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A WIND-TUNNEL  INVESTIGATION OF 

SONIC-BOOM PRESSURE DISTRIBUTIONS OF BODIES 

OF REVOLUTION AT MACH 2.96,  3.83, AND 4.63 

By Barrett L. Shrout,  Robert J. Mack, 
and  Samuel M. Dollyhigh 
Langley  Research  Center 

SUMMARY 

Sonic-boom pressure  signature  measurements  were  made  for a series of bodies of 
revolution at Mach numbers of 2.96, 3.83, and 4.63. Maximum overpressure and  signa- 
ture  impulse tend to  increase with increasing Mach number as predicted by a near-field 
modified linear  theory  applicable  to  smooth  bodies. However, the  measured  signatures 
agree only qualitatively  with  near-field  theory at the high Mach numbers.  Inclusion in the 
theory of the effects of oblique-plane-surface  forces  and  model  boundary  layer  improved 
the  correlation between  theory  and  experiment. A nonsmooth-body  theory  produced  better 
agreement  for  the  trailing  shock  but  with  some  reduction of the  signature  impulse. 

INTRODUCTION 

Research on sonic-boom  phenomena  until  recently  has  been  concentrated  in  the 
supersonic Mach number  range  from 1.0 to 3.0 where  current  military  aircraft  are flying 
and  where  the  supersonic  transport  will fly. Theoretical  methods  for  estimating  the  sonic 
boom within this  speed  range  have  been  developed  and  verified,  and  techniques  for  reducing 
the  sonic boom have  been  analyzed. 

Current  interest  in  the  hypersonic  transport  has  created a need for  information 
about  the  sonic boom at higher Mach numbers,  where  linear  theory  may no longer apply. 
Information  to  be  obtained  includes  maximum  overpressures,  signature  impulse, and the 
near-field or far-field  characteristics of the  pressure  signatures. In addition, test pro- 
cedures  can  be  established  and  the  adequacy of existing  theories  in  estimating  the  pres- 
sure  signature  characteristics  can  be  evaluated. 

An earlier  investigation of the  effects of body shape on sonic-boom pressure  dis-  
tributions  for  the Mach number  range 1.25 to 2.0 is reported  in  reference 1. Three of the 
body shapes  from  that series of tests were chosen  for  the  present  investigation,  including 
a cone, a body having a linear  distribution of area, and a body having an  area  distribution 



which  (based  on  the  theory of ref. 2) produces  the  lower bound of maximum  overpressure 
for  far-field  conditions.  For  each body shape, three  models  were  constructed with pro- 
gressively  increasing  base area that  represented  in  nondimensionalized  form  the  maxi- 
mum  equivalent areas of a supersonic  transport  during  transonic  acceleration, a super- 
sonic  transport  during  cruise, and a hypersonic  transport  during  cruise. 

The  nine  models were tested  in  the  Langley  Unitary Plan wind tunnel at Mach num- 
be r s  of 2.96,  3.83, and 4.63. The results of these tests and the  corresponding  theoretical 
analysis are presented  herein. 

SYMBOLS 

Values a r e  given in both SI and U.S. Customary  Units.  The  measurements  and  cal- 
culations  were  made  in U.S. Customary Units. 

cross-sectional  area of model  determined by supersonic-area-rule  cutting 
planes  having  an  angle 1.1 with respect  to  longitudinal axis 

reference area, base area of smallest  models, 0.258 cm2 (0.04 sq in.) 

X 
equivalent  cross-sectional area due to lift, "J ALdx 

nondimensionalized  equivalent  cross-sectional area due to  lift B/Z2 at 

2q 0 

nondimensionalized  station t = x / l  

Ps - P 
surface pressure coefficient, - q 

Whitham ' s  F function, 1 l7 A"(t) dt 
27l o m -  

perpendicular  distance  from  model  in  negative  Z-direction  to  measuring 
probe 

constant  in body -shape  equation 

model  reference  length, 5.08 cm (2 in.) 

distribution of oblique force  term equivalent  to  lift  distribution 



M Mach number 

n  bluntness  parameter (exponent of x in  body-shape  equation) 

P  free-stream  static  reference  pressure 

PS surface pressure 

AP incremental  pressure  due  to flow field of model 

APmax maximum  value of  Ap 

free-stream  dynamic  pressure 

r radius of model 

t dummy variable of integration  measured  in  same  direction  and  using  same 
units as T 

x, y, z Cartesian  coordinate axes with  origin at model  nose, X positive  downstream 
(see fig. 2) 

X distance  along  longitudinal axis from  model  nose 

A x  distance  from point on pressure  signature  to point where  pressure-signature 
curve  crosses  zero-pressure  reference axis 

Mach angle,  sin-' M 

7 nondimensionalized  distance  measured  along  longitudinal axis from model 
nose, X/Z 

A denotes  increment 

Subscript: 

max  maximum 
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A prime is used to indicate a first derivative  and a double prime is used  to  indicate 
a second  derivative  with  respect  to  distance  along  the  model axis. 

MODELS, APPARATUS, AND TESTS 

The  nine  models  tested  in  this  investigation are illustrated  in figure 1 with  the 
equations  defining  their  forebodies.  Each  model  consists of a forebody which is 5.08 cm 
(2 in.) long and a circular  cylinder  afterbody  approximately 20.32 cm (8 in.) long. The 
diameter of the  cylindrical  portion of the  model is the  same as the  maximum  diameter of 
the  forebody. 

Three  forebody  shapes  were  included  in  the  investigation,  including a cone, a fore- 
body with a linear  increase  in area, and a forebody  having a distribution of a r e a  which, 
based  on  the  theory of reference 2, gives a lower bound far-field sonic-boom  overpres- 
sure. For  the  remainder of this  paper  these  forebody  shapes  will  be  referred  to as con- 
ical,  linear,  and blunt, respectively.  Models of each  forebody  shape  were  constructed 
having base area ratios  (Ama/Aref) of 1, 2, and  4  where  Aref is 0.258 cm2 (0.04 in2). 
It should be noted that  models 1, 2, and  3 of this  investigation are identical  to  models 1, 
4, and 5, respectively, of reference 1. 

A  sketch of the wind-tunnel test apparatus is shown  in  figure 2. The  model  actu- 
ator, mounted  on the tunnel wall,  provided  remotely  controlled  longitudinal  motion  for  the 
model.  The pressure  probes,  being mounted  on  the  permanent  tunnel  sting  support  sys- 
tem,  were  thus  capable of remotely  controlled  longitudinal  and lateral movement. 

The test setup  resembles  that  used in earlier sonic-boom  testing  (for  example, 
ref. 1) with two exceptions.  The  models  were  offset  from  the  actuator  sting  center  line 
by a strut  to  prevent  the  strong  actuator  sting  shock  from  interfering with the  model  shock 
system. In addition, the  pressure  probe  strut  was  constructed  in  such a manner  that  for 
the high Mach numbers of this  test,  the  complete  pressure  signature of the  model could be 
registered by the  measuring  probe  before  the  shocks impinged  on the  orifices of the ref- 
erence  probe. 

The  probes  were  very  slender  cones (20 cone  half-angle),  each having four 
0.089-cm-diameter (0.035-in.) static-pressure  orifices  leading  to a common  chamber. 
Orifices were circumferentially  spaced 90° apart and were  arranged  to  lie  in a Mach 2.92 
plane  originating at the  model. 

Although Mach 2.92 is at the low end of the  range of this  test,  the Mach angle 
decreases by only  about 7.5O to Mach 4.63. Earlier tests (ref. 1) over a greater  range 
of Mach angles  did not reveal any  significant  effect of a difference  between  the Mach angle 
and  the  orifice  angle,  and it is believed  that no significant  effect  was  present  for  this  test. 
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Estimates  were  made of the  possible  error  introduced  through  the  use of the 2O half- 
angle-cone  measuring  probes.  The  maximum  estimated error is on  the  order of 5 per-  
cent  and  occurs at Mach number 4.63 in the  vicinity of the  maximum  measured  overpres- 
sure. This error introduced by the  measuring  system  yields a pressure rise slightly 
higher  than  that  which  actually  occurs. 

The  investigation  was  conducted  in  the  Langley  Unitary  Plan wind tunnel at Mach 
numbers of 2.96,  3.83, and 4.63, with  stagnation pressures  of 0.1379 MN/m2  (20 psia), 
0.206 MN/m2 (30 psia),  and 0.413 MN/m2 (60 psia),  respectively,  and a stagnation  tem- 
perature of 71.1° C (150° F). Because of the  small Mach angle  associated  with Mach 
number 4.63 and the  size of the  tunnel test rhombus,  the  maximum lateral displacement 
which  could  be  achieved  between  model  and  measuring  probe  was 25.4 cm (10 in.). 

For this series of tests, the  models  were  tested at three Mach numbers at a lateral 
displacement of 25.4 cm (10 in.).  In  addition, at Mach number 4.63, the  models  were 
tested at lateral  displacements of 10.16 cm (4 in.) and 17.78 cm (7 in.). 

THEORETICAL CONSIDERATIONS 

The  theoretical  method of determining  pressure  fields about  bodies of revolution at 
supersonic  speeds (ref. 3) and  the  application of this method  (described  in  refs. 4 and 5) 
was  utilized  to  determine  the  theoretical  sonic-boom  signatures of the  models.  The 
method is based on a modified  linearized  theory  where  the  linear  characteristics are 
replaced by curved  characteristics  more  closely  approximating  the  real flow. 

The  function F(T) used  within  the  computer  program  to  estimate  the  pressure 
signature is determined  through  application of Whitham's  smooth-body  equation 

The area distribution  used  within  this  equation is obtained by passing a series of 
Mach planes  oriented as shown in  figure 3 through  the  configuration  along  the  longitudinal 
axis of the model.  The  projections  on  the  YZ-plane of the  areas  intercepted by the Mach 
planes  establish.  an  equivalent body of revolution  which is one of a series of equivalent 
bodies of revolution  used  to  estimate  supersonic  wave  drag as described  in  reference 6. 

Lomax  has shown, in  reference 7, that  the  wave drag of a configuration  consists of 
the wave drag of a ser ies  of equivalent  bodies of revolution  due  to  volume  and  the  wave 
drag of a ser ies  of equivalent  bodies of revolution  due  to lift. The latter te rm is eval- 
uated by determining  the  net force normal  to  the free stream due  to  surface  pressures 
around  the  Mach-plane-configuration  intersection. As is the  case for the  equivalent 

5 

I 



bodies  due  to  volume, an equivalent body due to  lift is established for each  orientation of 
the Mach planes  about  the  longitudinal axis. 

Calculation of the  equivalent body of revolution  due to lift by this method requires 
a knowledge of the  detailed pressure distribution over the  surface of the  configuration at 
any  desired  angle of attack.  Because  such  data is not readily  available, it is customary 
to  assume  that  the  lift  forces  act  at  the  mean  camber  plane  and  the  effect of thickness  on 
the  equivalent  bodies  due  to  lift  can  be  ignored  both  for  wave  drag (ref. 8) and for  sonic 
boom (ref. 9). It will  be shown in the  section of this  paper on the  evaluation of the 
oblique forces  that  the  effect of integrating  the  surface  pressures along  the  Mach-plane- 
configuration  intersection  for  establishing  the  equivalent body due  to  lift  can  be  signifi- 
cant,  particularly as the Mach number is increased. 

However, most of the  estimated  sonic-boom  pressure  signatures of this  paper  use 
only  the  equivalent body of revolution  due  to  volume  for  calculating  the Whitham F(T) 
function. 

The Mach number  range of the tests reported  herein is for  the  most  part above a 
Mach number of 3.0 which is generally  regarded as an  upper  limit  for  linearized  theory 
and  where  higher  order  effects  may  become  significant.  These  effects  can  arise both 
from  the  nonlinear  terms  neglected  in  the  development of the  linearized  supersonic flow 
equation  and from  the  terms containing  higher order  powers  and  derivatives of A'(t) 
which were  neglected  in  the  slender-body  derivation of a source  distribution  for  use  in 
the Whitham  function. For bodies of revolution  with  blunt  noses,  the  assumption of small  
body angle  with  respect  to  the Mach angle is violated  for all supersonic Mach numbers; 
however, for  the blunt  bodies of this  investigation,  the  effects are localized at the  nose 
and  do not substantially  affect  the  validity of the whole signature. 

A  typical  model  and its Mach-sliced area distribution  used as input  to  the  smooth 
body theoretical  program is shown in the  upper  half of figure 3. A  typical  pressure  sig- 
nature  identified as "Program output" is also shown in figure 3. The  small-magnitude 
shocks  occurring  throughout  the  signature are the  result of a loss  of significant  decimal 
places  in  the  calculation of the  area development  and  the  calculation of the Whitham func- 
tion F(T) utilized  in  the  determination of the  pressure  signature.  These  pseudoshocks 
have  been  smoothed out in  the  theoretical  data  presented  in  this  report as shown in  the 
sketch  identified as "Faired  signature"  in  figure 3. In fairing  these  curves,  care  was 
taken  to  preserve  the  maximum  overpressure as well as the area under  the  positive  part 
of the  pressure  signature.  This  latter  feature of the  pressure  signature is defined as 
the  signature  impulse  and is proportional  to  the  energy  imparted  to  the flow field by the 
disturbing body. 

Another  assumption of the smooth-body  theory is that  the first derivative of the 
area  distribution  be continuous.  The  computer  program  uses  curve-fitting  techniques 

6 



and fairs over  the  shoulder  discontinuity of the  models  in  this  paper. However, the rate 
of change of area in  the  vicinity of the  shoulder is still sufficiently large  that a strong 
trailing  shock is predicted. 

A more  rigorous  solution  from  reference 3 for nonsmooth  bodies of revolution  uti- 
lizes the Stieltjes integral for evaluation of the F function. This solution,  which is the 
basis  for a nonsmooth-body  method for evaluation of pressure  signatures,  has  been found 
to  yield a more  accurate  prediction of the  signature  in  the  vicinity of a discontinuity. 
Unlike the  smooth-body  theory, this solution starts the  disturbances at the body surface 
rather  than  along  the  longitudinal axis, and  therefore  finds  application  only  to  configura- 
tions which  can,  with little distortion,  be  represented as bodies of revolution, 

RESULTS AND DISCUSSION 

Smooth-Body Theory 

The  experimental  pressure  distributions  for all the  models at zero angle of attack 
and a lateral distance  from  the  model of 25.4 cm (10 in.) a r e  shown in  figure 4. Theo- 
retical  pressure  distributions,  obtained by using  smooth-body  theory, are   a lso shown. 
The  data  are  grouped by body shape  and a r e  plotted  in a parametric  form which is stan- 
dard  for  this  type of presentation.  The  significance of the  parameters,  from  theoretical 
considerations, is that  once  the lateral distance  from  the  model is sufficient  for  the  pres- 
sure  signature  to  attain  the  characteristic  far-field N-wave shape,  the  signature  in  para- 
metric  form  for  steady-flight  conditions  does not change, regardless of further  increase 
in  distance  from  the  model. 

The  experimental  pressure  signatures do not exhibit a step  increase  in  pressure 
across  the  shock  waves, but rather a gradual  rise  in  pressure  where  the  shock is first 
encountered by the  measuring  probe, followed by a rapid  pressure rise, and then a 
rounding-off of the  pressure peak.  The  reason  for  the  lack of sharply  defined  shocks  in 
the  experimental  data is discussed  in  detail  in  reference 5 and is primarily  due  to  vibra- 
tion of the  model  and  measuring  probe  in  the wind tunnel. 

A significant  difference  can  be  observed,  for  the  cone  models  in  particular,  between 
the  experimental  and  theoretical  shap,es of the  expansion  portion of the  pressure  signature 
following the bow shock.  Although the  theoretical  slope is independent of the  configura- 
tion,  the  slope of the  experimental  data  increases as the  model  size  increases. It appears 
that  for  the  signatures  with  near-field  properties which are generally  associated with  the 
more  slender  bodies,  the  theoretical and  experimental  expansion  slopes  agree but as the 
signatures  assume  the  far-field N-wave shape,  the  expansion shown by the  experimental 
data is more  rapid  than  that  predicted by theory. For this  paper,  the  theoretical  signa- 
ture is considered  to  be f a r  field when the bow-shock jump is followed by a linear  expan- 
sion  through  the  reference axis; thus,  the  forward  part of an N-wave is formed. 
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Because of the lack of a sharply  defined  starting  position of the bow shock  on  the 
measured  pressure  signature,  the  theoretical  signature is arbitrarily  alined with the 
measured  signature at the point  where the expansion part of the signature  intercepts the 
horizontal axis. In the theoretical  analysis,  this point corresponds  to the F function 
passing  through  zero.  Large  differences  between  the  measured  and  theoretical  signa- 
tures in  the  expansion  region of the signature (for instance, the cone  signatures at high 
Mach numbers)  suggest that some  contributions to the area distribution  from which the 
F function is derived  may  have  been  neglected.  Factors which  modify the area distri- 
bution  and thus the theoretical  signature  are  discussed  in a later section. 

In general,  the  behavior of the  theoretical  signatures  and  the  measured  signatures 
is much as would be  expected;  that is, the bow-shock strength  and the length of the signa- 
ture tend  to  increase with increasing Mach number, as well as with decreasing  fineness 
ratio of the forebody.  Another  characteristic of both the  theoretical  and  measured  sig- 
natures is that as the Mach number is increased,  the  positive part of the signature  tends 
more  toward the characteristic far-field N-wave shape.  This  condition is particularly 
true for the  models  with  conical  forebodies,  where at M = 4.63, even the most  slender 
model  produces  an  essentially far-field Signature. 

A comparison  between the measured and predicted  maximum  overpressures  for 
h/2 = 5 is shown in figure 5. The data are plotted as a function of bluntness  parameter  n 
and  grouped  according  to  fineness  ratio  and Mach number.  The  tendency  for the predicted 
overpressure  to be higher  than  the  measured  overpressures  can be  attributed  to the 
rounding of the pressure  peaks  in the measured  signatures. As a function of bluntness 
parameter n, the lowest  predicted  maximum  overpressures  occur  for  the  linear area 
bodies (n = 0.5) and this trend is verified by the experimental  data. 

In figure 6, a comparison  between  experimental and predicted  signature  impulse is 
shown. The  impulse  should be independent of probe and model  vibration  and  thus  should 
provide a good indication of the adequacy of the theoretical method. Although the  theory 
does show the trend  toward  increased  impulse  with  increasing  model  size  and  increasing 
Mach number, it grossly  underpredicts  the  impulse  for  several  cases,  particularly  for  the 
blunt  bodies at the higher Mach numbers. However, as will  be shown later, the  addition 
of a boundary layer  to  the  model area distribution  used  for the theoretical  prediction 
results in a significant  increase  in  signature  impulse  and  improves the agreement  with 
experiment. It should be noted that an  increase  in  the  predicted  impulse is necessarily 
accompanied by an  increase  in  maximum  overpressure;  thus,  the  correlation shown in 
figure 5 would be adversely affected. 

Theoretical  and  measured  pressure  signatures  for a Mach number of 4.63 and  var- 
ious  perpendicular  distances  from  the  models  are shown in  figure 7. Because of the size 



of the  tunnel,  the  perpendicular  distance  range is small,  from 2 to 5 body lengths;  and as 
a consequence, there are only small  variations  between  the  signature  measured  closest 
to the  model  and  that  measured  farthest  from it. 

The  maximum  overpressure  parameter  and  the  signature  impulse  parameter as a 
function of perpendicular  distance are summarized  in figures 8 and 9. Much  the  same 
conclusions  can  be  stated  regarding  the  correlation  between  theory  and  experiment as 
for the  signatures of figure 4. 

The  maximum overpressure  parameter is predicted  reasonably  well,  with  the 
exception of the  largest of the blunt  forebody  shapes.  The  correlation  between  theoret- 
ical  and  experimental  signature  impulse is poor,  however,  and is especially  poor  for  the 
blunt  forebody  models. 

A summary of the  data  presented  thus f a r  is shown in figure 10. The  degree  to 
which the  theory  underpredicts  the  signature  impulse  parameter is easily seen  in  this 
figure,  The  poorest  correlation is generally  associated  with  the blunt forebody  shape. 
Models 1, 2, and 3 are identical  to  models 1, 4, and 5, respectively, of reference 1 which 
included  data  for Mach numbers  from 1.26 to 2.01. In order  to show the  variation of the 
predicted  and  measured  signatures  over a greater  range of Mach numbers,  the  data  from 
reference 1 for Mach number 1.41 at an h/Z value of 5 a r e  shown in  figure 11 with  the 
signatures  for Mach numbers of 2.96 and 4.63. It should  be  pointed  out  that  the  data of 
reference 1 were  obtained in the Langley 4-foot supersonic  pressure  tunnel  under  some- 
what different test conditions.  However, the  data-reduction  techniques  eliminate  most of 
these  variables so that, for  purposes of this  paper, a valid  comparison  may  be  made. 

The  agreement  between  theory  and  experiment which is excellent  at M = 1.41 
decreases with increasing Mach number,  particularly  for  the blunt forebody  model 3. 
The  increase  in  maximum  overpressure and  signature  length  for  the  higher Mach num- 
bers  is particularly  noticeable when compared  with  the  data  for Mach 1.41. 

The  signature  impulse  from  reference 1 for Mach 1.41 compared  with  the  data  from 
the  higher Mach numbers is shown in figure 12. Model 1 is a very  slender cone  with a 
half-angle  considerably less than  the Mach angle,  even at Mach 4.63. As a consequence, 
the  assumptions of linear  theory  more  realistically  apply  to  this  model  and as can be 
seen,  the  theoretical  signature  impulse  closely  follows  the  measured  values. 

Although the  rapid  increase of signature  impulse  with  increasing Mach number  for 
all three body shapes  indicates  the  importance of sonic  boom  for  configurations  operating 
in the low hypersonic  speed  range,  the  higher  operating  altitudes  for  such  aircraft  will  be 
a factor in attenuating  the  maximum  overpressures  propagating  to  the ground. 
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Addition of Oblique Force  Term 

As  mentioned earlier, Lomax  has shown that  the  wave  drag of a configuration is 
composed of a volume te rm and a lift term. For a body of revolution at zero  angle of 
attack,  the  wave drag  due to lift is zero; however, the  equivalent body of revolution  due 
to. lift  for any  single  orientation of the Mach planes is not zero as shown in figure 13. 

The  cone  model shown has a surface  pressure  distribution which consists of a con- 
stant positive  pressure  over  the  conical  forebody,  an  expansion at the  shoulder  and  an 
inverse  square  root  decay  along  the  cylindrical  section of the  model. If, for  example, a 
Mach plane is passed  through  the  model so that it intersects  the  model XY-plane at  the 
shoulder,  the  result of integrating  the  Z-component of the  pressure  over  the  cone-plane 
intersection will be a net force  per unit  length in the  negative  Z-direction,  and  the result 
of integrating  the  Z-component of the  pressure  over  the  cylinder-plane  intersection  will 
be a net  force  per unit  length  also in the  negative  Z-direction. For a ser ies  of cutting 
planes  along  the  longitudinal axis, a distribution of this  force  per unit  length (AL) is cal- 
culated  and is shown in  figure 13. The  equivalent body of revolution  B(t) is obtained 
by a summation  along  the  longitudinal axis. The  distribution of the  oblique  force is 
referred  to as a lift distribution  because it corresponds  to  the lift distribution  used  in 
calculating  the  sonic-boom  characteristics of a conventional winged configuration. 

The  effect of the lift te rm on the  theoretical  prediction of the  pressure  signature 
is shown in  figure 14. A conical  forebody  model  was  chosen  because of its known sur -  
face  pressure  distribution  and  because it somewhat  simplified  the  analysis.  Equivalent 
area distributions  for  two Mach numbers are shown as well as the  experimental  and  theo- 
retical  pressure  signatures. 

A s  might  be  expected from  examination of the  B(t) area distributions,  the  greatest 
effect of the  lift  component is on the  aft  part of the  pressure  signature. For the M = 2.96 
signature,  the  aft  part is considerably  improved  with  the  addition of lift, and closely 
approximates  the  measured  signature. For the  M = 4.63 signature,  the  effect of the 
lift term is to  reduce  the  length of the  signature and the  strength of the  trailing shock; 
however,  the  theoretical  signature still varies  considerably  from  the  measured  signature. 
It should  be  noted  that  the theoretical  signatures  were  alined along the  linear  expansion 
par ts  of the  experimental  signature  rather  than at the  horizontal-axis  intersection. 

It was  suggested earlier that  some  contributions  to  the area distribution  for  the 
F function  calculation  in  the  expansion part  of the  signature  may  have  been  neglected. 
Comparison of the two theoretical  signatures with  the  experimental  data  indicates  that 
the  addition of the lift term  provides a better  definition of the  equivalent-area  distribution 
in  this  region. 
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Nonsmooth-Body Theory  and  Boundary  Layer 

Because of the  poor  correlation  between  experiment  and  smooth-body  theory  in  the 
region of the  trailing shock, a signature  was  calculated by using nonsmooth-body theory 
for  the  largest of the  cone  bodies  (model 7). 

A  comparison is shown in  the  upper half of figure 15 of signatures  calculated by 
using  the  nonsmooth-body  theory and the smooth-body  theory  with  lift.  The  nonsmooth- 
body theory  predicts  more  accurately  the  trailing  portion of the  signature  in  the  region 
affected by the  shoulder  discontinuity;  however,  because of limitations of the  computer 
program  numerical  techniques, a lower  peak  overpressure  and  consequently less impulse 
a r e  predicted  than  for  the  smooth-body  theory. It should  be  noted  that for  supersonic 
Mach numbers below the.  range of this  investigation,  the nonsmooth-body theory  estimates 
of the bow shock  part of the  signature  correspond  more  closely  to  the  estimates of 
smooth-body  theory. (See ref. 9.) 

Another  factor  which  affects  the  measured  pressure  signature  in  the wind tunnel is 
the  relatively  large  boundary-layer  displacement  thickness on the  model.  The  method of 
reference 10 was  used  to  calculate  the  boundary-layer  displacement  thickness  for  model 7 
and its effect on the  predicted  signatures is also shown  in figure 15. 

At a Mach number of 4.63, the  inclusion of the  boundary  layer  in  the  program  has a 
significant  effect  on  the  entire  theoretical  signature. In particular,  the  signature  impulse 
increases  to  approximate  closely  the  experimental value. It would appear  that  consid- 
eration of the  boundary  layer is a requirement  to  increase  the  accuracy of predicting 
pressure  signatures  for  the Mach number  range of this  report. However, because  the 
boundary-layer  displacement  thickness is itself  an  estimate,  it was  included  only  in  the 
predicted  signatures of figure 15. 

CONCLUDING  REMARKS 

A  wind-tunnel  investigation  has  been  conducted at Mach numbers of 2.96,  3.83, and 
4.63 of a ser ies  of bodies of revolution  to  determine  the  pressure  signatures  generated 
by the  bodies. It was found that with  minor  modifications, test  procedures which  had 
been  used  in  earlier tests at lower Mach numbers  were  adequate  for  the Mach number 
range of this  test. 

Although the  size  limitations of the test facility  limited  the  maximum  spacing 
between  model  and  measuring  probe  to  five body lengths,  far-field  pressure  signatures 
were  developed by several of the  bodies.  The  data show that as Mach number  increases, 
the  far-field  signature  develops  closer  to  the  model. 
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A smooth-body theoretical method for  predicting  the  pressure  signatures which has 
given good correlation with  experiment for low supersonic Mach numbers  appears  to  be 
only  qualitatively correct  for  the  higher Mach numbers of this test. In  general,  the 
agreement between  theory  and  experiment  decreased  with both increasing Mach number 
and decreasing  model  fineness  ratio. In addition,  the  agreement  between  theory  and 
experiment  tended to decrease with  increasing  nose  bluntness.  The  addition  to  the  theo- 
retical  program  inputs of a term analogous  to a lift  distribution  improved  the  shape of 
the  predicted  signature  and  the  addition of an  estimated  boundary  layer  improved  the 
prediction of signature  impulse.  Estimation of the  pressure  signature  using a nonsmooth- 
body method  produced a better  correlation  for  the  trailing shock,  but  some  reduction of 
the  signature  impulse. 

Langley Research  Center, 
National  Aeronautics  and  Space  Administration, 

Hampton, Va., February 8, 1971. 
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Figure 11.- Pressure  distributions at M = 1.41,  2.96, and 4.63. h/Z = 5. 
Data at M = 1.41 from  reference 1. 
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