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Hypersonic Drag, Stability, and Wake
Data for Cones and Spheres

W. C. LYONS JR.,* J. J. BRADY,! AND Z. J. LEVENSTEINS!
U. S. Naval Ordnance Laboratory, White Oak, Silver Spring, Md.

Tests have been conducted in the Naval Ordnance Laboratory's ballistics ranges to investi-
gate the drag, stability, and wake characteristics of slender cones and spheres at very high
speeds. Drag coefficients were found to be linear functions of the mean squared angle of at-
tack. Zero angle of attack drag coefficients were correlated using a mean viscous interaction
parameter. Stability derivatives were found to be independent of the mean squared angle of
attack. Good agreement was obtained between the experimentally determined drag and sta-
bility coefficients and theory. The width of the turbulent viscous core behind both cones
and spheres was found to be proportional to the cube root of (xCDA). The constant of pro-
portionality was the same for cones and spheres and varied with flight Mach number. Wake
transition Reynolds numbers were found to be independent of the freestream body Reynolds
number for a constant Mach number, but strongly dependent on flight Mach number.
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Nomenclature

base area
Chapman viscosity constant
drag coefficient
drag coefficient at zero angle of attack
base drag coefficient
friction drag coefficient
pressure drag coefficient
friction drag increase due to induced pressure
friction drag increase due to transverse curva-

ture
pressure drag increase due to induced pressure
local skin-friction coefficient (referenced to local

dynamic pressure)
slope of the lift force coefficient
slope of the pitching moment coefficient
damping moment coefficient
slope of the normal force coefficient
center of gravity location measured from nose
center of pressure location measured from nose
base diameter
transverse moment of inertia
defined in Eq. (3)
length of model
mass of model
Mach number
static pressure
base radius
nose radius
local flow Reynolds number based on boundary-

layer momentum thickness
freestream Reynolds number based on arc

length
incipient wake transition Reynolds number

based on freestream conditions
fully turbulent wake transition Reynolds num-

ber based on freestream conditions
total wetted area
absolute temperature
velocity
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x = downstream distance measured from base of
model

x\ = distance to incipient transition measured from
base of model

£2 = distance to fully turbulent transition measured
from base of model

ex. = angle of attack
a2 = mean squared angle of attack
7 = ratio of specific heats
5 = diameter of turbulent core of wake
Bc = cone half angle
n = viscosity
p = density
X = viscous interaction parameter
XM = mean viscous interaction parameter [see Eq.

(2)]

Subscripts
c = inviscid sharp-nosed cone surface conditions
e = local conditions just outside the boundary layer
oo = ambient range conditions

Introduction

WITH vehicles flying at very high speeds and high alti-
tudes, a high Mach number, tow Reynolds number flow

regime exists which is of considerable interest. It is well
known that, at high Mach numbers and low Reynolds num-
bers, the laminar boundary layer can become very thick.
In fact, for slender cones flying at hypersonic Mach numbers,
the boundary-layer thickness can be the same order of mag-
nitude as the radius of the cone. The thick boundary layer
can significantly alter the inviscid flow field about the body.
This phenomenon has been described by Hayes1 and Prob-
stein.1- 2 Since boundary-layer characteristics are depend-
ent upon inviscid flow field characteristics, an interaction
between the two regions exists. Pressures are induced in the
inviscid flow field which can affect both the aerodynamic
drag and the stability characteristics of the body. Trans-
verse curvature effects can significantly increase the skin-
friction drag on the body. Theoretical analyses of trans-
verse curvature and induced pressure effects due to thick
boundary layers on slender bodies have been presented by a
number of authors.2"4

Experimental results of force and moment tests on slender
cones in hypersonic wind tunnels have recently been re-
ported.5- 6 Zero-lift drag coefficients were correlated by
Whitfield and Griffith6 using a freestream viscous parameter
defined as Mm(Cm/Rma)112.
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Table 1 Test conditions for drag and stability data

Test Pa
Shot rB gas mm

4885 0.2 air 100.
4897
4901
4910
4912
4913
4916
4917
4918
4937
4939
4943
4951
4966

268
276
277
279
281
282
284
286
287
299

N2 98.
J

^

^ 21
61.
63.
21.
60.

' 100.
N2 20.
air 24
N2 26.
f 153.
| 274

N2 94.
air 5.

i

301 0.2
306 0.5
308 0.5
310 0.5
319 0.2

\ 5.

D>

Hg
3
8
4
0
4
9
5
9
5
6
2
9
1
5
08
54

5.54
5.
5.
5.

197.
5.

59
00
21
5
21

5.13
5.
4.

140.
147.
149.

1 4.
322 0.2 air 4.

23
93
2
1
6
83
76

Tm,
°R

533~
533
531
533
533
531
533
534
532
535
534
534
535
539
514
517
517
517
519
519
519
521
521
527
529
531
532
536
533
532

va,
fps

14,730
14,940
15,280
13,760
14,180
14,300
15,110
14,930
15,100
14,950
14,500
14,200
14,410
12,530
16,810
16,670
17,000
16,870
17,270
17,180
16,340
18.320
18,200
14,740
18,280
12,930
13,320
14,700
17,290
17,100

Mm

12.96
12.92
13.24
11.90
12.27
12.39
13.07
12.90
13.06
13.13
12.74
12.50
12.65
10.96
15.06
14.89
15.19
15.07
15.40
15.32
14.57
16.30
16.19
13.04
16.14
11.39
11.73
12.90
15.21
15.05

#00, X 10 ~6

1.355
1.368
0.303
0.778
0.833
0.291
0.848
1.396
0.287
0.328
0.352
2.026
3.661
1.098
0.084
0.087
0.091
0.091
0.084
0.084
3.090
0.091
0.087
0.073
0.084
4.204
4.540
5.028
0.077
0.074

XM

0.514
0.517
1.292
0.634
0.639
1.187
0.700
0.511
1.306
1.188
1.108
0.386
0.276
0.455
3.218
3.047
3.106
3.069
3.344
3.251
0.373
3.464
3.475
2.775
3.584
0.214
0.214
0.232
3.443
3.429

Mm

(#oos)1/2

0.0111
0.0128
0.0241
0.0135
0.0134
0.0230
0.0142
0.0118
0.0244
0.0229
0.0215
0.0088
0.0066
0.0105
0.0519
0.0505
0.0503
0.0499
0.0531
0.0528
0.0083
0.0540
0.0549
0.0483
0.0556
0.0056
0.0055
0.0058
0.0548
0.0553

The data being reported here are from free-flight ballistics
range tests of slender cones. These tests, ranging in free-
stream Mach number from approximately 12 to 16, were con-
ducted at true velocities and therefore represent conditions of
extremely high heat-transfer rates.

Because of the current importance and interest in wake
flows, data on the growth of the viscous core of the wake and
on the location of transition from laminar to turbulent flow
in the wake are presented.

Description of Tests

Tests have been conducted in the Naval Ordnance Labora-
tory's (NOL) Pressurized Ballistics Range No. 3 and Hyper-
ballistics Range No. 4 for the purpose of investigating the drag,
stability, and wake characteristics of slender cones. These
facilities are described in Ref. 8. The models used for these
tests were 8° half-angle cones with nose to base radius ratios
of 0.035. A sketch of this model is shown in Fig. 1. Wake
characteristics are also presented for a 6.3° half-angle cone
with a nose to base radius ratio of 0.03 and for spheres.
Model sizes are listed in Tables 1 and 2. Drag and stability
characteristics from the NOL free-flight tests of the 6.3° half-
angle cones have been previously reported.7

r N / r B = 0.035
dB = 0M4 ( FOR ALL SHOTS EXCEPT

306, 308, AND 310)
d =l!b(FOR SHOTS 306,308,

AND 310)

A list of the test conditions for the 8° and the 6.3° half-
angle cone tests is presented in Tables 1 and 2. The sphere
firings were made at velocities of approximately 16,500 fps
and at ambient range pressures from 40 to 200 mm Hg.
The average ambient range temperatures for these tests
varied between 514° and 538 °R with the Hyper ballistics Range
No. 4 generally having the lower temperatures. It was as-
sumed that the wall temperature of the models did not vary
significantly during the very short flight times.

These drag, stability, and wake data were obtained using
spark shadowgraph instrumentation. Figure 2 is a spark
shadowgraph photograph from shot 4951.

Drag and Stability Data

Data Reduction

The ballistics range technique for determining drag and
static and dynamic forces and moments consists of fitting an
appropriate equation to the accurately determined position
coordinates of the model measured at discrete points along its
trajectory. The six-position coordinates are obtained from
orthogonal spark shadowgraph stations located at prescribed
points in the range. The time of spark triggering for each
of the stations is recorded on a chronograph. A description
of the range data reduction techniques is given in Ref. 8.
The values of the drag coefficients, their probable errors, and
the mean squared angle of attack associated with each
coefficient for the 8° cones are tabulated in Table 3. The

Fig. 1 Model configuration and nomenclature. Fig. 2 Spark shadowgraph photograph from shot 4951.
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Table 2 Wake transition data

&o, d,
Shot deg .rN/rB in.

4302 6.3 0.03 0.222
4307
4309
4335
4336
4337
4338
4339
4400
4401
4402
4299 >

\
0.444
0.222

1v
4296 6.3 0.03 0.222
4885 8.0 0.035 0.400
4897 i
4916
4917
4939
4943
4951
5030
5032
5045
284
308 \

k t

f ,

t i

'

^

0.400
0.800
0.800
0.800
0.400
1.000

310 8.0 0.035 1.000

Poo,
mm Hg

85.8
98.5
63.2
50.7
82.9

100.2
76.4
97.8
56.2
62.4
37.7
77.1
99.9

100.3
98.8
60.5

100.9
26.2

153.9
274.1
192.4
66.0
81.4

197.5
147.1
149.6

Moo

9.04
8.21
9.34
9.14
9.08
9.13
9.13
9.26
9.13
9.04
9.20
9.17
9.00

12.96
12.92
13.07
12.90
12.74
12.50
12.65
6.67
8.63
9.48

14.57
11.73
12.90

Rood
X 10-*
0.128
0.134
0.098
0.076
0.124
0.152
0.114
0.310
0.084
0.092
0.057
0.117
0.152
0.390
0.384
0.238
0.392
0.100
0.576
1.030
0.767
0.340
0.465
0.900
1.296
1.450

xi/d
18.50
9.45

16.10
21.4
13.96
8.11

15.25
5.14

21.5
25.6
21.4
20.20
7.39
7.38
6.60

12.5
5.74

32.50
6.00
3.25
1.10
4.44
3.16
5.00
2.92
4.22

x,/d

15.20

19.92
17.76

8.93

15.41
16.74

13.05

11.' 60
7.41

6. *50

13.60
5.39
6.69

Rcoxi
X 10-6

2.38
1.27
1.57
1.63
1.73
1.32
1.74
1.59
1.80
2.25
1.25
2.5
1.122
2.88
2.53
2.98
2.25
3.25
3.46
3.35
0.844
1.51
1.47
4.50
3.79
6.10

#oo*2
X 10-6

2.05

2.46
2.70

2.77

2.34
6.53

5.45

6.68
7.63

2.21

12*30
7.00
9.70

static and dynamic stability coefficients for the 8° cones to-
gether with their probable errors (P.E.) as well as the center
of pressure locations are also included in Table 3.

Data Analysis

Effects resulting from the slight blunting of slender bodies
have been discussed in the literature.9 The local flow prop-
erties at the outer edge of the boundary layer, particularly
the Mach number, deviate considerably from the inviscid
sharp cone values. The zero angle of attack local flow prop-

erties (Me, Te) for the portion of the body from the nose
tangent point to the base were computed for each shot.
These computations were performed using an IBM-7090
and the method described in Ref. 10. This method takes into
account the curved bow shockwave that exists for slightly
blunted slender bodies and allows a variation in total pressure
along the outer edge of the boundary layer on the conical
portion of the body. It assumes, however, that the static
pressure along this surface is constant and equal to the
inviscid sharp nosed cone value. Figure 3 shows the computed
local Mach number variation along the model for the conditions
of shot 282.

It has been shown that the viscous interaction effects be-
tween the boundary layer and the inviscid flow field are de-
pendent on a viscous interaction parameter x,1 defined as

where C is the constant of proportionality in the linear vis-
cosity-temperature relation suggested by Chapman.11 It
can be seen that % is strongly dependent on the Mach num-
ber. It was shown in Fig. 3 that the local Mach number Me
deviates considerably from the constant Mach number that
would exist on a sharp nosed cone. It was therefore decided

Fig. 3 Local Mach number distribution over a blunted
cone for shot 282.

0.214-0.276
0.373-0.386
0.455-0.517
0.634-0.700
1.108- 1.306

2.775
3.047-3.106
3.218-3.251
3.344-3.475

Fig. 4 Local viscous interaction parameter over a blunted
cone for shot 282.

Fig. 5 Correlation of total drag coefficient with mean
squared angle of attack.
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to characterize the viscous effects on the aerodynamic data
obtained from these tests by a mean viscous interaction
parameter XM- This mean value of XM was obtained by
first computing local values of the interaction parameter
Xe using the computed local properties. Values for XM
were then found numerically from the following equation:

XM = I /. X* (2)

Values for XM were computed for each shot and are listed in

Tables 1 and 3. In Fig. 4, the distribution of \e along the
length of the cone is shown for shot 282.

Drag Data

The drag coefficients from these tests have been grouped
according to the value of XM which was computed for the
particular shot. These drag coefficients have been plotted
in Fig. 5 as a function of the mean squared angle of attack
for the shot. Parallel straight lines have been faired through
each XM grouping of points. It can be seen from Fig. 5 that,

Table 3 Drag and stability data

Shot

Symbol
Mco

#00 X 10 ~6

V'
5J(deg)2

P.E.(«)
P.E.(c.g.)
CD
P.E.
CD,
CLa/r&d
P.E.
C Na/T&d
P.E.
C Ma/rad
P.E.
c.p./L
CM,, + CM*
P.E.

Shot

Symbol
Moo

#00 X 10-6

x*.f
JfW)2

P.E. (a)
P.E. (e.g.)
CD
P.E.
CDO,
C La/r&d
P.E.
C TVa/rad
P.E.
CWa/rad

P.E,
c.p./L
CMO ~h CM<X
P.E.

Shot

Symbol
M<»
#00 X 10-6
"y **XM-
£T<deg)2
P.E. (a)
P.E. (e.g.)
CD
P.E.
CDo
C La/Tad
P.E.
CWrad

P.E.
CWa/rad
P.E.
c.p./L
CMQ + CM*
P.E.

4885

A
12.96
1.355
0.514
2.4
0.0068
0.022
0.1010
0.0004
0.0986
2.5
1.1
2.6
1.1

-0.94
0.02
0.705

4939

Q
12.74
0.352
1.108

37
0.0060
0.018
0.134
0.002
0.096
1.9
0.2
2.0
0.2

-0.574
0.006
0.683

-2.0
4.0

284

o
14.57
3.090
0.373

26.7

0.1028
0.0001
0.0756

4807

A
12.92
1.368
0.517
9.5
0.013
0.032
0.0831
0.0006
0.0734
2.0
0.5
2.1
0.5

-0.61
0.01
0.685

-5.2
5.6

4943

O
12.50
2.026
0.386
7.3
0.0096
0.017
0.0733
0.0004
0.0658
2.0
0.3
2.1
0.3

-0.632
0.009
0.687

-6.2
2.8

286

n
16.30
0.091
3.464

61
0.009
0.037
0.204
0.003
0.142
1.9
0.2
2.1
0.2

-0.550
0.005
0.676

4901

Q
13.24
0.303
1.292

106
0.0035
0.011
0.205
0.002
0.0969
1.78
0.04
1.98
0.04

-0.526
0.001
0.678

-9.3
1.4

4951

O
12.65
3.661
0.276
0.6
0.0050
0.007
0.0638
0.0003
0.0632
2.2
0.5
2.3
0.5

-0.860
0.009
0.709

287

D
16.19
0.087
3.475

270
0.012
0.042
0.414
0.002
0.139
1.87
0.09
2.28
0.09

-0.572
0.004
0.672

-8
6

4910

O
11.90
0.778
0.634

213
0.018
0.033
0.301
0.002
0.0837
1.77
0.08
2.07
0.08

-0.608
0.004
0.686

-8.3
3.6

4966

A
10.96
1.098
0.455
5.8

0.0900
0.008
0.084

299

V
13.04
0.073
2.775

361
0.020
0.028
0.536
0.002
0.168
1.8
0.2
2.3
0.2

-0.61
0.01
0.677

4912

O
12.27
0.833
0.639

153

0.222
0.002
0.0659

268

9
15.06
0.084
3.218

318
0.017
0.040

2.1
0.2
2.4
0.2

-0.451
0.008
0.659

301

0
16.14
0.084
3.584

373
0.010
0.034
0.546
0.005
0.166
1.7
0.1
2.3
0.1

-0.586
0.003
0.673

-7.0
5.0

4913
Q

12.39
0.291
1.187

266
0.016
0.029
0.358
0.008
0.0867
2.1
0.1
2.4
0.1

-0.595
0.006
0.672

-11.4
6.5

276

0
14.89
0.087
3.047

98
0.012
0.050
0.223
0.002
0.. 123
2.2
0.2
2.4
0.2

-0.554
0.006
0.668

306

O
11.39
4.204
0.214

12.3
0.010
0.038
0.0792
0.0004
0.0666
1.8
0.2
1.9
0.2

-0.420
0.009
0.665

-10
4

4916

0
13.07
0.848
0.700

19.0
0.0077
0.014
0.1016
0.0009
0.0822
2.07
0.09
2.17
0.09

-0.52
0.01
0.670

-10.3
9.0

277

0
15.19
0.091
3.105

301
0.012
0.040
0.436
0.002
0.129
1.7
0.1
2.1
0.1

-0.554
0.002
0.677

-2
4

308

O
11.73
4.540
0.214
6.0

0.0734
0.0007
0.0672

4917

A
12.90
1.396
0.511
9.8

0.087
0.002
0.0770

. . .

279

0
15.07
0.091
3.069

275
0.008
0.035
0.400
0.005
0.120
1.84
0.09
2.24
0.09

-0.511
0.002
0.668

-10
3

310

O
12.90
5.028
0.232
0.2

0.0604
0.0004
0.0602

4918

Q
13.06
0.287
1.306

27.0

0.0116
0.004
0.0885

281

n
15.40
0.084
3.344

166
0.012
0.050
0.316
0.002
0.147
2.0
0.2
2.3
0.2

-0.527
0.004
0.668

-1.1
0.7

319

n
15.21
0.077
3.443

51.2
0.015
0.055
0.209
0.002
0.157
1.8
0.5
2.0
0.5

-0.722
0.009
0.644

4937

Q
13.13 '
0.328
1.188

132
0.0052
0.021
0.234
0.002
0.099
1.9
0.1
2.1
0.1

-0.544
0.004
0.675

-5.0
3.0

282

•9
15.32
0.084
3.251

270
0.010
0.043
0.404
0.002
0.129
1.8
0.1
2.2
0.1

-0.532
0.002
0.670

-10
4

322

n
15.05
0.074
3.429

119.4
0.024
0.039
0.262
0.004
0.140
2.8
0.3
3.1
0.3

-0.47
0.01
0.644

-11.0
15.0
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Fig. 6 Correlation of zero angle of attack drag coefficients
with mean viscous interaction parameter.

200

a 2 (DEG 2 )

Fig. 8 Comparison of experimental values of Cz,a with
Newtonian impact theory.

out of a total of 29 points, only 4 points deviated more than
5% from the straight line associated with a particular group-
ing. The slope k of these straight lines was used to reduce
the drag coefficient measured for each shot to an equivalent
zero angle of attack value using the equation

CD = CD- (3)

Values of CDO for each shot are listed in Table 3.
In Fig. 6, the values of CDO are presented as a function of

XM. The family of three curves also shown in this figure
was theoretically computed. The theoretical values of CDO
were obtained by summing six components of drag as follows:
1) inviscid pressure drag, CDP] 2) friction drag neglecting
interaction effects, CDF'} 3) increase in pressure drag due
to induced pressure, ACz>P(t.p); 4) increase in friction drag
due to induced pressure effects, ACjv^; 5) increase in fric-
tion drag due to transverse curvature effects, A(7£>^(ic); and
6) base drag, CDB.

The inviscid pressure drag coefficient was determined by
assuming that inviscid cone pressure existed over the conical
portion of the body. The component of the local force in
the direction of the longitudinal axis of the body was in-
tegrated over the conical portion of the body and then refer-
enced to freestream dynamic pressure and the base area
of the body to obtain a drag coefficient. Using Newtonian
impact theory, a drag coefficient was computed for the
spherical nose cap again using freestream dynamic pressure
and base area of the body as the reference. The sum of
these two coefficients determined the inviscid pressure drag
coefficient CDP>

The drag coefficient due to skin friction was obtained by
first computing a local skin-friction coefficient for points along
the body. The local force components in the direction of
the longitudinal axis of the body were then integrated over
the conical portion of the body and referenced to freestream
dynamic pressure and base area. The local skin-friction
coefficient was computed from equations given in Ref. 12
and presented in the form used here in Ref. 10 as

(0.644)2 T.
R« T' (4)

where

T'/T. = 1 + 0.076(7 - l)Me
2 + 0.481 [(Tw/Te) - 1] (5)

The increase in the pressure drag coefficient due to induced
pressure and the increases in the friction drag coefficient due

Fig. 7 Correlation
of zero angle of at-
tack drag coefficients
with freestream vis-

cous parameter.

to induced pressure and transverse curvature were computed
using the equations given by Probstein.2 For the base drag
coefficient, it was assumed that a vacuum existed at the base:

For the conditions at which these tests were conducted,
the viscous interaction effects on the total drag coefficient
were comparatively small. To illustrate the importance of
the various drag components, a sample computation was
made for a freestream Mach number and Reynolds number
of 15.3 and 8.4 X 104, respectively. The results are pre-
sented in Table 4. The mean viscous interaction parameter
for this computation was 3.25.

Reference 6 contains the only other hypersonic slender
cone drag data available at conditions where viscous inter-
action effects were significant. Since it was shown in Ref. 6
that the drag coefficients could be correlated in terms of a
freestream viscous parameter Mm(Cm/Rmt)1/2, it was decided
to also present the drag coefficients from these ballistics range
tests as a function of this viscous parameter. Since it was
assumed for these tests that the wall temperature was equal
to the ambient range temperature, the constant Cm equaled
unity. Figure 7 shows that these data also appear to cor-
relate with this parameter

Static Stability Data

The static stability derivatives and the center of pressure
locations have been presented in Figs. 8-10 as a function of
the mean squared angle of attack. Also presented for each
of these parameters is a theoretically computed curve. These
curves have been determined using Newtonian impact
theory, and the computations were performed using the
equations and tables in Ref. 13. The derivatives were ob-
tained by computing the appropriate force or moment coeffi-
cients and then dividing them by the angles of attack for
which they were computed. This is consistent with the
linear assumption made in the ballistics range data reduction
procedures.

Referring to Figs. 8-10, it is seen that there is no meas-
urable variation in the derivatives or the center of pressure
locations with angle of attack with the exception of data
obtained at very small angles of attack. This indicates
that the force and moment coefficients are linear over

ALL VALUES OF CMaHAVE
BEEN REFERRED TO A
CENTER OF GRAVITY
AT 60% L

NEWTONIAN

0.03 0.04 0.05 0.06 Fig. 9 Comparison of experimental values of Cj/a with
Newtonian impact theory.
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Fig. 11 Sketch of wake flow configuration.

Fig. 10 Comparison of experimentally determined c.p.
location with Newtonian impact theory.

most of the angle of attack range considered, which is the
assumption made in the data reduction procedures used.
Further, within the accuracy of these data, it was not possible
to discern any viscous effects on these parameters, again with
the possible exception of very small values of a2. It is also
noticed that the Newtonian impact theory, which neglects
any viscous effects, can be used to predict these aerodynamic
parameters. However, at very low angles of attack [below
approximately 3° (a2 < 10)], there seems to be a slight in-
crease in the experimental derivatives and a slight aft move-
ment of the center of pressure location. It has been reported
in Ref. 14 that experimentally measured pressure distribu-
tions over a slender cone at angle of attack could be predicted
accurately using Newtonian impact theory except at small
values of a. At angles of attack less than about 3°, New-
tonian impact theory was not accurate for predicting the
pressure. This is indicative of viscous effects altering the
pressure distribution over slender cones at small angles of
attack but becoming insignificant as the angle of attack
increases. Since the stability derivatives are predominately
pressure-dependent parameters, this trend of increasing
values for the stability derivatives obtained in these current
tests at very low angles of attack perhaps also reflects a vis-
cous effect on these parameters.

Wake Flow Results

All of the experimental results presented in this section
were obtained from measurements made on shadowgraph
photographs of the wake flow. The shadowgraph instru-
mentation was sufficiently sensitive to record wake flow
details behind the cones at an ambient range pressure of 20
mm Hg. However, behind spheres, the hypersonic wake
flow was invisible by shadowgraph technique for about the
first 200 diam downstream even at an ambient range pressure
of 200 mm Hg. In this section are presented turbulent vis-
cous core growth results for both cones and spheres and
transition from laminar to turbulent flow results for cones.
A sketch of the wake flow configuration and the pertinent
nomenclature are shown in Fig. 11. For comparison, some
results obtained at Massachusetts Institute of Technology/
Lincoln and Avco/RAD ballistics ranges are presented.

Table 4 Computed drag coefficient components

Drag coefficient Percent of total

CDP
CDF
AC.Dpk-p)
ACD^
ZA(_/ Dp(te)
O jDjs

C'-DTotal

0.0427
0.0643
0.0069
0.0037
0.0063
0.0061
0.1300

32.9
49.5
5.3
2.8
4.8
4.7

100.0

Growth of Turbulent Core

The width of the turbulent core d was determined from
measurements made on a series of simultaneously exposed
shadowgraph photographs of the wake. It was decided to
record an average width for a 7-in. length of the turbulent
core. The averaging was achieved by tracing the boundary
of the shadowgraph of the turbulent core with a planimeter.
Then the core width d was obtained by dividing the pla-
nimeter reading by the 7-in. length.

Townsend15 shows that for incompressible "self-preserving"
turbulent wake flow the width of the viscous core d is pro-
portional to the cube root of CnA(x — x0). CD is the total
drag coefficient of the body, A the area on which the drag
coefficient is based, x the downstream distance behind the
body, and XQ is a virtual origin of the wake. In equation
form, this can also be written as

d/d
(6)

where d is the body diameter and K is a constant of propor-
tionality. Following the incompressible results, an analysis
of the NOL core growth data showed that the virtual origin
XQ was zero. A logarithmic plot of (5/d)(7z>~1/3 vs x/d of the
NOL results for both spheres and cones is shown in Fig. 12.
Also shown in the figure are the freestream Mach numbers
Moo and freestream Reynolds numbers based on body diam-
eter Rmd at which the data were obtained. A constant
drag coefficient of 0.9 was used for the spheres. The drag
coefficients for the 8° half-angle cones were experimentally
determined from ballistics range firings. From Fig. 12 it
can be seen that the turbulent core growth in the wake
region between 200 and 800 body diameters behind both
spheres and cones is the same. For the Reynolds number
variation in these experiments, there was no effect of this
parameter on the development of the turbulent core. The
equation of the curve that described the core growth for 20
to 800 body diameters behind cones and 200 to 800 body
diameters behind spheres is

d/d
cv/3

rr\i

i) (7)

S/d
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Fig. 12 Sphere and cone wake turbulent core growth re-
sults obtained in the NOL ballistics ranges.
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Fig. 13 Spbere and cone wake turbulent core growth re-
sults obtained in Lincoln Laboratory ballistics ranges and
comparison of these results with NOL hypersonic and

Townsend's incompressible results.

A similar correlation of cone and sphere turbulent core
width data obtained by Slattery and Clay16 is shown in Fig.
13. These data were obtained over a wide range of free-
stream Reynolds numbers. The freestream Mach numbers
were 5 for the cones and 7.7 for the spheres. The turbulent
core width was measured from a single schlieren photograph
obtained during a shot. In order to present the Massachu-
setts Institute of Technology/Lincoln Laboratory data
in a form suitable for analysis, a drag coefficient of 0.9 was
assumed for the spheres. The drag coefficients for the 12.5°
half-angle cones including pressure, skin friction, and base
drag effects were theoretically computed. When x/d is less
than 100, there is a great deal of scatter of the results.
Also, in this region of the wake there appears to be a Reynolds
number effect on the wake width. At the low Reynolds
numbers, the core widths are greater than at the high ones.
If the functional relationship of Eq. (6) and virtual origin
XQ equal to zero are assumed for these results, the constant
of proportionality K that fits the results is 0.7. For com-
parison. Fig. 13 includes the following two other curves, the
curve with K = 0.9 describing NOL results obtained at
Mach numbers from Mm = 12.3 to 14.4, and the curve
describing the turbulent core growth behavior of an incom-
pressible wake. The latter one is Townsend's solution for
the axisymmetric wake width,15 where K = 0.47 was com-
puted by letting the equilibrium flow constant RT = 14.1
and the virtual origin of the wake XQ again equal zero. A
few core width data points from low supersonic Mach num-
ber sphere firings in NOL ballistics ranges also fall on Town-
send's curve. These data points are not shown in Fig. 13.
From the results shown in Fig. 13, it appears that the con-
stant of proportionality K is a function of the flight Mach
number. The constant of proportionality increases as the

-
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Fig. 14 Correlation of incipient wake transition Reynolds
number.

Fig. 15 Correlation of fully turbulent wake transition
Reynolds number.

flight Mach number increases. A similar Mach number
effect on the behavior of the hypersonic turbulent wake was
found by Lykoudis17 from theoretical considerations.

Transition from Laminar to Turbulent Flow
in the Cone Wake

The length of laminar flow in the viscous core of the wake
was measured on shadowgraph photographs obtained from
hypervelocity firings of 6.3° and 8° half-angle cones. Figure
2 is a shadowgraph of an 8° half-angle cone wake at Mm =13
and ambient range pressure Pm = 100 mm Hg. There were
two length measurements made: xi, the distance from the
cone to the first appearance of instability in the laminar
flow of the viscous core, and xz, the distance from the cone to
where the flow in the viscous core appears to have become
fully turbulent. The test conditions, the measured x\ and
x% distances, and the wake transition Reynolds numbers are
listed in Table 2.

Both the xi, the incipient transition data and x2, the fully
turbulent transition data were correlated by forming the
wake transition Reynolds numbers R^ and Rnl2, respectively,
and plotting them vs the freestream body Reynolds number
Rmd. Figure 14 shows the incipient transition Reynolds
number results. The solid symbol in the 6C = 6.3° cone re-
sults represents a cone with a base diameter of 0.444 in.
The open symbols are for 0.222 in. base diameter cones.
The base diameters for the 8° half-angle cones were 0.400,
0.800, and 1.000 in. Thus, the variation in the body Reyn-
olds number was obtained by both ambient range pressure
and base diameter variations. The two solid symbols in the
8° half-angle 1.000-in. base diameter cone results are for data
obtained in the Hyper ballistics Range No. 4. Because of the
smaller size of the shadowgraph photographs in this ballistics
range facility, the two data points are considered less reli-
able than the data obtained in the Pressurized Ballistics Range
No. 3. Therefore, it is not certain whether the high values
of the wake transition Reynolds number show a body scale
effect or merely poorly determined data. Also included
in Fig. 14 are some incipient transition results for 10° half-
angle cones obtained at various freestream Mach numbers
and Reynolds numbers in the Avco/Rad ballistics ranges.18

Figure 15 is a similar correlation of the fully turbulent
transition Reynolds number results. In addition to the
NOL and Avco/RAD results, there are also shown transition
results obtained by Slattery and Clay in the Massachusetts
Institute of Technology/Lincoln Laboratory's ballistics
ranges.16 The open symbols represent 0.375 in., the solid
symbols 0.1875 in. base diameter 12.5° half-angle cones.
Both Avco/RAD and Lincoln Laboratory transition data
were obtained from measurements made on schlieren photo-
graphs of the wake.
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Fig. 16 Effect of freestream Mach number on wake
transition Reynolds numbers.

From both the incipient transition and fully turbulent
transition data correlations (Figs. 14 and 15) it appears that
there exists a constant freestream wake transition Reynolds
number independent of freestream body Reynolds number,
but strongly influenced by the freestream Mach number.
The existence of a constant transition Reynolds number
independent of body diameter was mentioned by Lees19 in his
description of a hypersonic wake flow model. From a cor-
relation of blunt-body wake transition data, Demetriades and
Gold20-21 found a similar result.

The values of both wake transition Reynolds numbers
#00^ and Rmxo as a function of the flight Mach number are
shown in Fig. 16. The solid symbols represent the incipient
transition Reynolds numbers, and the open symbols repre-
sent the fully turbulent ones. It appears that the transition
zone of the viscous core increases in length with an increase
of the flight Mach number.

Conclusions

Hypersonic drag, stability, and wake characteristics for
slender slightly blunted cones have been determined in a
free-flight ballistics range.

The drag coefficients are linear functions of the mean
squared angle of attack for constant values of flight Mach
number and Reynolds number. The slope of these lines
remains constant for different flight conditions and the lines
are simply translated to give different values of Cz>0.

For fixed flight Mach number, the values of CDQ can be
correlated using a mean viscous interaction parameter XM.
By assuming constant inviscid sharp cone pressure and by
using a local Mach number distribution that exists because
of slight nose bluntness, the values for CDO were theoretically
predicted.

For values of the mean squared angle of attack up to 400
deg,2 the static stability derivatives and the location of the

center of pressure are essentially constant. This implies
that the force and moment coefficients are linear functions
of the angle of attack. For the preceding range of angle
of attack, the static stability derivatives and locations of the
center of pressure can be predicted using Newtonian impact
theory.

With the possible exception of very small angles of attack,
there do not appear to be viscous effects on the static sta-
bility characteristics of slender cones. At small angles of
attack (a2 < 10) there appears to be a slight trend toward
increased values of the stability derivatives and an aft
movement of the center of pressure location.

In the region between 200 and 800 diam behind the bod}^
the growth of the turbulent viscous core of the wake behind
both cones and spheres is the same.

In the wake region between 20 and 800 diam behind cones
and 200 and 800 diam behind spheres, the width of the turbu-
lent viscous core is proportional to the cube root of (xCDA).
This constant of proportionality is a function of the flight
Mach number.

Transition from laminar to turbulent flow in the viscous
core of the wake behind slender cones can be described by
freestream wake transition Reynolds numbers. Both the
incipient and the fully turbulent wake transition Reynolds
numbers appear to be independent of the freestream body
Reynolds number for a constant Mach number, but strongly
dependent upon the flight Mach number. The length of the
transition zone increases with increasing flight Mach numbers.
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A Theoretical Study of the Inviscid Hypersonic Flow about a
Conical Flat-Top Wing-Body Combination

PAUL MANDL*
National Research Council, Ottawa, Ontario, Canada

By combining the theory of linearized characteristics with the hypersonic small disturb-
ance approximation, explicit expressions are derived for the shock shape, the flow field, the
surface pressure distribution, and the aerodynamic forces for a delta wing and half-cone
combination traveling at hypersonic speeds and small incidence. The theory is applied to
a particular configuration for which surface pressure measurements are available. The theo-
retical and experimental pressure distributions agree quite closely on the body surface; but
in the wing-body junction and on the wing, the theory predicts pressures that are too low.

a
b
CA
CD
CL
CN

jin,

Nomen cl ature
= local speed of sound
= total wing span
= axial force coefficient
= drag coefficient
= lift coefficient
= normal force coefficient
= pressure coefficient [(p — p^/^pJU 0

2]
= specific heat at constant volume

= Fourier coefficients
= spanwise distance measured from windward

generator
= freestream Mach number
= flow Mach number perpendicular to leading edge
= vector normal to shock surface
= absolute pressure
= fluid velocity vector
=• magnitude of fluid velocity
= limit speed
= spherical coordinates (Fig. 1)
= specific entropy
= nondimensional entropy

Um = freestream velocity
uzn, vzn, w*n = Fourier coefficient associated with fluid velocity
szn — Fourier coefficient associated with entropy

distribution
a = incidence of configuration axis
y = ratio of specific heats
5 = angle between shock normal and meridian plane
e = density ratio across cone shock
9c______= semiapex angle of cone
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R,0,4>
S
s

0S = local shock wave angle
X = semiapex angle of wing
p — density
x, = shock angle (Fig. 3)
x' = angle between velocity perpendicular to leading edge

and leading edge shock

Subscripts and Superscripts
00 = freestream

e = region downstream of leading edge shock
0 = axially symmetric flow
b = body
w = wing

1. In trod uction

CURRENT interest in orbital gliders and lifting hypersonic
vehicles has stimulated both theoretical and experi-

mental work on the prediction of flow fields about such
configurations. As a suitable aircraft design developing high
lift-drag ratios in hypersonic flight, a flat-top wing-body
combination has been proposed in Ref. 1. This configura-
tion consists of a thin, highly swept delta wing beneath
which is mounted a half conical body.

Although experimental data on flat-top configurations are
being steadily accumulated, there exist relatively few theo-
retical studies of the flow about such shapes. A method for
predicting the aerodynamic forces on flat-top configurations
has been presented in Ref. 2. Since it is based on linear
theory, its validity is necessarily restricted to the low super-
sonic speed range. In Ref. 3, a semiempirical method based
on the inviscid conical flow equations has been devised for
predicting the hypersonic flow about slender flat-top con-
figurations. Although the agreement between the predicted
and the experimental surface pressure distribution is remark-
ably good, the theory is in error because the calculated pres-
sures on the wing do not reduce to those at zero incidence
where they are known from the flow about the complete cone.

The purpose of the present investigation is to develop a ra-
tional theory of the flow about conical flat-top configurations


