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Part I describes the experimental measurement of sonic points between 
the bow shook waves and surfaces of three blunt-nosed bodies: a hemisphere, 
an ellipsoid and a hyperboloid. A comparison between these measurements and 
the theoretical sonic lines calculated by Mangler' shows reasonable agreement. 
Comparisons between the theoretical and the experimental bow shook wave shapes 
for these body configurations, together with their stand-off distances from 
the bodies, shows very close agreement. 

Fressure distribution measurements along the surfaces of the ellipsoid 
and hyperboloid are described in Part II. On the forward part of the bodies 
a comparison between the experimental pressure distribution and the theoretical 
pressure distribution calculated by Mangler shows good agreement* However, 
agreement becomes progressively worse downstream. The experimental pressure 
distributions compare fairly well with the modified Newtonian pressure distri- 
butions for the two bodies. The location of the sonic points on the surfaces 
of the bodies, deduced from the experimental pressure distribution, gives 
values which are compatible with the sonic point measurements in Part I. 
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1 INTRODUCT ON 

. 

In the flow field around a blunt-nosed body there is a subsonic region, 
near the stagnation point, between the bow shock wave and the body surface. 
The flow expands around the surface away from the stagnation point and 
eventually becomes supersonic. The locus of points, in a single plane, at 
which the flow attains sonic speed is known as the sonic line. 

The interest and complexity of such a flow pattern, involving subsonic, 
transonic and supersonic regions has been such as to attract a large number 
of investigators. ‘Two recent theoretical studies of this *lsupersonic blunt- 
body problem” are those of &bnglerl and Van Dyke2, xangler, for instance, 
has calculated the inviscid flow, including the sonic line, for axisymmetric 
bodies of various shapes at a free stream 14ach number of seven. 

An experimental check of this theoretical work is difficult because of 
the relative insensitivity of the, more easily measured parameters, e.g. shock 
wave shape, stand-off distance and surface pressure in the subsonic region. 
A further measurement which can be made is of the location of the sonic line, 
employing an interfering-shock technique described by Kendall% this may be 
more sensitive. 

In proving the optical system of the R.A.E. 7 inch x 7 inch Hypersonic 
Tunnel, it was decided to chsck these features of the flow about three 
axisymmetric models whose contours spanned the range of shapes calculated 
by Mangler. In two cases (hyperbolic and elliptical nose shapes) there was 
good agreement between theory and e,xporiment for shock wave shape, stand-off 
distance and location of the sonic line. For the hemisphere, good agreement 
was obtained for the shock wave shape and stand-off distance, but the 
location of the sonic line showed rather poorer agreement. 

It is intended to extend these tests with pressure plotting models in 
the near future, and to measure pressure distributions weU into the super- 
sonic region. 

2 DETAILS OF THE EXBERIP?ETJTS 

2.1 Description of models and probe 

Fig.1 shows the three axisymmetric blunt nosed models which wore 
designed to fit on the traverse sting in the hypersonic tunnel. The 
forward-facing surface of each model was of conic section, fitting the 
formula 

y2 = 2 +j (-rXST) - BB (x-xST)2 , 

where R is the nose radius and B the bluntness parameter. Suffix ( )B ref0rS 

to body surface parameters. (The suffix ( )s is used later to refer to 
paramoters for shock wave shapes, which are also knows to be very nearly 
conic sections), x and y are rectangular coordinates, x being measured 
from the vertex of the bow shock wave and xST is the stand-off distance of 
the bow shock wave from the body. 

The following parameters were chosen for the models in order that 
the results obtained could be compared with the results of Nangler~s 
theoretical studies. 
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The values 

Model 
BB RR(ins) Max. diaxl. of 

No. model (ins) 

(1) 1.0 la25 2.5 

(2) -0~671 0.5 3*0 

(3) 2.0 24 2@83 
i 1 

of BR are such that model (1) is circular, (2) is hyperbolic 
and (3) is elliptic in section. 

. 

A slender, pointed probe was designed to provide a weak shock wave to 
interfere with the bow shock wave and it was supported on a rod through the 
blank in the floor of the tunnel working section. Fig.2 shows how the probe 
was made adjustable by attaching the rod to a threaded support beneath the 
tunnel. The point of the probe was positioned several inches upstream of the 
model’ s leading surf ace. 

2.2 Flow conditions 

The free stream Mach number in the tunnel working section had a nominal 
value of 6.80, for all tests. However, there is a variati 

? 
n of ~1 per cent 

of this value across the stream tube containing the models+. 

2.3 Method of measurement and technique of testing 

Direct shadow photography was used for recording full-size shock wave 
patterns on half plates mounted on the exit window. &cposure times (by 
flash tube) of two or three microseconds were used. 

The model was set at zero incidence to the tunnel flow ‘and the required 
position of the probe was set by the stop-nut. The probe was then temporarily 
retracted in order to minimize blockage during starting. All light was 
excluded from the working section and a photographic plate was loaded, The 
tunnel was started, the probe was returned to the selected position, and a 
shadowgraph picture was taken, The length of the runs was of the order of 
ten seconds. 

2.,!+ Discussion of the sonic line tracing technique 

The weak shock wave which is produced from the point of the probe is 
incident on the bow shock wave of the model and deflects as it is transmitted 
through. In the experiments the location of the point of the probe was 
adjusted so that the transmitted shock wave arrived in the sonic line region, 
after penetrating the supersonic region. In passing through the (low) super- 
sonic region, tha transmitted wave is gradually deflected and weak reflected 
waves build up into a reflected shock wave, as described by Robinson 5. The 
transmitted and reflected waves meet at a cusp and this cusp is a sonic point. 
Thus by varying the probe position, a locus of sonic points is obtained, 
which is the sonic line, 

Figs. 3(a), (b) and (c) are representative of photographs which show 
this pattern of transmitted and reflected waves mating in a cusp. In others, 
the cusp was too near to the bow shock wave for the reflected wave to 
develop sufficiently to be seen: in such cases, the ond point of tha trans- 
mitted wave was taken to ba the sonic point. 
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Each shadowgraph was analysed in the above manner by three independent 
observers and the mean values of their readings are plotted in Figs.k(a), 
(b) and (c). The individual readings varied by up to 6 per cent from these 
mean values. 

3 PRESENTATION AND DISCUSSION OF RESULTS 

In comparing the experimental results with the theoretical predictions, 
it should be remembered that the theory starts from a prescribed shape of 
bow shock wave and obtains a numerical solution for the resulting flow field, 
including a body shape. The experiments consisted of taking a set of such 
body shapes and determining the shock wave shapes and sonic points. 

Figs.&(a), (b) and (c) show the shapes and locations of the shock waves 
and the measured sonic points in the flow for the three models tested and 
compare these with the theoretical results (including body shape). The 
numerical values of the various shock and body parameters are given in the 
inset tables, x and y coordinates are plotted non-dimensionally as a 
fraction of RB, the body nose radius. 

The graphs show good agreement between theory and experiment for bow 
shock wave and body surface shapes in the three cases, For the sonic line 
location reasonable agreement has been obtained in Figs.&(b) and (c) but 
agreement is not so good in Fig.&(a). (The theoretical sonic line in 
Fig,4(b) is indeterminate near the body). 

Several factors must be taken into account to explain the considerable 
scatter of the experimental sonic points. Probably the most important 
factor contributing to the scatter is the difficulty in assessing the sonic 
point positions from the photographs, The point of reflection of the weak 
shock is not sufficiently well defined for accurate measurement, particularly 
when it is near to the bow shock wave or to the body surface. The definition 
is made more difficult by imperfections in the photographs due to marks on 
the tunnel windows, (As already mentioned individual readings varied by up 
to 6 per cent from the mean values plotted.) 

One must also bear in mind the method of derivation of the theoretical 
flow field, i.e. from given bow shock wave shapes. The values of BB for the 
resulting body shapes are fractionally different from the round numbers 
chosen for bodies (1) and (3) in the experiments. (The theoretical values 
are 0.964 as compared with 1~0 for model (1) and le991 as compared with 2.0 
for model (3) ). In addition, the theoretical results are calculated for 
a free stream Mach number of 7, while the Mach number in the tunnel working 
section was 6.8, 

However, the above mentioned differences between the experimental and 
theoretical cases do not appreciably affect the shock wave and body shapes. 
In the former instance, this is because the differences between the theoreti- 
cal and experimental values of BB are sufficiently small to exclude serious 
changes in shape and in the latter instance, shock wave patterns in the 
region of investigation are practically frozen for M ’ 5. Figs.k(a), (b) 
and (c) compare the experimental shapes with check points of the theoretical 
shapes. Along the axis of the models the discrepancies are negligible and 
expjrimmtal bow shock wave stand-off distances agree with the correspond- 
ing theoretical values. 
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rc. CONCLUSIONS 

(a) Sonic line location 

The results for the sonic lines are satisfactory considering the 
difficulties in assessing the experimental sonic points and fair agreement 
has been obtained between theory and experiment. 

The experimental results ar e clustered near the centre of the region 
between the bow shock wave and the body surface. A refinement of the 
photographic technique would be desirable in future tests to enable points 
nearer the shock and the body to be obtained. 

(b) Shock wave shapes and stand-off distances 

The expzrimantal bow shock wave shapes, and the stand-off distances, 
agree very closely with the theory, for all three cases, 

In the near future it is intended to e,xtond these results by carrying 
out tests on pressure plotting models having similar profiles to those used 
in the present tests. 

LIST OF SYMBOLS 

RB Body nose radius 

% Body bluntness parameter 

Rs Bow shock wave nose radius 

Bs Bow shock wave bluntness paramotcr 

x, y Rectangular coordinates 

X Coordinate measured downstream from the vertex of the bow shock wave 

33T Stand-off distance of the bow shock wave from the body 
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(a) MODEL(I) Be = 1.0, Re = b25lNS. 
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(c) MODEL (31 Be- 2.0, R 8 - PO INS 
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1 INTRODUCTION 

The flow field around a blunt-nosed body has been widely investigated, 
both theoretically and experimentally. Theoretical studies by Mangler1 and 
Van Dyke*, for example, have calculated the flow fields between the bow shook 
waves and the surfaces of axisymmetric blunt shapes. The method of Mangler 
starts from a prescribed bow shook wave shape and uses a merohing technique to 
determine the invisoid flow field inoluding the body shape which produces the 

P 
rescribed shock. 
hemisphere, 

The flow fields about three axisymmetrio blunt body shapes 
hyperboloid and ellipsoid) which have been treated by this method 

were investigated in a reoent experimentj. Bow shock wave shapes and stand- 
off distances were measured and the sonic line positions located, at a free- 
stream Mach number of 6.8. Good agreement was obtained between the results 
from theory and experiment for the shock wave shapes and stand-off distances. 
Comparison between'the theoretical and experimental positions of the sonia 
line was limited (by the experimental technique) to the middle of the region 
between the bow shock wave and the surfaoe of the body. 

The sonic point on the shock wave is easily located from measurements 
cf' the shock angle, but the sonio point on the body must be obtained from a 
measured pressure distribution. 

(a ain 
Thus, the purpose of the present experi- 

ment 
M Z. 6.87 

designed for the 7 in. x 7 in. hypersonic tunnel running at 
was to measure the surface pressure distribution on the hyperbolic 

and elliptic shapes. 
reported elsewhere&). 

(The pressure distribution on a hemisphere has been 

The results have been compared with those from the theory and with the 
previous experimental results. The pressure distribution has also been 
compared with a modified Newtonian pressure distribution. 

2 DETAILS OF EXPIKL-MENTS 

2.1 Desoriptionressure measuring apparatus 

Fig.1 shows the cross se&ions of the two axisymmetrio blunt-nosed 
models which were used for the pressure measurements. The forward-facing 
surfaoe of each model was of conic seotion fitting the formula 

y* = zRB(x- ‘ST) - BBb -xsT)*, 

where R is the nose radius and B the bluntness parameter. Suffix ( )B refers 
to body surfaoe parameters (the suffix ( )s is used later to refer to para- 

meters for bow shock wave shapes, 
seotions). 

which are also known to be very nearly conic 
x and y are rectangular co-ordinates, x being measured from the 

vertex of the bow shock wave and x ST is the stand-off distance of the bow 
shock wave from the body. 

The parameters pertaining to the IXO models are as follows: 
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The values of RR are such that model (A) is hyperbolic and (2) is 
elliptic in section. These values were chosen so that a direct comparison 
could be made with the theoretical results of Manglerl. 

The models were stainless steel shells, l/IO inch thick having s 
oomman backing plate which was designed to fit onto the hypersonic tunnel 
traverse sting. Hypodermic tubing, I$ mm outer diameter and 1 mm inner 
diameter was used ta instrument the models with pressure holes, A hole 
diameter of 1 mm leads to a positive error6 of about 1% in measuring 
surface 

r 
essures 

model (2 
an these models, except for the cylindrical portion of 

, where a positive error of nearly lC& is incurred. However, 
the pressures here are much lower than on the forward part of the model, 
The tubes were brazed so that they were flush with the model surface. 
Each model had a polished finish of better than 10 microns. Fig.1 shows 
the position of the preasure holes along a generator on each model. 
Model (I) was instrumented with 6 hales (hole number 6 was diametrically 
opposite to number 5 in order to check that the model was at zero incidence. 
Unfortunately, tubes 5 and 6 were damaged during the early tests and so 
only the results obtained from tubes 1 to 4 care quoted. However the zero 
incidence oheck was satisfactory, Model (2) was instrumented with 8 holes 
4 of whioh were on a cylindrical after-body. The pressure tubing passed 
through the hollow traverse sting to the sting support and then outside 
the tunnel to a mercury manometer bank, The bank had seven vertical glass 
tubes with a common reservoir, and a clamp to isolate the bank from the 
model. To obtain a reference pressure for the manometer bank, one of the 
pressure holes was connected to a Midwood pressure balance in parallel 
with one of the manometer tubes. 

2.2 Flow conditions 

The free stream Mach number in the tunnel working seotion had a 
nominal value of 6.80 for all tests. However, there is a variation of 
fl per cent of this value across the stream tube containing the model&. 
The tunnel stagnation pressure was controlled at 7% p.s.i. (gauge), and 
the stagnation temperature was 680°K, 

2.3 Method of pressure measurement 

The model, at zero incidence to the tunnel flow, was positioned in 
line with the upstream windows, on the centre line of the tunnel working 

- section. The pressure holes (with the exception of number 6 an model (1)) 
lay along the top generator. Pressure tubes from the model were connected 
to the manometer bank. Pressure hole number 1 (the stagnation point an 
both models) was connected to one of the manometer bank tubes in parallel 
with the Midwood pressure balance, The manometer bank clamp was closed 
before starting the tunnel so as ta prevent the large (steedy state) 
pressure differences between the tubes being magnified during the passage 
of the starting shook. This would have caused a mercury overflow in the 
tubes. When the flow had been established the clamp was released. The 
flow was continued until all the mercury columns and the Midwood pressure 
reading had reached steady values. The clamp was then closed and the 
tunnel was shut down. Rtaiiings were taken of the mercury levels and of 
the Midwood pressure bahnoe. The tunnel stagnation pressure was also 
noted during the teat. 

Then, the model was inverted so that the pressure holes lay along 
the bottom generator. Several tests in each position were made until the 
readings repeated satisfactorily. 
$ minute for each test. 

Tunnel running time was approximately 

-4- 



l i 

3 PRE;SEF-ATION OF RESULTS 

3.1 Theoretical values 

The theory of Mangler assumes a prescribed bow shock wave shape and 
obtains a numerioal solution for the resulting flow field including body 
shape. A numerical evaluation of the flow field at a free-stream Mach number, 
WI oo, of 7 is available, inoluding the surfnoe pressure distribution p/p, for 
the two configurations under investigation (p is the surface static pressure 
and p, is the Pressure at the staaation point). The values of p/p0 on the 
body surface can be converted to Pressure coefficient form since 

c P = (p-p,)/& pm v', = WY Ej&P/Po XPo/poo -1) 

where p,, p, and Uoo are the free-stream static pressure, density and velooity 
respectively. 

At Mm = 7, PO/P, = 63.55; hence Cp is obtained. Pigs,2 and 3 show 
the theoretical value of C 

d 
C 
P 

obtained by Mangler plotted against the 
max 

non-dimensional distance along the body surface, S/R B, where S is measured 
from the stagnation point. 

An alternative approximation to the flow over the forward part of blunt 
bodies is given by the modified Newtonian impact theory where 

i 

C 
P = 

C 
PmaxSin 2 8. 

0 is the angle of inclination of the body surface to the free-stream flow 
direotion. For model (I), where BB = 0.5 in., BB=-0.671, the equation of’ 

the profile is 

Y2 = x -I- 0.671 X2 

where X and Y are rectangular co-ordinates with the origin at the body 
vertex. This gives 

c c I? 
= sin’ 9 = 

pmax 
(1 + 2.6&.X + 1.mxytj + 6*684x -I- L405X~ 

For model(2), where RB = 2.0 in. and BB = 2.0, the equation of the profile 
is 

Y2 = 4X-2x2, 

which gives 



cp/Cp = sin2 0 = (2X2 - L+X +2)/(X2 - 2X + 2). 
max 

Stations X are related to S; thus the modified Newtonian values of 
c c 
p/ P 

may be plotted and are shown in Figs.2 and 3. 
max 

3.2 Experimental values 
. 

The pressure coefficient may be calculated from the values of p 
obtained on the m<anometer, since 

C 
P = (P-pJ/q, where q = $- p U2 l 

coo3 

At M- = 6.8, p, = 0.2902 x loo3 x PO (p.s.L abs.) and q = 0.9395 xl0 
-2 xPo 

(P .s.i. abs.), Figs.2 and 3 show the" experimental values of C 
d C on 

P max 
the model surface. 

The position of the sonic point is determined by 

P/P, = [I + {(y-1)/2{ M2j 
L -I 

whence at M = 1, on the model surface, 

P/Pa = 0.5283 for y ‘- d.4 

and 

c c d P 
= 0.521. 

m&x 

Figs.2 snd 3 show the sonic point positions on the two models measured 
alon S. 

4 
In Figs. & and 5, the sonic line locations of a previous experi- 

ment are shown, and the present locations of the sonic points on the 
model surfaces are added. 

3.3 Discussion of results 

Comparison of the experimental and the theoretical pressure distri- 
butions obtained by Mangler in Figs.2 and 3 shows close agreement near 
the forward part of the models but agreement becomes gradually worse down- 
stream. For model (1) the percentage difference in C /C referred to 

p pmax 
the experimental value at S 4 = I ,6 is 5; thereafter increasing rapidly. 
For model (2) the curves cross at S/RB = 0.68. J%en S/RB < 0.6s the per- 

centage difference in C /C 
p &Ilax 

reaches a maximum of 7 and for S/kA > 0.68 

the difference increases continuously. 
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The experimental sonio point on the surface of model (1) is at 
% = 1.98 which is compatible with the experimental sonic line location 

yhoy in Fig.4-. The theoretical calculations of the sonic line looation 
an surface pressure distribution) for body No.1 have been extended to 

larger values of S since the publication of Ref.3. It turns out that for 
this particular body the inviscid flow near the surface never reaches sonic 
velocity. That a sonic point on the body was obtained in the experiments is 
probably due to the fact that the calculations assume an infinite body but the 
model of l?ig.l(a) was cut off at a value of S = I.98 inches. It would be 
interesting to test models which extend to larger values of S in order to 
check whether the sonic point moves back along the surfaoe. 

On model (2) the experimental and theoretical positions of the sonic 
point on the surface are in fairly olose proximity, as shown in Figs.3 and 5. 

During repeated tests on each model the values of showed a deviation 
of less than one per cent from the mean of values at a given station 
except for very low values of Cp (0.04 on the cylindrical section of Model (2) 
where deviations of up to 5 per cent occurred, 

Discrepancies between theory and eqoeriment in the sonic point region 
(in sddition to the difference between theoretical ,uld experimental models 
of body No.1 mentioned above) may be due also to the computer programme, 
devised to enumerate the flow field between the bow shock w~o,ve and surface 
of these blunt bodies. The nature of the programme was s&l as to cause 
increasing inaccuracy downstream. This is being investigated further. 

The modified Newtonian pressure distribution underestimates the experi- 
mental values on model (1) over the whole surface and overestimates them on 
model (2) from the stagnation point almost up to the junction of the ellipsoid 
and cylinder, where the Newtonian value of C 

d 
C falls to zero, 
P max 

4 col?zLusIoKS 

The pressure distributions on a hyperboloid and on an ellipsoid have 
been measured, and the results compared with those from the theoretical studies 
of Menglerl. Good agreement was obtained on the forward part of the models. 
Near the sonic point region rather poorer agreement was obtained for the 
hyperboloid. For the ellipsoid fair agreement was obtained in this region 
but agreement became poor near the junction of the ellipsoid and cylinder. 

The location of the sonic points on the two models was shown to be 
consistent with previous experiments. In the case of the ellipsoid the 
experimental determination of the sonic point position was close to the 
theoretical estimate. 

A comparison of the experimental with the modified Newtonian pressure 
distribution showed fair agreement. 
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agreement. However, agreement becomes progressively worse downstream. 
The experimental pressure distributions compare fairly well with the 
modified Newtonian pressure distrihutlons for the two bodies, The 
location of the sonic points on the surfaces of the bodies, deduced 
from the experimental pressure distribution, gives values which are 
compatible with the sonic point measurements in Part I. 
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