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FOREWORD

The present study Is part of a program of theoretlcal and
experImental research on hypersonic flow being conducted by the
Gas Dynamics Laboratory, the James Rorrestal Research Center,
Princeton University, Princeton, New Jersey, on Contract
AF 33(616)-7629 for the Aeronautical Research Laborator!es,
Offlce of Aerospace Research, Unlted States Alr Force. The work
reported In this interim report was on Task 7064-01, "Research on
Hypersonic Flow Phenomena" of Project 7064, MAerothermoaynamic
Investigations In High Speed Flow" under the technlical cognlzence
of Col, A, Boreske,

The author would also |lke to gratefully the advice

received from Prof. S. M, Bogdonoff and Mc I. E. Vas,



ABSTRACT

As a continuation of a fundamental study of hypsrsonic wings and
control surfaces, some detal ied pressure distribution and heat trans-
fer results have been obtalned about a circular cylinder with various
nose shapes at angles of attack up to 15° and at azlmuth angles from
zero to 180°. The tests were carrled out in the Princeton University
3 Inch helium hypersonic wind tunnel at a Mach number of |1, The
experimental results were compared with theory along the windward
side and In the crossflow plane for both the pressure and heat transfer
distributions. Some effects of the nose shape on the flow over the
circular cylinder under study were determined up to |3 cylinder

dlameters back from the nose.
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SYMBOLS

Specific heat of stainless steel = BTU/Ib °R.
Speclfic heat at constant pressure - BTU/Ib °R.
Cylinder dlameter - ft.

Nose drag - lbs,

Heat transfer coefflclent - BTU/f+2 sec °R.
Total enthalpy - BTU/Ib

Thermal conductivlty - BTU/ft+ sec °R.

Mach number

Pressure = Ib/ft2

Free stream static pressure at an orlflce
locatlion 1f no model were present

Prandt! number

Cylinder radius - f+

Free stream Reynolds number based on body dlameter

Universal gas constant - ft2/sec? °R,
Time - sec

Temperature - R,

Velocity in axial directlon - ft/sec

Velocity in crossflow direction - ft/sec

Axlal dlgtance along cylinder from shoulder of nose - ft

Normal distance from body - f+

Distance from stagnation line In crossflow dlrection - ft

Angle of attack
D dwe

W, dz
Viscoslty coefficlent - slug/ft sec
Density = Ib/f+2

Yaw angle

Azimuth on cylinder starting from stagnation Iine

Ratio of speciflic heats
v 1 /y+l

vil



Subscripts:

en
IN

out

se
SL

A=0

Cone

Edge of effective body

Edge of boundary layer

Edge of entropy layer

Inslde surface of thln skin model
Conditions normal to axis of cylinder
Outslde surface of thin skin mods!
Recovery

Conditlons at shock

External flow at stagnation line of cylinder
Stagnatlion line

Conditions at wall

Free stream

Conditions pertaining to yawed cylinder
Conditions pertaining to unyawed cyllnder

viii



INTRODUCTION

As part of a baslc study of hypersonlc wings, an experimental
program has been Inltlated to determine the heat transfer and pressure
distribution over the leading edge of a swept wing at sweepback angles from
zero to 90°, Some preliminary results of thls study at sweep angles up to
75 are contained In Ref. |, To simulate a wing leading edge at even
hlgher sweepback angles (greater than 75°), a circular cylinder at angle
of attack was used. The advantages of mode! simplliclity and opportunity to
examlne axlsymmetrlc body at angle of attack at the same time led to thls
particular confliguration, Results of fthis study at zero angle of attack
are contalned In Ref. 2,

For an axisymmetric body at zero angle of attack, it 1s known that
the Inviscid flow over the after body Is completely determined by the
entropy layer which Is solely a function ot the nose shape, Ladyzhenskl!
(Ref. 3) has shown that (for flxed nose shape) as long as the after vody is
Immersed In the entropy layer, the pressure distribution will remaln similar
regardiess of changes In the after body shape or angle of attack, When the
body breaks through the edge of the entropy layer (which has been calcu-
lated in Ref, 2), by Increasing Its angle of attack, a qualitative change
in the pressure distribution must be expected. Following this reasoning,

a change must also be expected In the shock wave shapes and In the heat
transfer distributions.

The configuration studied consisted of an instrumented circular
cylinder with varlous noses attached., To examlne the effect of a wide
varlation of nose drag coefflicient, a 20° semi-angle cone, a hemisphere,
and a flat face were used. The mode! was tested at a Mach number of ||

and a free stream Reynolds number based on the cylinder's diameter of 130,000,

Manuscript released by the author (February 1963) tor publication as an
ARL Technlcal Documentary Report.,



EXPERIMENTAL FACILITIES AND MODELS

The test program was conducted in the thres inch dlameter
Princeton Unlversity hellum hypersonic wind tunnel (Ref., 8), The nozzie
was contoured giving a uniform test sectlon Mach number equal to |1, The
free stream Reynolds number was about 0.5x 108 per inch, Helilum at room
temperature was used as a test fluld,

The pressure mode! was % Inch in dlameter, about 6 Inchas long, and
constructed of brass (Flg. 1), The location of the pressure taps ls shown
In Fig. 2. To the basic model (the 6 Inch long cylinder) various tips were
attached. The tips used Included a 20° half angle cone, a hemlsphere, and
e flat faced end, The tips were constructed of lucite to limit heat
conduction an the heat transfer and recovery models, The model was
mounted from the slde of the tunnel.

The heat transfer model was of the thin skin type with the same
physical dlmensions as the pressure model. The thermocouples were located
at the same stations as the pressure oriflces. The thermocouples were
copper~constantan wires of 0.010 Inches diameter. Holes 0.006 Inches In
diameter were dritled In the skin 0.016 Inches apart., The wires were
etched to approximately 0.005 Inches in diameter and inserted In the holes,
They were then spot welded In place from the outside.

To cbtain recovery temperatures a lucite model was constructed fo
have the same physical dimensions as the heat transfer model. A slotted
groove 0.002 Inches deep was made on the surface through which the
thermocouple wires, etched to 0.003 inches in diameter, were brought,

The groove was filled with silver clrcuit paint and the wires cut



level with the surface. Ten of these junctlons were spaced evenly
along the cyllinder,

The pressures over the model were recorded on manometers using
sillcone oll with a 20 micron reference pressure. Copper tubing was
used throughout to prevent outgasing.

The heat fransfer was measured using the transient technique,
The temperature time history of the model was recorded on Leeds and Northrup
Speedomex recording potentliometers having a full scale response of less than
% second. The tunnel was eqguipped with a quick start mechanism that estab-
lished the flow In about one mlilisecond, During the run the model was
cooled frem an Initial room temperature to recovery temperature during
which period the stagnation temperature varled less tThan one degree.

To obtaln recovery temperatures, the lucite model was used, The
tunnel was run until no temperature varlation could be detected (until
equi llbrium was established), then the temperature was recorded.

A dummy model was built for the express purpose of determining
the shock wave shape along the windward side by means of
schlieren photographs.

To examine the general character of the flow on the leeward side
of the model, several exploratory oil trace studies were made. These studies
were carried out by Injecting a very low viscoslty oil through three of the
pressure orifices on the mode!l during the test and photographically and

visually recording the resulting flow streaks.

THEORETICAL CONSIDERATIONS
The theories available for predlcting the pressure dlstribution over

a circular cylinder at angle of attack are [imited, Consldering the



crossflow pressure distribution, a combination of "modifled Newtonlan"
and Prandti-Meyer expansion has some theoretlcal Justificatlon and seems
to fit experimental results over circular cylinders normal to the flow at
lower Mach numbers.

For high angles of attack, the pressure on the windward side or
"gtagnation line" can be calculated using the normal Mach number approxima-
tlon which applies to a supersonic leading edge, This body is considered
two-dimenslonal using the normal Mach number and neglecting the parallel
flow component, Thls, of course, assumes a stagnation point, In reallty,
the neglected parailiel flow compenent (along the body axls) is hypersonic
and there is no "stagnatlon Ilne" for the cylinder at angle of attack. The
term, stagnation llne, will be used hereln to identify this region on the
windward side to the model,

To obtain the heat transfer in the crossflow direction, Reshotko
(Ret, 4) further simplifled the analysis of Cohen and Reshotko (Ref. 5)
for prediction of the heat transfer over a two-dimensional body providing
the pressure dlstrlbution Is known, The approximations include a |inear
viscoslty temperature law, perfect gas, constant specific heats, Isothermal
body and Prandt! number equals a constant., Thelr analysis |s based on
Thwaltes' concept of unique interdependence between the wall shear, heat
transfer, and free stream velocity, To obtain the heat transfer an Integral
must be evaluated using the experimentally obtained pressure distribution,
This was accompllshed with the ald of an electronic computer,

Beckwith (Ref. 6) adsumed a perfect gas, constant specltic heats,
similar velocify and temperature profiles through the boundary layer,

constant Prandt! number and a constant wall temperature to solve for the



heat transfer along the stagnation llne of a yawed cylinder. Beckwith
then compared the solutions for the heat transfer coefficlent for all

vaw angles and obtained the following correlation:

0.44
_ dwg 0.5 Psetso
h = Cpy N Pwtw 4z Pr Pty

Following the same procedure as Llu (Ref, 7) and assuming that the

viscoslity Is proportional to the 0,647 power of the temperature, the

following Is obtained:

v 0. 155 0.5 - - 0.5
hy M Puy Buy
= I 5 cos A E-"‘i
L Y2 Waz Mo
A=0 |+ -2— MNI OJ | K

and by approximating the pressure term by the isentropic pressure relation
through a normal shock using the normal Mach number and letting M ==,

the above equation reduces to:

Liu (Ref, 7) has Included some sparwise effects by treating the
case of a highly yawed finite cylinder as opposed to the infinite cylinder
In the above theory., The solution glves the heat transfer coefficient
along the stagnation line as a function of the distance from the origin

of the cylinder,



The assumptions Include:

I. The shock wave |s paraliel to the cylinder

2. A Falkner-Skan veloclty dlstribution
In the crossflow direction

3. pu = constant
4, Pr
B, Tw

H

constant

n

constant

The three-dimenslional boundary layer equations are flrst transformed
by the Dorodnltsyn transformation and then the veloclity and enthalpy functions
are perturbed from the 90° yaw or zero angle of attack conditlons,

The zero order equations were found to reduce to the Blaslus equation
for which a selutlon 1s known. For the first order equatlions the further
assumption Tﬁaf ug/ZHe = | Is needed fo solve the case for Prandt! number
not squal to one, It was shown that the solution for different Prandt!
numbers varied less than a few percent In the case of a cold wall so that
for the prasent case of a hot wall, the Prandt| number was taken to be equal
to one. A similarity transformation was then applied and the equations which
resulted were easlly solved, It should be noted that the perturbation

technique required that
X
—Ecof A< |
R2

for the method to be correct, The solution can be expressed In the form:

u P, \ 0.5 —
= B X
hy =k, “wTw‘wl [ 0.33;/ 2 +0.166 B cot A /D ] .



DATA REDUCTION

To determine the heat transfer coefficlent the following equation
was used
This equation represents the solutlon of the heat equation In polar coordinates
and neglects radtation and conductlon. Thls reduces the effectlive skin
thickness by 53%% because of the small scale of the model: From the temperature-
time hlstory, the slope at time equal to zero (when the model is lsothermal)
can be found and from this the heat fransfer coefflcienf can be calculated.

The initial slope was calculated by fitting the curve to an exponen-
tial curve and extrapolating back to zero time, A maximum of 2 seconds of
data was used to minimlze the conduction errors, Considering all possible
errors such as data reduction errors, physical properties of the stainless
steel, recovery temperatures, and conduction along the model and down the
thermocouple wires, the maximum error Involved In the results was plus 5%
or minus 10§ . To reduce the errors in the actual data reduction
{(determining the Initial temperature-time slope) several tests at each
point were conducted and each test calculated twlce Independently, An

average of these data, whose scatter was + 4%, s presented In the results,

For a more complete coverage of the data reduction technique,refer to Ref. |.

DISCUSSION AND RESULTS
A summary of the shock wave shapes on the windward side of the
model for the higher angles of attack is presented in Fig. 3. At @ = y°

(Flg. 3a), the shock waves approach a constant standoff diktance downstream



of the nose, Similar results were obtained for the lower angles of attack.
For @ = 12° and 15° (Fig. 3b and 3¢), the standoff dlstance first Increases
reaching a maximum then decreases to a minimum and In some cases gradually
Increasing as x/R Increases. This behavior seems to be & function of the
nose drag and angle of attach which was also noticed In Ref. |. An explana-~
tion for this behavior will be offered later,

The pressure dlstributions over the body are presented on Figure 4.
Measurements were obtalned at x/R from zero to 24, angles of attack from
zero to 15°, and azlmuth angles of zero, 45°, 90°, 135° and 180°, ©On the
windward size (& = 0°) , the pressure distributions are similar to the
zero angle of attack case up to @ = 12°, Then the data show tha same
minimum observed by the shock wave shapes. At ¢ = 45° no major changes
are observed from the windward slde results. For the hlgher azlmuth angles,
the changes In pressure from the zero angle of attack case are small com-
pared to windward side except for the flat face at ¢ = 135 and 180°. The
pressure distributions for these two exceptions seem to Indlcate separated
flow or the formation of vortices on the leeward side., A+ these higher
azimuth angles, data at @ = 12° and 15° again show a minimum pressurs
located in approximately the same place as for the lower azimuth angles,

The pressure distributions for three nose shapes are compared with
each other at & = 0° and all angles of attack on Fig. 5. At engles of
attack greater than 6°, the distinction between the various nose shapes
has practically disappeared. This was also noticed at azimuth angles of
45° and 90° but to a lesser extent, At the higher azimuth angles, the

values of the pressure obtained were noticed to be distinct functions of



nose shape. On Figs. 5d, 5e and 5f, the theoretical inviscid cone
pressure (pC/p|) Is Indicated. The pressure calculated by passing
“hrough a normal shock (assumed to be parallel to the body ax!s) based
on the normal Mach number, based on wind tunnel surveys, f{s indicated by
a solld line. The dotted lines represent the pressure based on the local
Mach number, norma! to the experimentally determined shock wave as opposed
to the body axls, passing through a normal shock., It Is seen that using
the shock wave shape fo calculate the normal Mach number gives a better
Indication of fthe general trend of the data but I+s absolute value is
incorrect, An explanation for this wlll be offered later. On Fig. 5f
the two-dimensional data from Ref, | Is plotted, and is in general agreement
with the present resul+s,

The pressure distribution in the crossflow direction is plotted at
x/R = 25 for angles of attack of €°, 9°, 12° and 15° on Fig. 6. The
solld line on each figure represents the combination of modified Newtonian
theory (p/pSL = cos2 ¢ ) and a Prandt|-Meyer expansion. The two theories
are Joined where their slopes are equal. The data are In poor agreement
with this "theory" for low normal Mach numbers but, as the normal Mach
number becomes greater, the agreement Improves. This shows that the
Mach number component parallel to the body axis is important at these
low angles of attack, On Fig, 6b and 6d , the data of Beckwith and Gallagher
(Ref. 9) and Penland (Ref. 10) are plotted matching the normal Mach numbers
as closely as possible. Beckwith and Gallagher's data were obtalned in
alr at ReD = 1,6 to 3.5x10% on an infinite cylinder at sweepback angles
of zero and 90° for Fig. 6b and 40° and 45° for Fig, 6d. Penland's data

were obtalned in air at ReD = 129,000 at a sweepback angle of 75° and



x/R = 26 for Flg, 6b and at a sweepback angle ot 6(Pand x/R = 22 for

Fig. 6d, Thess results are also In poor agreement with the present data
due to the huge dlfference In parallel Mach number components. Data from
Ref. | are presented on Flg. 6d and are In good agreement with the present
data. The present results for x/R = 5 and |5 were found to be simllar to
the data presented.

A summary of the heat transfer distribution over the body Is
presented on Fig. 7. The data follow the same general trend as the
pressure distribution with the exceptlon of additional slight decrease In
the heat transfer observed far away from the nose at o = 150 and ¢ = o°.
Nevertheless, on the windward side the data show the same maximums and
minimums as were observed on the shock wave shapes and pressure distributions.
The data presented are the average of two or more Independent tests whose
scatter were less than + 4%,

The three nose shapes are compared with each other at ¢ = 0° over
the angle of attack range on Flg. 8. At angles of attack greater than 6°,
the various nose shapes have no ma Jor effects on the data over the body
as was also notlced for the pressure distribution, This was also n6+iced
but to a lesser extent for the other azimuth angles. For angles of attack
of 3°, 6°, ¢°, 12° and 15°, the data are compared with the theories of
Liu and Beckwilth. Beckwlth's theory Is for M, == and if the actual
pressure distribution were used or the pressure calculated by the normal
Mach number hypothesis the theoretical results would even be higher,

The value used for h

A0 Was 0.137 BIU/£12 sec %R, calculated

from Ref. 1.



The modlfied version of Liu's theory was cbtained by evaluating
the properties at the edge of the boundary layer, This was done by using
the measured pressure dlstribution and assuming Isentropic flow over the
body from the stagnation point. Since the differences for the three
nose shapes were less than 2%, only one curve is presented. Withln the
timits of the theory (small x/R) the modifled version of Liu's theory is

In fair agreement with the present data, For the quant!ty % cot A

x| x

to be less than 0,5 the theory should be cut off at an x/R of 20, 10,
7, 5, and 4 for qa = 30, 6°, 9°, 12° and I5°, respectively. On Fig. 8f,
the fwo-dimensional data corrected for Reynolds number at the stagnation
line of the body are presented and ae in good agreement wlth the present data.
The heat transfer distrlbution is plotted at x/R = 25 and compared
with theory In the crossflow directlon for angles of attack from 6° to 15°
on Fig. 9. The solid line represents the theory of Ref, 4 calculated using
the measured pressure distributions and Is In good agreement wlth the data.
The varlatlon of the theory between the different nose shapes or by evalu-
ating the quantitles at the edge of the boundary layer was less than 2%,
Data from Ref, | are presented on Fig. 9d and are In falr agreement with
the present data. The present results for x/R = 5 and |5 were found to be
siml lar to the data presented.
The cause of the unlque shapes of the shock wave shape, pressure
distribution and heat transfer distributlion at high angles of attack on
the windward side of the body can be answered by considering the entropy
layer. As was mentloned in the Introduction, the entropy layer which

forms over a body Is only a function of the nose shape and, in hypersonic



flow, completely determines the fiow properties over the after body. As the
angle of attack Increases, the after body wlll eventually break through this
layer and the flow properties on the body wlll now be determined by the

cal external flow, The edge of the entropy layer (defined by the edge of
the low denslty region where the relation €Dy = npb(ygn-yg) holds) has

been solved (Ref. 2) and Is presented on Fig., !0 for the cone, hemisphere

and flat face, The dashed |lnes on these curves represent the edge of the
body as It is rotated about the nose through the angles of attack, The

break through polnts are clearly defined for the hemisphere and flat face
whlle for the cone at o = 12° and 15° they are not. It must be remembered
here that the theory which defined this entropy layer Is not expected to hold
for low nose drag coefflclents such as the cone slnce a primary assumption fs
that a strong bow shock exlists,

The varlous shapes of the shock wave, pressure distribution and heat
transfer distrlbution are compared at o = 12° and 15° on Fig, Il, The first
decrease In the pressure and heat transfer curves is similar to the zero angle
of attack case which is definitely in the entropy layer. The minimum point
and increase of these curves can be considered the break through point and
flinally the curves level off or reach a maximum where fwo-dimensional effects
become Important, The shock wave shape undergoes the transition further down-
stream since the body Is first affected by the break through which must In turn
propagate downstream to the shock wave, It can be observed that as the nose
bluntness increases or the angle of attack decreases, the minimum points of
the curves definitely move downstream which is exactly what the entropy layer
conslderations predict, Finally, if one considersthe inflection point of the
heat transfer and pressure curves between the minimum and maximum points as the
break through points, the present explanation predicts these points with

excel lent accuracy for the hemisphere and flat face nose shapes,

12



To further examine the leeward side of the model with respect fo
the possibllity of boundary layer separation, some oil trace studles
were undertaken, A small amount of very thin oll was Injected through
a pressure orlflce and the resulting streak was observed, This technique
gives the flow direction at the surface of The model but, of course, does
not deflne the stream dlrection. For both ¢ = 90° and 1359, the flow
direction was observed to be slightly In the dlrection of ¢ = 180° and
substantially In the downstream direction with the exception of a very small
region behind the shoulder of the flat face nose, Slnce no characteristic
"dlviding streamline" or back flow In the parallel directlon was observed,
It Is assumed that the boundary layer remained attached over most of the
model, This can also be established by the fact that no drastic reduction
In heat transfer occurred over the body (see Flgs. 9a-9d) which is character-
Istic of laminar boundary layer separation., At & = 180°, the flow was
observed to be slightly In the radial direction. This presents the possi-
bitity of a slight separation in the fadial direction as is observed on a
delta wing at angle of attack but the effect of this separation is toc small
to be examlined on the present scale; note the heat transfer and pressure

distribution results,

CONCLUSIONS

I, On the windward side, the normal Mach number hypothesis agrees with

the pressure distribution for high angles of attack and large x/R.

2, Theorles for predicting the crossflow pressure distribution

are poor due to the large parallel Mach number,

3. The varlous nose shapes have little effect on the pressure and
heat fransfer distributions on the windward side at angles of

attack greater than 3°,



4-

Liu's theory for predicting the heat transfer on the windward
slde Is in good agreement with the experimental results when
the quantlties are evaluated at the edge of the boundary layer.

It the crossflow pressure dlstribution is known, Cohen and
Reshotko's theory 1s an excellent means for calculating the

heat transfer coefficlient.

The variation of the shock wave shapes, prsssure and heat transfer
distributions can be predicted by entropy layer considerations.

Both the pressure distribution and heat transfer data from
Ref., | are in good agreement with the present results.
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Figure 4b, Pressure distributions for hemispherical nose
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Figure 4g. Pressure distributions for conlcal nose
at ¢ = 90°
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Figure 4h, Pressure dlstributions for hemispherical nose
at ¢ = 90°,
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Figure 4i. Pressure distributions for flat faced nose
at ¢ = 90°,
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Figure 44, Pressure distributions for flat faced nose
at ¢ = 1359,
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at 4 = 180°,

34

28



? T |
¢ = 180° FLAT FACE
a
4 o ©
o 3
A 6
X 9
2 o 12
& IS
10
;
O
-PP-, o
e
2 é% g
@
e 6 © ¢ o ¥
10°
,
0 4 8 12 6 20 24

0|

Figure 4o. Pressure distributions for tlat faced nosc at
at & = 180° .

35

28



Y T
a=0 ¢=0
A CONE
O HEMISPHERE
O FLAT FACE
2
10
.
b DO
o] i1
4 o =
]
° o
© &
A o) O
2 I o) J
a T\ A Ao o i
A ° 0
A o
A
Ty
0 4 8 12 16 20 24 28
X
R

Figure 5a., Summary of pressure distributions
at ~ = (O, = 0°,

36



| I
a3 ¢=0

A CONE
O HEMISPHERE
O FLAT FACE
10
P
pll p "
7le
0
11]
2| o
ho g
A O a)
n
=N
1 ) o
a° a© p
8 2 6 20 24
X
R

Figure 5b, Summary of pressure distributions
at o =39, & =0°

37




38

at 2 =69 ¢ =00°,

| T
a=6 ¢=0
A CONE
O HEMISPHERE
2 O FLAT FACE
10
id
]
Al 7 i
40"
4 1]
U A D
ot
o
O g [b &
o 1)
2
@
0 4 8 12 16 20 24 28
Figure 5c. Summary of pressure distributions



7 T T T T
az9 ¢=0
A CONE
O HEMISPHERE
4 O FLAT FACE 7

PRESSURE BASED ON NORMAL
MACH NUMBER

~—=—=—=— PRESSURE BASED ON MODI -
FIED NORMAL MACH NUMBER

2
\\
‘\ ~
DN FLAT FACE
-~ ™ \..
) \‘\ \~‘\ h~'~. .<//’,
SR Bt HEMISPHERE
| e 0 S ~ Il SN /
10 ] ~ S
P -~
\\ -~ Y f\~.
1‘ ‘"‘~“.:: ~- .‘-_~
A - 8 -~
og il r TN
O
4 0 0D A A A
oo o a5 ) )
Q
2
0o 4 8 12 16 20 24 28

R

Figure 5d. Summary of pressure distributions
at o =9°, 4 =0°,

39



P $=0
7 A CONE |
O HEMISPHERE
O FLAT FACE
PRESSURE BASED ON NORMAL
MACH NUMBER
a ———— PRESSURE BASED ON MODI -
FIED NORMAL MACH NUMBER
2
P f\ - FLAT FACE
p! ~S~- HEMISPHERE
TV TSR e
—- -—
IO - ‘-:\ |
o CONE D [
2 . E S_xd
o l'l &5 A \N 51 ~.=
7 °“hopo ﬁ—c-g‘o'ﬂ -4
40 q 8 12 [ 20 24 28
X
R
Figure 5e, Summary of pressure distributions
et o =120, ¢ = 00,

40



10°

1 I | |
s |5 qb =0

CONE

HEMISPHERE

FLAT FACE

PRESSURE BASED ON NORMAL

MACH NUMBER

4 — —=—— PRESSURE BASED ON MODI- _
FIED NORMAL MACH NUMBER

X REFERENCE !

Oop =m

2Lk FLAT FACEI
A N
o 0 }:\\ / HEMISPHERE ! R
B eonNE N3 / a© a P
NN > I AQ x.l:;.‘_:.,.ﬂL—x
~ N o ™
} §\\2A‘o‘$\° x 7 -1
lol oA OA o& ﬂ‘--— ke
h._.:_f‘
7
4
0 4 8 12 16 20 24 28

X
R
Figure 5f, Summary of pressure distributions
at o = 15°, ¢ = 0O°,

41




67 = ¥/x%

aO@

“~

1o

SUCIING)U4SIP 2uNSSEJd MO)4SSOU)  *BG 9JnB) 4
$
oS! 02! 06 09
}
W . |
° )
L 0 ]
¥IAIN - 1LONVYd
SNd NVINOLM3N Q31J100W
30v4 Iv14 O z
INIHISINGH O
aN0D v
se=¥ euri-Mw g:-»
| 1

20

14

20

80

o'l

42

184



08I 0S| 0cl

*6Z = ¥/x Aom =
SuUOI4NQiJLS Ip 84nssedd mO|35S04)

¢

e It-)

*qg sunb 4

Y S e —

20

. B8

[ W
e

/ v

NN 01 39N3¥343Y
NW 6 3JON3Y343Y
H3IA3W - TLONVYd
SN1d NVINOLM3IN Q314100W
30v4 1vd

| IYIHISINIH
3aN0D

221=Ny 6
l ]

|
~
~
N —
[ I 1]

sz-%

<00




CZ = Y/x fZl =T te
suoinglalsip a2unssaad mopissol]y °*og sanbi g

¢
08I oSl ozl 06 09

{00

PO

[ H3IAIN - 11LONVYd @
SM1d NVINOLMIN a313IA0NW S ]

30v4 1vd

o
343H4SINIH O
3NOD V




*6Z = Y/X ‘oS!

=0 ie

Suol {ng14isip aunssaud mo|Jssou]

)

*pg @unb) 4

09

20

—_—

g2 =NW | 3ION3Y3JIY
ov'e = NW 01 3IDON3YII3Y
¢ =NW 6 3ION3y¥343Y
43A3W - 1LONVYd
SN1d NVINOLM3N a31dIQ0NW
30vd4 1v1d
3Y3HJSINIH
3INOD

ce2 =NN _GI

[

gz:=4

<00




[

‘o0 = ¢ 4°
5SOU |BD1UOD 4O SUOIINGLJ4SIP J49jsSued) JB8H

*ey sunbyi4

-]
X
g2 ve 02 9l 2l v
°o ¢ 4
\J
a ¢
g
g o o | ©
v O
v
V
S S a
X v
X
o ¢ o o
oS
® X
[::]
[ g @ ® ® <
2l O
6 X ®
o v ®
- €O
0o o
D
aN0D O0=¢

000

8000

2100

9100

0200

%200

8200

(Y, 998 S4i/nig) y

46



0 =9 le

ssou |eoiuayds |wsy 104 SUOILNQIJLSIp t8iSupay 1R8H  °gs &undi4
8
X
82 ve oz 9l 2l 8 %
o o
o
Ol o 5 $00°0
D o
a O g a
v . a ©°
v vV v - 8000
v o|/°® o
X
X X Vino
X X X——y 2100
o
v
Lo
Lo o X v
< > 9100
X x
o ol® ®|o ©
Sl @ < e ° .
2 o 5 0200
6 X
9 Vv ®
€ O
6 o @ %200
v ®
JYIHJSINIH 0=
{ { 8200

(¥, 998 ,ii/nig)

47



‘o0 = @ 48

000

8000

2100

9100

0200

200

asou pade) 1et4 04 SUCILNGIJLSIp JojSuRdL j@8H DL 2anB1 4
Y
X
82 ve 02 ol 21 8 0
¢
o
(0]
a o)
a D
q O
5 o
X (o]
)
? X X T X 4 v
X a
<
o] Aw <o
¢ o
¢ X
¢
e ¢
2t < ® @
6 X @
9 Vv
€ o $
B o o 1|
y T
30vd LVId O =
1 |

8200

(¥, 998 ,H/n18) ¥

48



2

‘oSt =P 4R
850U |@DJUOD 4O SUOILNG{JlSIp J8jsued) 1edH °*pL ©JnSi4

-
x
vz oz 9l 2i 8 v 9
(o]
° ° ¢ o 000
u a o U
@ ¢
R R A B L
8000
X X X X X X
X (8]
o
7> <O o ¢ f—9—{z100
® 4
° P ® 4 % X
@ ©o—J9100
® ®
s o ® .
— 21 O 0200
6 X
9 v
€ O
— 0o o $200
[ -]
aNOD St =¢
I 1 8200

(Mo 2908 4i/nyg) U

49



‘ol = @ LB
850U [©D]Joyds jway JOj SUCILNGIU4SIP Jo4suedl jesH o 94nbid

-}
X
82 b2 02 9l 2l 8 b 0%
o
j m o o o .
=t e 000
a a (n] [e] o
v o
X— v 8000
X 8]
o olo ©|® *lo
——0-42100
o % o v
[:
® X
o | ® ®
el %z 9100
® ®
Gl @ .
2 o 0200
6 X
9 v
€ 0 .
0O O 200
D
FYIHISINIH St =¢
L _ | . 8200

(8, 998 i4/nia) M
50



02

-]

h 3

9l

el

-Om¢ = ﬁ ie
2sou podej-je|} JO) SUOIINQlUiS|IPp JSjsued) jesH

[y
Loy

¢ x |«afo

O

ﬂkx <n ¢

o
o0axde

30v4 LvId
l l

St

=¢
|

000

8000

2100

9100

0200

200

8200

(¥, 998 Zli/nig) y

51



‘006 = @ 42
9SOU |BDJUOCD 4O} SUOILINGIJISIp Jassuedy jesq By eunbi4

-]

X
ve 02 9l 2l 8 14 oo

2000

oo
Qo
(@)
o]

000

Qo

® Ox @
e x| @O ©

]

S1
0100

oK <D

2100

somwoWN
ooaxoOe

3aN0D 06 = ¢

i _ 100

(¥o 298 ij/n1g) M
52



‘006 = ¢ 42
asou [eo1aayds jwoy IO} SUOIENGIIISIP J8jsuRl) JB3H  “ul a.nb1 4

-}
x
82 b2 02 9l 2l 8 14 (O
2000
o
o 8 o
a (o]
v o316 000
v 0 (o]
v O
X X X X o o
o a v \ﬂ.llJ_|||d.L 9000
o <o X (o]
o 5 o
®le Vv
5—o|-o— 5 8000
® ® | o W
Sl & @ a
21 © §—x—{0I00
6 X Pp
9 Vv
€ a
o ©O clo0
D
JYIHASINGH 06 = ¢
I L 100

53

(¥, 998 ,4/n1g) U



T 06 =P 4e

950U padR} (B[} JO} SUOILNQIJILSIP Jojsued) jedHd 1y aunbig
)
X
=74 v2 02 9l 2! 0,
2000
D
H &Ww g 000
v
X X X X
@ B 9000
3 X
T 0 ¢ 9
o3
- 8000
: |
X
° 1
® &
S| e L 4 * .
— & 100
210 T °
6 X
9 v
€ 0 )
o o S 2100

30v4 1V1d 06=9

| |

100

(¥o 998 Lii/nig) y

54



‘oSel = § 48
950U @D 1U0D J0j SUOILNGII4SIpP J8jsuedy teal °f7 8Jnbidg

Y

X
2 0C 9l 2l 8 14

2000

ww&%%w_%

D
Twoo.o
g |
8000
S|
21 M 0100
6 X
9 Vv
€ O
o © 2100
o
ANOD SEI=¢9
L ] 100

(4, 998 SH/nie) Y

55



‘otel = P 4R ~
ssou [ed14oydS|way Joj SUOI4NGIJLSip Jojsuedy 4edH  "¥L 8Indid

|

X
8¢ e 02 9l 2l 8 b oo

2000

O x&&
oo
Ox 8
Hos
®
®

@
®
gl ol e
u]
0

0N %xad

<o
—§— 9000
8]

8000

0100

2c100

-4}
onaxoe

JY3HASIWAH  SEI = ¢
! l 1 %100

(Y, 998 ZH/n1g) U
56



coggle= ¢ 4R

asou pece) [B|4 JOj SUOIINGIJiSip J9jsuedy (esH *yy e4nbi4
k-]
X
82 e 02 9l 2l 14 oo
2000
° |
® ®
¢ $000
® vmuv
(o
> ©_ ls000
X v
[n]
#v x
© 8000
% o
Sl @
2t O 0100
6 X ¢
9 v
p ° 2100
°° z
9vd LVId  SE1:=¢
~ - ! +100

¥y 998 2/nig)

57



be

02

-]

X
9l

‘008l = 9 4@
2SOU |PDIUCD JOj SUCILNGIJLSip Joysues)y sesH  “wy 2anBig

P —

12000

Lmn

000

8000

1]

o)
-

8000

Si

uomwmt_\_n
ooax$e

3NOD

08I =

¢
1

0100

2100

100

(Yo 998 ,i/nig)y

58



‘o008t = @ iR

asou [ea1uoyds jwaYy SO} SUOIINGIJISIP J9jsuedy jeeH “ufl ainB1 4

y
x
82 ve oz 9| 21 8 4 %
O L 2 m M v ® o
Qx m v 3
WI.@ $00°0
ol ¥ @
o Xlo ©
a v
¥ 9000
ol X X
n]
]
8000
o
. o
Sl @
2l o 0100
6 X
9 Vv
€ 0
0o o - 2100
D
JYIHISINGH 081 = ¢
I _ _ £100

(¥, 998 >i/n1@) U
59



N

‘08t = ¢ 4e
asou paoce} je|4 404 SUOIINGIULS(P LB4suetl {88H

9l

cl

*os s4nbiyg

J:ﬁ:no

0 xMla

Ox O«

<

¢

o
onDaxde

Jv4 Avid  081:=¢
i ] 1

2000

000

9000

8000

0100

2100

100

(¥, 998 Sh/nu8) Y

60



‘D=9 ‘o0 =0 je
JB Suo|INglU4S|p Jojsue.dy jedy jo Adewwns ‘eg aunbid

-
x

82 vz oz 9l 2l 8 b %

2000
dov o
1] v oV, f v Lk
a © 000
° v
O] o .
o
9000
B o
v
D 8000
o
(o}
0100
D
30v4 vid O
JYIHASINZH O ]
aNod v g 1°'°°
o=¢% o0=°?

_ I 100

61!

(Y, 298 ,4i/nsg) Y



‘0 =9 ‘o€ = O 4
SUO|INGII4S|P J245uRL] Jesy jo AuseumnS  *qg auanbi 4
Y
X
1374 e 02 91 4] e L4
o

HLIMMD38
{aow) nNIN
nn

3ovsd 1vd
IHIHHSINGH
3NOD

o=¢
] |

<00

2000

000

9000

8000

0100

2100

100

(Y4, 998 Hi4/n1g) Y

62



‘D=9 ‘09 =% le

SUCIING|JLS]P J@4s5uURL) 4edY JO Adeumwns  °og aunby 4

X
14 1L 02 9l ) 8 v 0 $00°0

S~ 9000

— e . —— e —-— - 04
D /

\ 0100
o¥\
o \
/ 2100
\
\
oV
HLIMM¥O3E8 ————
(QON) NI —-— H4+100
[} 1Y
nn
Pv4 v O
JYIHASINZH  © .
aNod v $100
o
O=¢ 9:=7

_ _ 8100

63

(Y, 208 /i) ¥



‘o0 =@ ‘o = B 4B

SUO|LNQIJ4S (P Jo4sued) jesy jo Augeuuns °pg sanbig
-]
x
[ 74 e 0e 9l el 8 4
[j
D /
oV ﬂ O
_ﬂ | °v g \
(o] v v
L) o]
— HLIIMIDEFE8 ————
(QOW) NI ———
3
vd Avi3 0O
— JNIHISINTH (o]
3aNOOD v
o=% 6:=0
| l

9000

8000

0100

cl00

100

9100

8100

0200

(¥, 998 Hli/nig) Y

64



D=9 ‘o2l =% &

SUOI1NglJ4S (P JojSUsy jesy 3o Asewung  °sg aanbj 4
H
) &
a2
_ ¢_~ o_u ol 2l ) s 6100
HLIMMO3E8 ————
niN N
V4 Ivid 0O
JHIHASINIH O 1]
N0V o LHﬂ A N ¥100
O=¢ 21=0» o o
Q v llLFlrl& d
o //o 9100
\
1)
8100
0 \©
o
v /<
\—1—9oz200
\
/. 2200
\
200

65

(e 998 oii/nig) 4



‘0 =9 ‘ol =1 e
SUOLINq ISP J9jSURL} jB3Y JO Aseuwuns °38 @4nbi4g

y
¥
oy & ve 02 91 21 8 v 0
#100
| 1 |
1 3FONIHI4TN X
HLIMNO3IE ==
(aow) N —==— . - 9100
- N ™~~~
VY4 1vd4 [ n]
JUIHASINIH (o)
B MvHO#O m_dnu‘ o qLﬂ / o100
\
Og %, 0200
Oo
@ b ,
\
1. v \ 2200
o / M
X X \
° 8\ $200
v \
i} '
ov H—{9z00
[}
it Sy S S S— gr 8200

66

(Hy 208 i)/n1g) N



08I

ge=Y/, €21I'=NN 9 =0

*GZ = Y/ aom =90 e
SUOLINgllSIp JBj5uRLy JRSY MD|}SS04] *eg auanbi g
¢
0S| ozl 06 09 %
20
/f
- ¥0
M ™. 90
OMLOHS3Y B NIHOD
30v4 1vid D o .
— JYIHASINIH O = g0
IN0D V

o'l

s

|

67



*GZ = Y/% ‘o6 =T }e

Je SUOI4NG|JISIPp J3)SURLL [RBY MO|}SSO0J) °qe 84nbj4

¢
06 09

OMLOHS3H 8 N3HOD

30V4 1vd
— 3Y3IHGSINIH
3NOD

|

gzt 221:-NN

a
o)
v

L

-]

o

20

v0

90

80

o'l

2| #

68



*6Z = Y¥/x ‘g2l =V e
SUOJ4NQIJiS|p J8}Supl) Ay MO[4SSOJ] °*dg aunbi 4

¢
0S| oz! 06 09 ot %

20

o

/
B 0

69

‘l.:d

OMLOHS3Y¥ 8 N3HOD
30vd 1vid O
3Y3HASIN3H O N

ANOD v
cz=Y ¢ce2:=Nw 21=2

| | o'l

80




o8l osl

ocl

*GZ = /X
SUOI{NG|JL S|P JO4SURIL LBBY MO|$550.4]

06

¢

uOm_

=T j}e

09

*pe 94nbj 4

(3

c62=Nn | 3ON3YIIY
OMLOHS3Y 8 N3HOD
30v4 LV

— JYIHJSINIH
3INOD

X

900

2= ¢62=NN GI=2

4

0

90

80

0l

=|

70



*as0u |edjuod 104 ushe| Adoajul

‘ep| sunbig4

-]
} 4
82 b2 oz ] r{ 8 v o)
vvvvhrrr valvrr rrr%vr
.1\\ \\
\\
¥3AVT AJONLN3 4= = XX
-
\ \\.\\x N
-
\\ \\Om_us /7/
-~ “cl=? AHVYANNOS ACQO8
‘\
n|||||||||l 1 Lm =
3INOD
{ |

0l

71



950U |edjJuaydsiwey 4oy aoAe| Adouajul

*qo1 9unbiry

AHVONNO8 AQOS8 -
\ — -1 -~ L
\-\ L d -~
P H - - 7”7
- ) _Z
_—T - \ ¥3IAVT AJOHLN3
- -
Illﬂnu 4
T\. 9 \m .o
\ \\ 1°
A 2l=®
IHIHASIWIH
] 1

ol

12



*asou pade} Je|j} 404 JdAe| Adodiul

-4
X

91 cl

*50] 84nb14

¥3AV AJOYINI

30vd 1vid
l l

o]

CCh

73



a=12°

PRESSURE
———=-= HEAT TRANSFER
== —— SHOCK

\ A — "
\\ ’+/ ”~ i
h ” \\
-
\\\-_-—4’,/ \
CONE

P
L ’———d- -\“c
\&<‘/ <=

v
e
- \
— //

~ /'
~ ~‘-——-Jr’/
HEMISPHERE
-1 [ -
/ P ~
[~ g
N //
\\ [ — ———"/
FLAT FACE
4 8 12 16 20 24 28
X
R

Flgure |la. Complete summary of data at @ = 12°, ¢ = O°,
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Figure i!b., Complete summary of data at a = i5°, & = 0°.
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