the  sting  support,  it may be  that  the codmation was not  greatly 
affected  by  the  presence of the  sting  support.  However,  the  base  pressure 
may still  be  affected by the  presence  of  the  sting  support  because  of  the 
lowered  &ch  number (of unknown magnitude)  occurring in the  heated  region. 

The werimenix1 work  with  the  body of revolution  and  that  with  the 
25-inch  (extended)  flat  plate  reported in reference 8 were  carried  out 
with  similar  objectives. In fact,  both  investigations  were  conducted in 
the  same  wind  tunnel  and  at  the  same  Mach  number  and  static  pressure. 
Also, the fuel amounts  and  times  of  injection  were  appr-tely the same. 
The  combustion  for  the two models  did  not  yield  exactly  the  same  results. 
The  dissimilarities may have resulted in part  from  the  fact  that  the c m -  
bustion  about  the body of revolution  resulted in a fairly  &symmetric 
region  of  flame,  whereas  the  cambustian  adjacent  to the'flat plate  re- 
sulted in a fairly  two-dimensional  region of flame. 

The  pressure chmges resulting f'rm combustion  are of the  same  order 
of  magnitude  for  both  the  body of revolution  and  the  flat  plate.  The 
princigal  difference in the  pressure-chmge d a t a  for the  two  models  is 
the  magnitude of the peak and minimum values.which  occurred  downstream 
of' the  fuel  orifices.  For  the  body  of  revolution,  the  difference of the 
peak and minimum values was only 0.59 inch  of  mercury  with  the minimum 
pressure  change being 1.79 inches of mercury  for  the  average  of  the  good 
cmbustion runs. In the  case of the  flat  plate  for  similar  quality data, 
the Uference between  the  peak  and minimum values. was 2.15 inches of 
mercury.  For  both  models,  the  pressure  changes  averaged  over  the  length 
of the  combustion  region  are  about  the  same  being 1.7 and 2.0 inches  of 
mercury for the  flat  plate  and  body of revolution,  respectively. 

The  large  base-pressure  increases  (fig. 12) indicate  considerable 
reductions  in  drag of the body of revolution.  AppendUx D presents  calcu- 
lations of the  net  axial  forces  acting on the  model  with  and  without cm- 
bustion. An estimate of the  skin-friction  is  also  included in appendix 
D. At a free-stream  static  pressure of 2.93  inches of mercury.  and a h c h  
number .of 2.47, the  total  drag of the  model is 3.38 pounds. As a result 
of the  great*  increased  base  pressure  during CWustionJ summing the 
axial forces  which  act on the  model  results  in a net  thrust of 0.27 pound 
(when the  average  base  pressure  for all the  good  combustion 'runs is  used). 
The reduction in drag is  also  appreciable  for a w e a k  cmbustion run dur- . 
ing which  buri;iing  occurre& anljr downstream of the' model base (run 10) . 
In this  case,  the sum of the axial forces  resulted in a drag  of 0.30 pound. 

. 
- I . . .  _. . . -  . 



These  significant  drag  reductions  must  be  considered  along  with  the  pre- 
ceding  discussion on the  possibilities of the  wind-tunnel  environment in- I. 

fluencing  the  flow in the  canibustion  region  downstream  of  the  base  and, 
consequently,  the  base  pressures  during  combustion. As remarked  pre- 
viously, if downstream of the  model  base a sigdficant portion  of  the 
canbustion  region  is  subsonic,  the  wind-tunnel  effects on the  base-pressure 
increases m y  be of the  first  order. If this  is  the  case,  the  previously 
menti.oned  reductions in drag  would  not  be  reproducible  under  free-flight 
conditions. In order to  check t h i s  uncertainty,  “tional  experimental 
work  should  be  performed  either in appropriate  large-sized  wind  tunnels P 

or i n  free flight. 

c 
cr) a 

Measurements  were made of the  pressure  increases  obtained frm the 
combustion of aluminum borohydride  about a body  of  revolution in a super- 
sonic wind tunnel. This cmibustion, extern1 and auacent to  the cylh- 
drical and base  surfaces of the afterbody, was stable and was readily 
maintained  for  the  entire  period of fuel flow (several  seconds) . On the 
cylindrical  portian  of  the  afterbody,  the  good  combustion m s  resulted 
in measured  static  pressures  rises of about 2.0 inches of mercury;  these 
pressure  increases  being  appraximately  constant with respect  to  meridional 
variation.  The  base  pressures  were  increased from 1.37 inches af mercury 
without  combustion  to an average of 4.98 inches of mercury for good  com- 
bustion.  Since  these r e su l t s  were  obtained  in a amall wind tunnel,  they 
may be  subject  to  quantitatively  undetermined  wind-tunnel  effects. Cal- 
culations  showed  that  considerable  reduction  or  even  comglete  cancella- 
tion of total drag of  the  body of revolution may be  obtained if large in- 
creases In base  pressures  measured  during  coxtibustion can be  duplicated in 
a free-flight  situation. 

Further exprimenk.1 work in a larger wind tunnel or in f’ree flight 
should  be  performed to determine  whether  the  pressure  increases  obtained 
were  not only the  result of the  canbustion,  but  also a function  of  wind- 
tunnel  phenumenra  other than flow choking. In  some of the  further work, 
considerably  longer  burning,  times  would  also  be  desirable  to  determine 
what  effects may or m y  not  exist as the model surPace  temperatures  at- 
tain  steady-state  or  equilibrium  values.  AddFt Fonal exper bents should 
also  be  carried  out  which  would  allow a description of the  burning  region 
in terms of the  pertinent  thermodynamic  and  fluid-dynamic  variables. 

kwis Flight  Propulsion  Laboratory 
National  Advisory  Canrmittee  for  Aeronautics 

Cleveland, Ohio, May 20, 1957 
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BASE-PRESSURE DA.m FOR WAK COMBUSTION RUNS 

Four  runs (1, 6, 8, and 10) resulted in weak cmbustion presumably 
due to  partially  plugged  fuel  lines. This weak cmbustion resulted in 
smaller  pressure  increases along the  body  surface and base.  Since cam- 
bustion  occurred only downstream  of  the  base  for runs 8 and 10, no pres- 
sure  increases were noted  upstream af the  .base for these runs. of the 
weak cmbustion runs, only run 6 approached  the  surface-  and  base-pressure 
increases  obtained  for the good  ccadbustion  runs. 

The  combustion  for  runs 1 and 6 is similar  to  that  of  the good 
combustion runs except  that  the  diameter of the flame is smaller  and  its 
visible  length  is  larger. Runs 8 and 10, having cmbustion only down- 
stream  of  the  base,  are  not similar to  the good cmbustion runs. 

The  base-pressure  changes during cmbustion are  presented in figure 
14 for the four weak  combustion runs (1, 6 ,  8, and 10). For the data in 
figure 14, the (PC - p)  values  varied  over a considerable  range from 1.30 
to 3.26 inches of mercury. 
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AEROIXNAMICS WI'JXOUT COMBUSTION 

Aerodynamic measurements of the model without ccmibustion  were neces- 
sary far analybis of the combustion data. Furthermore, these measurements 
can be  canpared  with more cmplete aerodynamic experimental  studies of 
bodies of revolution. The Reynolds nunhers f o r  the aer-c t e s t s  
without cambustion  were- changed from 6.7X106 t o  1O.9X1O6 by varying the +- Ip 

tunnel   s tamtion  pressure from 34.7 t o  57.1 inches of mercury at  a stag- CE- u 
nation temperature of 53' P. This Reynolds number variation  did  not af- 
fect   the measured pressure  coefficients on either  the model surface or  
on the model base. In order t o  determine the  effect  of the igni tor  on 
the model pressures, data were obtained a t  two igni tor  sett ings for a 
Reynolds number of S.OXl6. One ignitor  sett ing was with the ign i tor  
retracted from the model surface. The other waa with the  igni tor   in  
the forward or extended position. The distance between i@pitor and model 
at the extended ignitor  position was approximately 1/8 to 3/16 inch. 
Slight  variations wi th in  this  range i n  the g q  distance did not affect  the 
pressures measured on the model surface and base. 

A schlieren photograph of the flow about  the rear portion of the- 
model i s  presented in   f igure 5 for  the  ignitor  retracted. The pressure 
distribution  about  the model without cmbustion is presented  in  figure 
15 in term of the  pressure  coefficient Cp. Coordinates- of the  static- 
pressure taps on the  surface and base of the model are  given in  table I. 
Figure 15(a) presents  the  variation of C, with  the  axial  distance z 
along the body surface.  Figure E ( b )  presents  the  meridional  variations 
of C$ a t  two axial stations.  The data of figures 15(a) and (b) indicate 
that re t rac t ing the  i g n i t o r  does not affect  the model surfhe-pressure 
distribution. These data  are also i n  general agreement with the  data 
for  the same model and Reynolds'numbers a t  a Mach  number of3.12 ( re f .  13). 

The $ distribution on the model base is given i n  figure L5( c) . 
I n  this case, changing the  ignitor  setting does affect  the  base-pressure 
distribution. The pressure  coefficients  decrease as the i g n i t o r  i s  moved 
forward f r m  the  retracted  to  the extended position. In  t e r n  of pres- 
sure, the differences of the  retracted and  extended  base-pressures range 
fram 0.04 t o  0.20 inch of mercury. These differences  obtained with the 
ignitor  sett ings  are accounted f o r  in   the  analysis and presentation of 
the combustion data. 

A study of the schlieren photograph of figure 5 reveals that the 
nose shock wave reflected from the tunnel walls intersects   the  ding 
support at. an approximate distance o M / 3  model diameters from the  base 
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of the model. Prior t o  this investigation,  the m o d e l  was designed and 
used f o r  a mch number of 3.12 and a 1- by 1-foot  wind-tunnel t e s t  sec- 
tion. In the present  investigation at a Mach  number of 2.47 and the 
same s ize  test section,  the  reflected nose  shock wave is  closer than 
that usually considered  desirable  (see  appendix B of ref. 14) . However, 
the  base-pressure data with  the  retracted i w t o r  eze typical of data 
obtained i n  base-pressure  studies  (ref 6 .  13 t o  16) . This is seen  by 
comparing base-pressure  coefficients,  as  in  figure 16, which gives  base- 
pressure  coefficients a8 a function of Mach number. The base  pressure 
in  this  investigation is in good agreement w i t h  the  results of the  refer- 
ences.  For this  investigation,  the average Cp of -0.125 is obtained 
from figure E( c) . 

The data in figure 16 are for cylindrical bases and  include Reynolds 
numbers from 6.5x106 to 10x106 and body fineness  ratios fram 5 t o  12. 
The values in   f i gu re  16 a re  for the  cases where the  t ransi t ion  to   the 
turbulent boundary layer has p r e s m b l y  taken place on the body surface. 



16 WCA RM E57E15 

IGNITION AND ATTAINMENT (2' STEADY BURNING 

Figure 17, taken from the mation pictures of a typical good - 

cmbustion run, shows the igni t ion and achievement of the steady  burning 
of run 3. Figures 17(a) and (b) consist of the direct ly  photographed 
and schlieren  motion-picture frames, respectively. The'time interval  
included i n  the series of selected single-framc3ftis frog igni t ion   to  
about 0.18 second after ignit ion.  The time intervals (t,) were referenced 
to   t he  first frame in which flame appeared. 

Thue, i n  figure 17(a), frame 1 gives the f irst  evidence of illumina- 
tion and shows the flame at  a position slightly upstream of the  igni tor  
and extending downstream of the model tiase. Frame 2 (tc, 0.001 sec) 
shows a further upstream  sdvance of the flame. In frame 3 (tc, 0.003 
sec) the combustion has apparently  reached the fuel   or i f ices .  Frames 3 
t o  8 (fig.  17(b) ) indicate the buildup of the ccrmbustion from a th in  
annulus of flame t o  a flared-out flame as in f m e s  7 and 8. The time 
of frame 8 i s  0.179 second af ter  burning started.  Frames 7 and 8, typi- 
cal of frames for subsequent  times,  represent  steady-state combustion on 
the basis of visual observation  and measured static-pressure changes. 
As steady-state combustion is  reached, the length of the combustion re- 
gion decreases so that thrdownstream limit of the vis ible  ccmibustion 
approaches the base  region of the model. Also seen in frames 5 and 6 i s  
the  ignitor  retraction comgleted 0.058 second after be-ng of 
retraction. - 

Frame 1 i n  figure 17(b), showing selected  schlleren f'rames of run 
3, i s  the frame just   pr ior   to   igni t ion.  The igni tor  i s  ~ e e n  extending 
from the lower right t o  a point  near  the model surface  just upstream of 
the model base. C d u s t i o n  i s  first seen i n  frame 2 as cmpared with 
frame 1 of figure  17(a). In figure  17(b), frame 2 i s  quite  close  to  the 
instant  of ignit ion as shown by the small region of cmbustion ahead of 
the  ignitor. . .  . .. . 

Subsequent frames 3 t o  10 show the upstream advance of the flame t o  
the fuel orif ices  and enlargement of the cambustion region. The cmbus- 
t ion and associated flow shown i n  frames 9 and 10 are characterist ic of 
the steady-state combustion of run 3, and frames 9 and 10 are  similar t o  
thoee  taken later during ccmbustion. 

L 
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(XEULATION OF AXIAL FORCES 
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The  axial  (drag  and'  thrust)  forces  acting on a body of revolution 
at  zero  incidence  to a supersonic  stream  may  be  divided  into  the axial' 
components of two  types of forces,  namely,  friction  forces  and  pressure 
forces  acting normal to  the  body  surface.  The  axial  components  of  the 
pressure f o.rces  may  be  considered  as  being  subdivided  into  axial  forces 
acting on the  forebody (having no rearward-facing  surfaces)  and  those 
acting on the  afterbody (having no forward-facing  surfaces) Thus , the 
axial  ccanponents  of  the  pressure  forces  acting on the  forebody  are  drag 
components,  and  the  components  acting on the  afterbody  and  base  are 
thrust  camponents.  The  body  of  revolution  used in this  investigation 
has a near-parabolic  forebody, a cylindrical  afterbody  without  boattail- 
ing,  and a blunt  base.  Therefore, st zero  incidence (in a supersonic 
airstream) , the  axial  forces  acting on this  model  are  the  force on the 
model  base,  the sum of  the  axial  components  of  the normal pressures  act- 
ing on the  forebody,  and  the skin friction on both  the  forebody  and  after- 
body. In the  usual  nonburning  aerodynamics,  the  normal-pressure  contri- 

u. butions to the  axial  forces on this  model  are  given in terms of a wave, 
drag  and a base drag, quantities  obtained  relative  to  the  free-stream 
static  pressures.  However, in the  following  discussion  it will be  more 
convenient  to  consider  the  forces  calculated  from  the  absolute  pressures 
on the  model. 

7 
b 

* 

Since  the  measurements  made.included only model  surface  pressures 
and  did  not  include  force  balance  values, no information on the  skin- 
friction  portion of the drag was obtained.  Skin-friction  drag  without 
combustion was calculated  from  the  measured  skin-friction drag coeffi- 
cient  given in reference 13 for the  identical  body  of  revolution  at  cam- 
parable  Reydolds  number and a Mach  number of 3.12. For a Reynolds  number 
of 8.0X106 , two values for skin-friction  drag  coefficients  (based on 
frontal  area)  may  be  obtained from figure 19 of  reference 13. The  value 
obtained  from  boundary-layer  calculation  is  about 0.054, and  that  value 
obtained  from  force  and  pressure  measurements  is 0.072. If the  greater 
(more  conservative)  value  is  used,  then  for a free-stream  static  pressure. 
of 2.93 inches  of  mercury  and  Mach  number of 2.47, the  skin-friction drag 
without  ccrmbustion  is 1.07 pounds. 

The  skin-friction  drag  of  the  model  during  cambustion is estimated 
by  assuming  that  the  cambustion  results in increasing  the  skin-friction 
by a factor  of 2 or  less. For the  body  surface  adjacent  to  the  ccaribus- 
tion, a factor  increase  of 2 in the skin friction  would  require a sbilar 

at  the wall. If the  Mach nmber is subsonic or  supersonic,  the  order of 
i factor  increase in the  product  of  aynamic  viscosity  and  velocity  gradient 
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magnitude calculations on the viscosity and veloci ty   in   the conibustion 
region s t i l l  indicate that the values +local skin friction  during cm- 
bustion are actually  not  greater  than t h i s  factor  of 2, but are probably 
less than twice the values  without combustion. This calculation does 
not  consider  the  possible  additional  friction which  would resu l t  frm ash 
deposits on the surface during the burning. The skin-friction  drag dur- 
ing combustion is calculated by assuming that the increased  skin-friction 
drag  coefficient of 0.144 ac t s  only on the wetted  surface area adjacent 
t o   t h e  burning. This surface area consists of the  cylindrical  afterbody I+ 

&.the  model. Calculated on this b&sis,the  akin-friction drag during . t ;  

combustion is 1.69 pounds. Therefore,  during combustion (using the (D 

average of good  cotribustion data)  the"axia1  forces  acting on the body of 
. . ". . revolution are - . .. 

where the plus ani-minus signs indicate axial forces a 
stream and downstream direction,  respectively. 

The axial forces  without combustion are as follows: 

c t ing   i n   t he  up- 

Model skin f r ic t ion ,  lb -1.07 

Force on base, lb 
Sum of axial forces, lb -3.38 

The reduction i n  t o t a l  drag i s  also  appreciable  for  the weak 
combustion runs. For example, for r m  10 with burning only downstream 
of the m o d e l  base, the axial forces acting on the body of revolution are 

IForce on base, l b  lb 1 4.691 

Model skin f r ic t ion,  l b  -1.07 
Axial force an f orebody, l b  -3.92 

Sum of axial forces, -0.30 

c 

Since the fuelburped only downstream of the m o d e l  base, the skin- 
friction  drag i s  calculated  for  the  case where there i s  no combustion 
adjacent to   the  surface area. 
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TABLE I. - LOCATIONS OF =ACE STATIC-PRESSW, 

WE-PRESSURE, AND FUEL ORLFIm 

[Orifices nuniberedl 

Y 

Flow L - - - 

I 

(a) Surface static-pressure  orifices 
[Axial I Meridian 11 Axial 
distance, 1 2.  

2 
4 
6 
0 
9 
10 
ll 
12 

distance 
=> 
in. 

13 
14 
15 
16 
17.5 
18.75 
20 
20.5 

(b) Base-pressure orifices 
Radial 
distance, 

Meridian 
-le> 9 J 

r ., 
-90 0 30 60 90 in. deg 

0.48 30 
.63 

25 24 23 22 -81 
31 29 28 27 26 

(c) Fuel orifices 
Axial 

aagle, cp , distance, dis-e, 
Meridian Radial 

2, de@; r ., in. in. 
10.5 -90101901180 0.875 
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TABLE 11. - Concluded.  SURFACE AND BASE STATIC-PRESSURE 

CHANGES  RESULTING FROM COMBUSTION ABOUT BODY OF 

REVOLUTION IN 2.47 MACH AIRSTREAM 

(b)  Pressure-changes  for  base  static-pressure  taps 
(corrected  for  ignitor  retraction  where  applicable) 

Pressure  changes of numbered  model  statics, in. Hg 

22 

a1 

3 
3.54 2 
1.70 

a4 
5 
6 

7 3.69 
a8 1.40 

9 3.90 
3.10 2.68 
11 3.74 

3.12 3.73 

23 

1.82 
3.63 
3.65 
3.68 
3.60 
3.22 

3.72 
1.51 
3.78 
2.80 

24 

1.80 
3.56 

3.66 
1.45 
3.82 
2.94 
3.78 
3.78 

25 

1.82 
3 .61  
3.68 
3.78 
3.53 
3.26 

3.69 
1.49 
3.83 
2.85 

26 

1.68 
3.63 
3 .61  
3.65 
3.61 
3 .17  

3.70 
1.42 
3.68 
2.52 

aIgnitor  did  not retra-ct. 
bPlugged  pressure-change pulse. 

3.63 
'1.45 

2.75 
3.57 
3.80 

28 

1.86 
3.47 
3.54 
3.62 
3.58 
3.16 

3.64 
1.46 
3.69 
2.80 

29 

1.70 
3.47 

3.67 
1.45 
3.70 
2.84 
3.68 
3.52 

3.75 
1.40 
3.85 
2.64 
3.71 
3.72 

3.60 
1.30 
3.78 
2.78 

L 
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Figure 1. - Sketch of wind-tunnel, model, fuel-injector, and igni tor  sgatem. 
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Figure 2. - Sketch of model and s t ing  eupport. 
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Figure 4. - Details of fuel-orifice construction. 
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I 

Figure 5. - Schlieren  photograph of f low about model (ignitor extended) . 
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29 

Frame 2 

Figure 6. - Directly  photographed  motion-picture  frames  showing  typical 
8teady-state combustion (run 9) . Camera speed, 4200 f rams per second. 
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Frame 1 

Frame 2 

Figure 7. - Schlieren motion-picture frames showing typical steady- 
state combustion ( run  9) . Camera speed, 4500 frames  per second. 
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4 6 8 u3 12 14 16 LB 20 Base 
Axial distance, z, in. 

(a) Typical varia.tions due to good combustion. 

M p e  8. - static-pressure increases. Meridian angle, goo. 
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2 3 4 5 6 7 8 9 10 11 12 13 14 1516 
Btatic-pressure  tap 

J I I I I I I I I I 
4 6 8 10 12 14 16 18 20 B a s e  

Axial. distance, z, In. 

(b) Increase8 due t o  ell good combustion runs (2, 3, 4, 5, 7, 9, U, and 12). 

Figure 8. - Concluded. Axial static-pressure  increases. Meridian angle, SOo. 
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2.4 

2.0 

1.6 
1s 17 . l3 

(a) Axial distance, 17.5 inches. (b) Axial dl8tance, 20.5 inchea. 

Figure 10. - Q-pFCeJ meriillonal  variation8 of pressure changee resulting f r o m  good , 
combustion rune. 
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la % 3.0 

E 'f b 3 . 4  
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U R  

FQ 
8" 

3.0 
29 28 27 2 6 2 5  u P 22 31 30 26 22 

Static-preseure  tap 

I I I 1 I I 1 I I I , , ,  I 
0 30 80 A 0  30 6u 90 -.5 Q 

Merialan angle, 9, deg Heridian angle, 1p, deg Radial distance, r, i n .  

(a) Radial distance,  0.63 inch. (b) RaBlal distance, 0.81 inch. (c) Meridian angle, 90'. 

.5 1.0 

Figure 11. - Base-premure increases resulting fmm g c d  combustion rum. 
Axial distance, 21 i I X 2 h e E .  
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28 27 26 25 24 23 
Static-pressure  tap 

I I I I 1 I I I 
0 30 60 9 0 0  30 60 90 

Martatan angle, P, deg Meridian angle, 'P, deg 

(a) Radial distance, (b) R a d i a l  distance, 
0.63 inch. 0.81 inch. 

- - .5 0 .5 1.0 
R a d i a l  distance, r, in. 

Figure 12. - Comparison of base-pressures with and without combustion in term of absolute 
pressures. Axial diEtatK!e, 21 inches. w cn 
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4139 4 1 

0 30  60 90 
Meridian angle, q,  deg 

(a) %dial distance, 0.63 inch. 

25 24 23 22 
Static-preasure tap 

(b) Radial distance, 0.81 inch. 

31 30 26 22 

' - .5 0 .5 1.0 
Radial distance, r, in. 

Figure 14. - Pressure changes resulting from weak combustion runs. Axial. distance, 21 inches. 

. .  



. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . .. . , . . . . . . . . 

14 . 16  18 20 Base 
0 Axial distance, z, in. 

$ 
l 
m (a) Axid variation at cp of goo. 
m .02 

0 

- .02 
-90 -45 0 45 90 0 45 90 

MeridIan angle, 9, deg 

(b) Meridional variation at the axial distances of 17.5 and 20.5 inches. 

Figure l5. - Freesure-ccefficient distribution about model without combustion 
for ignitor retract4 and extended. 
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I I I I I I 
0 30 60 90 

Meridian angle, 'p, deg 

.. . . .  . 

4139 

-1.0 -.5 0 .5 1.0 
Redial. distance, r ,  in. 

(c) Variation of baae-pressure Coefficiant. Axial. distance, !i?l inches. 

Figure W. - Concluded. Preseure-coefficient dhtribution about model  without combustion 
far ignitor  retracted an8 extendad. 
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0 1 1 I 
Reynolds Fineness I 
number, ratio,  

Re l/d 

0 9x106 12 
.n 8x106 12 
0 10x106 5 
A 6.5X106 10 
o 8x106 9.2 

Present  report 
Ref. 13 
Ref. 14 
Ref. 15 
Ref. 16 

3.2 3.6 
Mach number 

Figwe  16. - Comparison.with other reported results 
of average  base-pressure -,caeff.uient obtained 
without combustion. 
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5 Frame 1 (time  interval, 0 sec; camera speed, 1310 frames/sec.) 

. 

Frame 2 (time  interval, 0.001 sec; camera speed, 1310 frames/sec.) 

(a) Directly-photographed motion-picture frames. 

Figure 17. - Single motion-picture frames of run 3 showing the 
development from ignltion of a typical good combustion run. 
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Frame 3 (time  interval, 0.003 eec; camera speed, 1310 frames/sec.) 

name 4 (time  interval, 0.008 sec; camera speed, 1310 frames/sec.) 

( a )  Continued. Directly-photographed motion-picture  frames. 

Ffgure 17. - Continued. Single motion-picture  frames of run 3 6howhg 
the development from i m t i o n  of a typ ica l  good combustion run. 
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Frame 5 (time interval, 0.135 see; camera speed, 1380 framee/sec.) 

43 

Frame 6 (time interval, 0.158 see; camera speed, 1420 frames/sec .) 

(a)  Continued.  Directly-photographed  motion-picture  frames. 

Figure 17. - Continued. Single motion-picture frames of run 3 showing 
the development from ignition of a typical good combustion run. 
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Frame 7 (time interval, 0.170 sec; camera speed, 1420 frames/sec.) 

Frame 8 (time int0??V81,  0.179  sec; camera speed, 1420 frames/sec.) 

(a) Concluded. Directly-photographed  motian-picture  frames. 

Figure 17. - Continued. Single  motion-picture frames of.= 3 s h o w i n g  
the development from ignition of a typical good combustion run. 
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. 

Frame 2 (time interval,  0 sec . ) 
(b) Schlieren motion-picture frames,  camera  speed 1560 frames per second. 

Figure 17. - Continued. Sfngle motion-picture frames of run 3 showing 
the development f r o m  ignition of a typical good combustion run. 
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Frame 4 (time interval, o . O O ~  sec .) 

(b) Continued. Schlieren motion-picture. frames, camera speed 1560 
frames per second. 

Figure 17. - Continued. Single motion-picture frames of 11l11 3 showing 
the development from ignition of a typical  good  combustion run. - 
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Frame 5 (t3me interval, 0.003 sec .) 

Frame 6 (time interval, 0.106 sec.) 

(b) Contimed.  Schlieren  motion-picture frames, camera speed 1560 
frames per second. 

Figure 17. - Cpntinued. Single motion-picture frames of run 3 showing 
the development from ignition of a typical  good combustion run. 
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Frame 8 (time interval,  0.158 sec.) 

(a) Contimmd. Schlieren motion-picture frames, camera. speed 1560 
frames per second. 

Figure 17. - Continued. Single  motion-picture frames of run 3 showing 
the development f r o m  i@;nition of a  typical good combustion run. 
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Frame 9 (time interval, 0.169 sec .) 

Frame 10 (time interval, 0.178 sec .) 

(b) Concluded. Schlieren motion-picture  frames;  camera  speed, 1560 
frames per  second. 

Figure 1.7. - Concluded. Single motion-picture frames of run 3 showing 
the development from ignition of a typical good conibustion run. 
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