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Hypersonic Viscous Effects on Free-Flight Slender Cones
BAIN DAYMAN JR.*

Jet Propulsion Laboratory, California Institute of Technology} Pasadena, Calif.

An experimental study was performed in order to determine the effects of various parameters
upon cone aerodynamics in the hypersonic regime at Reynolds numbers as low as 7800/in.
The use of free-flight models eliminated the need for evaluating sting interference and made
practical accurate measurement of drag forces down to 8 X 10 ~4 Ib and pitching moments as
low as 2 X 10 ~4 in-lb. The effects of model to total temperature ratios of 0.45 (gun launch)
and 0.87 (wire release) for 6° through 15° half-angle cones on total drag and static stability
were investigated at Mach numbers from 6 to 10 for values of the viscous Knudsen number up
to M00/(KI)00)1/W = 0.28. Limited nose-blunting effects were also investigated. Conical shock
viscous drag theory agrees quite favorably with the experimental data. Use is made of trends
predicted by theory in order to compare the data of this paper writh available hypersonic
viscous cone drag data.

A
Cf
CDT

Nomenclature

= model base area
= flat-plate local skin-friction coefficient
= total effective drag coefficient of oscillating model =

drag/goo A (no correction for base pressure)
= total drag coefficient at zero angle of attack =

= viscous interaction drag = CDQT — [C-DoJ at fm
f = 0

Cma = effective pitching moment slope/rad = moment/qmAD
CNO. = normal force coefficient slope/rad = (normal force)/

Cc = cone-surface form of Chapman-Rubesin viscosity
coefficient = v.wTclv<cTw

Co, = freestream form of Chapman-Rubesin viscosity co-
efficient = fJ.wTa./fJL^Tw

D — model base diameter
K = hypersonic viscous parameter (based on model

length) = Mco/(£z,J1/2
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K' = hypersonic viscous parameter (based on model base
"diameter) = Mm/(RD^z

L = model length (for blunted models, length taken as that
for sharp-nose model of same diameter)

M = Mach number
P — pressure
PQ' = freestream pitot pressure
q = dynamic pressure
r = radius
Re/in. = Reynolds number/in.
RD — Reynolds number based on model base diameter
RL = Reynolds number based on model length, L
Rx = Reynolds number based on distance from flat-plate

leading edge
t — time
T = temperature
V = hypersonic viscous parameter = M(C/RL)IIZ

Vf = hypersonic viscous parameter = M(C/Rj))112

Vm — model velocity relative to ground
Xc.g. ~ distance of e.g. aft from model nose (sharp)
XL ~ hypersonic viscous interaction parameter

= McKCe/RLc)11*
a = angle of attack
<*env — envelope of oscillation
18 = slope of drag curve (based on model length) =

dCDQT/dK
0' = slope of drag curve (based on model base diameter) =

dCDQT/dK'
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= slope of drag curve (based on model length)
dCooT/dV

= slope of drag curve (based on model length)

, normalized to a = 10° and TW/T0 = 0.5
= slope of drag curve = dCDT/d<xenv~, deg2

= Pvm'
= cone semiapex angle
= viscosity

Subscripts

B = model base
c = cone surface (at outer edge of boundary layer)
j\r = model nose
o = nominal freestream total
w = model wall
oo = nominal freestream

Introduction

BECAUSE of their basic simplicity, cones were a natural
beginning for both theoretical and experimental studies

of three-dimensional viscous aerodynamics. Various au-
thors1"6 have made significant contributions by the formulation
of a theoretical understanding (Ref. 7 contains an excellent
bibliography of additional work in this field). During the
past several years, experimenters8"15 have published limited
data on such cones, but because of the lack of systematic
variation of parameters other than the Reynolds number, it
is difficult, if not impossible, to obtain an understanding of the
effects of any one parameter. In order to provide informa-
tion for evaluating the effects of various parameters such as
cone angle, nose bluntness, and wall temperature along with
Mach and Reynolds numbers, a program was initiated in the
hypersonic wind tunnel at the Jet Propulsion Laboratory
(JPL). The negligible real gas effects simplify the use of
these data for the further development of a theoretical
model.

All in all, the measurement of drag and stability of slender
cones at very low Reynolds numbers can be a challenging
problem. Not only is it extremely difficult to construct and
use a balance sensitive enough to accurately measure loads on
the order of 10 ~3 Ib and less, but the interference of a sting or
any other support could substantially affect the measure-
ments relative to the interference-free condition. Rather
than take on a time-consuming balance-development task
and yet be faced with assessing the magnitude of support in-
terference, it was decided to use the free-flight technique16

in a conventional wind tunnel to obtain data on small, slender
cones in hypersonic flow at low Reynolds numbers.
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Interference Effects

Either side or sting supports are likely to cause a large
change in the base pressure relative to the noninterference
case. A description of the effects of transverse supports on
the wake shape for both spheres and cones is given in Ref. 17.
Wires less than 1% of the model base diameter can sub-
stantially distort the wake shape. This is indicative that the
base pressure has been altered.

The effect of sting interference on base pressure is well
known. An example of this interference was obtained during
this study and appears in Fig. 1. An increase in the ratio of
sting to model base diameter from 0.25 to 0.50 doubles the
base pressure (from PB/P^ = 0.3-0.6). As the boundary-
layer thickness on these cones can be on the order of the
model radius, a pressure disturbance on the base can, in
principle, feed forward through the subsonic portion of
the thick boundary layer and consequently distort the
boundary layer on the cone surface. The magnitude of the
resulting effect on the drag and stability data is not known.
However, such an effect should not be ignored; it must be in-
vestigated.

A similar situation exists in the use of low-density wind
tunnels where the boundary-layer thickness may be about
half of the nozzle radius. Any variation in the test chamber
(plenum) pressure affects the nozzle exit Mach number. The
only way that this could occur would be for the pressure
variation to feed upstream into the nozzle through the
boundary layer and change the characteristics of the boundary
layer. This change in Mach number is shown in Fig. 2 (data
from Ref. 18).

Test Procedure

The small thin-shell models were made out of magnesium,
aluminum, or brass. The material density was chosen to
limit the model flight accelerations to the region of 6 to 20 g's.
The models were released into free-flight trajectories across
the viewing window of the 21-in. hypersonic wind tunnel by
two methods. The equilibrium wall-temperature models
were supported on a vertical wire at the window upstream
edge and were released into flight by rupturing the 0.012-in.
D wire at a notch located within the model.

The cold wall-temperature models were launched against
the airstream by a pneumatic tube located downstream of the
window. The launch tube was far enough downstream (6
in.) so that no wake interference was propagated upstream
to the model base when the model was in view. The cone
models were mounted on a piston sabot, initially contained
within the launch tube, which was accelerated to 20-30 fps
in a distance of 1 ft by air at about f atm pressure.

The free-flight trajectories were recorded on 35-mm movie
film at about 4000 frames/sec. The drag is obtained by
measuring the model position as a function of time and then
determining the model acceleration. One of the several pro-
cedures used to obtain acceleration assumes negligible varia-
tion of acceleration during the trajectory. When the mag-
nitude of model acceleration is large enough to cause a sub-
stantial variation in the acceleration during the visible trajec-
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Fig. 1 Model base pressure.
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Fig. 3 High-speed
movie sequence of gun-
launch model during
one cycle of oscillation.

tory, a more sophisticated method of data reduction19'20 is
required. The pitching moment is directly related to the
oscillation frequency. A sample cycle of oscillation from the
film is in Fig. 3. The weights and dimensions of all models
were accurately measured. However, sufficiently accurate
determination of center-of-gravity position and moment of
inertia was limited to the 0.50-in. D cone models. A more
complete description of the test procedures (models, launching
techniques, data reduction, etc.) is included in Ref. 21.

Supporting Studies

Experimental

In order to obtain reliable drag and stability data, the test-
section flow conditions and the model wall temperatures must
be known. Careful vertical flow calibrations at the upstream
end of the viewing window were made after each model was
launched. At the end of the test, similar pitot pressure pro-
files were made at the downstream end of the window. The
flow had less than 1% variation in dynamic pressure within
the flight region (see Ref. 22). The requirement of good
flow for observing viscous effects by the use of the free-
flight technique is due to the fairly large region through which
the model travels. Additional flow calibrations for both
the M = 6 and M = 8 nozzles were obtained several times
after the test with a precisely calibrated and leak-tight pres-
sure system. Therefore, the dynamic pressure and other
pertinent flow parameters are known to within 1% for the
M = 6 and M = 8 data. Since this was not done for the
M = 10 nozzle, the M = 10 data are subject to question
(about ±6% rather than ±2% as for the other data).

A thermocouple was installed in both a wire-supported
model and a sabot-launched model. Actual temperature
measurements and tunnel flow calibrations appear in Ref. 21.

Theoretical

In order to develop a feeling for the effect of various
parameters upon the hypersonic viscous drag of cones, theo-
retical studies were performed which included the range of
conditions studied in this experimental paper. The conical
shock theory of Ref. 2 is used rather than the normal shock
theory. This is justified, since most of the flow in the
boundary layer (which can be about the cone radius in thick-
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Fig. 4 Theoretical flat-plate laminar boundary-layer local
skin friction.

ness) goes through the conical portion of the shock.
venient equations for this theory are presented in Ref. 13.
The equations were programed on a computer in order to ob-
tain a significant number of systematic comparisons. The
only change made from Ref. 13 is the form of the similar fric-
tion drag. Machine-computed laminar boundary-layer skin-
friction coefficients23 become independent of Mach and Rey-
nolds numbers as well as wall-temperature ratios when pre-
sented (Fig. 4) in the form of Cf(RxJll*/(Ca)11* (which
yields less than 5% spread in data for the experimental condi-
tions of this paper) rather than the usual form of Cf(RxJ
<?a>)1/2 (which gives a 12% spread in data). For skin-friction
calculations, the value of Cf(RxJll2/(Cm)lt* = 0.655 was used.

Figure 5 presents theoretical values of &Cnv as a function
of Vco (based upon model length) with cone angle as the
variable. The effect of cone angle is quite large. This large
effect still exists when either Vc or XL is used. When the
viscous parameter VJ (based upon model diameter) is used,
the theoretical effect of cone angle on A(7z>y is appreciably re-
duced and becomes small (Fig. 6) for values of VJ < 0.1.
Similar comparisons result for the entire Mach number range
studied of 4 < Mm < 20. Mach number effect on ACz>v is
minimized when the viscous parameter VJ or Vm is used
(Fig. 7). The use of either Vc or XL causes a large effect of
Mach number on the viscous drag. Similar comparisons re-
sult during the entire cone angle range studied of 6° < a < 15°.
Effect of wall temperature to total temperature ratio on the
cone viscous drag is shown in Fig. 8. The magnitude of
the effect is a function of the viscous parameter; as the
parameter increases, the effect on viscous drag of wall-tem-
perature ratio increases. In_this figure, the values used for
the viscous parameters are Vm' = 0.11 and XL = 1.6. The

*b = 8
T0 = IOOO°F

5/fc - 0.75

<r 3 6 deg

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

''co

Fig. 5 Effect of cone angle on viscous drag (ACz>F vs Vm),
theory.
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M<Q = 8
T0 = IOOO°F

r
w/T0 = 0.75

(cr=6deg
8
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Fig. 6 Effect of cone angle on viscous drag] (ACoF vs F^'),
theory.

reason for these choices will be discussed later. The effect
shown at Mm = 8 is increased with increasing Mach number.
If the viscous parameter is in the form of 7k/"0o/(Cco^z»co)1/2,
the effect of wall-temperature ratio is significantly reduced,
becoming less than 20% for the conditions studied (8 <
Ma, < 15, 6° < a < 15°) when presentedJn the manner of
Fig. 8. _ ~ _

The relationships between Vc and XL with Fco are based
upon results in Ref. 24.

Experimental Results

The data of this paper were originally presented in Ref. 21.
At that time preliminary means were used to reduce the data.
Since then, the data have been rereduced in an exact manner,
and the M = 6 and M = 8 nozzles have been check-calibrated
several times. All questionable M = 6 and M = 8 data
have been eliminated. However, even though not as precise
as the M = 6 and M = 8 data, some M = 10 data of Ref. 21
are included in this paper in order to aid in establishing a
Mach number effect. Real gas effects, though small, are in-
cluded in the data reduction.

Parameters Investigated

The following parameters were investigated during this
study: 1) Mach number (6, 8, 10), 2) unit Reynolds number
(0.8 X 104 to 25 X 104/in.), 3) model size (0.10, 0.25, 0.50,
1.00, 1.50-in. Z>), 4) cone angle (a = 6°, 8°, 9°, 10°, 15°),
5) nose bluntness (rN/rB = 0, 0.05, 0.20), 6) model wall-
temperature to total-temperature ratio (0.45 and 0.87), 7)
oscillation envelope (0° to 18°), and 8) center-of-gravity
location (0.45 to 0.69 model length from nose).
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Effect of wall-temperature ratio on cone viscous
drag, theory.

Oscillation envelope effects

The presented drag coefficients do not have any corrections
for base pressure. For the nonviscous cases, it is assumed
(Fig. 1) that the cone base pressure is one-fourth of the free-
stream static pressure. These theoretical data are indicated
by an "X" on the drag plots. Since the models were gener-
ally launched at small angles of attack in order to obtain
static stability data, the measured average total drag was de-
creased by an estimated drag increment in order to obtain
drag at zero angle of attack. This relationship of drag as a
function of oscillation envelope for a 10° cone at M^ = 8 is
shown in Fig. 9. Theoretically, and for the considerably less
viscous (higher Reynolds number) experimental case, this
plotted relationship is linear. It appears that the viscous
case also yields a linear relationship. This also has been
borne out by the work in Ref . 14.

To correct the drag to zero angle of attack, the constants
shown in Table 1 (based on Newtonian calculations corrected
to experimental data) were used in the expression CDOT

 =

CDT — eojenv2 (deg2). Since the drag correction increments in
Table 2 are small (usually less than 0.02), there is negligible
loss in accuracy in going from CDT to CDQT-

In addition, the effects of the model base cavity and the
holes necessary for wire launch were determined. Because of
this rather extensive list of parameters, it was not possible to
define conclusively the effects of every parameter. Variables,
test conditions, and reduced data are listed in Table 2.

Method of data presentation

Viscous drag data have been presented as a function of
several definitions of the hypersonic viscous param-
eter. Two of the more common forms of the viscous param-
eter are Fco13'15 and %z,.14 Each has its own particular
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Table 1 Constants used to correct drag to zero angle
of attack

<r, deg
6
8
9

10
15

€ X 104

5.5
5.2
5.1
5.0
4.4

reason for being used: Fra [i.e., Mm(Cm/RL^)1/2] yields similar
friction drag that is essentially independent of Mach number,
and XL [i.e., Mc*(Cc/RLc)llz] is the basic parameter in the theo-
retical equations of viscous drag.2 The relatively simple
parameter K [i.e., M00/(RLJllz] was used in Ref. 21. Each
of these three forms is adequate when the variable is model
Reynolds number. However, none is capable of sensibly com-
paring viscous data for a variety of cone angles and Mach num-
bers. As was shown,21 the use of K' [i.e., Mm/(RDJ11*]

minimized the effect of cone angle on viscous drag. So a
combination parameter Vm' [i.e., Mm(Cm/RDm)112] was chosen
as the viscous parameter in this paper in order to minimize
cone angle and Mach number effects. The only variable
that it does not normalize out is the effect of wall-temperature
ratio. The parameter M0,/(Ca>RDa)ll'i will minimize (both
experimentally and theoretically) the effects of wall-tempera-
ture ratio variations on the viscous cone drag as well as both
cone angle and Mach number (Table 3).

Base conditions

The base condition was quite thoroughly documented. It
consists of the sharp-nose, 10° half-angle, adiabatic-wall cone
at Mm = 8 for small envelopes of oscillation (o-env < 5°).
The complete Reynolds number and model size ranges for
this case were investigated. The results are shown in Fig. 10.
The data spread in the vicinity of VJ = 0.083 is a direct
indication of the data scatter to be expected for the means

Test Run

Table 2

M PQ

(cm Hg)

Tabulation of JPL test conditions and final data

Q
To VTo (deg) (in.) Tn"^ °° m

V

, a) a- = 6°, 8°, 9

v^ vc . XL

0 1 ^°., AD ,

*env
(del)

b) o- = 10°

% \ V -C /rad
.0

3)

21-150 78.1
98 1
79 1
99-2
79-2
63.2
75-2
81.2

4 68.2

21-150 93-1
92 1
80 1
99-1
85.1
82.1
73-2
61*. 2
87.2
67-2

104.1
105.2

21-150 81*. 1
86.2
83.2
77.2
62.2

4- 82.2

21-125 35
21-150 94.1

1 75-1
87.1
76.2

^ 105 . 1

7.88 1*1*9
7-78 120
7-81* 301
7-79 150
7.81* 300
7.81* 300
7.88 1*1*9
7.8U 301
7 80 183

7-78 120
7-78 120
7.78 120
7-79 151
7.78 120
7.88 1*50
7.78 120
7.81 198
7.78 120
7.80 179
9.9!* 600
9.91* 601

7.78 120
7-78 121
7.78 120
7.81 201
7-81 200
7-88 1*50

7.30 2000
7.78 120
7.88 Ul*8
7.78 120
7.81 200
9.914. 599

1005 0.87
1005 0.87
1005 0.87
1005 0.1*3
1000 0.1*5
1000 0.1+5
1000 0.1+7
1010 0.1+5
1005 0.1+2

1000 0.87
1000 0.87

995 0.87
1000 0 . 87
1000 0.87
1000 0.88
1005 0.1+1
1015 0.1+3
1000 0.1+1
1005 0.1*2
1005 0.87

995 0.1*5

995 0.87
1000 0.1*1

810 0.1*8
1020 0.1*3
1010 0.1*7
1000 0.1*7

600 0.88
1000 0.87
1025 0.87

995 0.87
1000 0.1+3
•995 0.87

6
6
6
6
6
6
6
6
6

8
8
8
8
8
8
8
8
8
8
8
8

9
9
9
9
9
9

15
15
15
15
15
15

0.10 .0 1-34 0.068
0.50 o 1.81 0.058
0.50 0 1+.1+9 0.037
0.50 0 2.25 0.052
0.50 0 4.42 0.037
'0.50 o 4.1*2 0.037
0.50 o 6.56 0.031
0.50 0.05 4.1*2 0.037
0.50 0.20 2.77 0.047

o.io o 0.28 o.ii*8
o.io o 0.28 0.11*8
0.10 0 0.28 0.11*8
o.io o 0.31+ 0.133
0.50 o 1.36 0.067
0.50 o 4.98 0.035
0.50 o 1.36 0.067
0.50 0 2.24 0.052
0.50 0.05 1-36 0.067
0.'50 0.20 2.04 0.054
0.50 o 3.15 0.056
0.50 o 3-15 0.056

0.50 0 1.25 0.070
0.50 o 1.23 0.070
0.50 0 1.1*8 0.061*
0.50 o 1.98 0.055
0.50 0 1.98 0.055
0.50 o 4.37 0.038
1.50 o 72 0.009
0.10 0 0.15 0.203
0.10 0 0.52 0.106
0.50 o 0.71* 0.091
0.50 0 1.19 0.072
0.50 0 1.68 0.077

0.122
0.105
0.068
0.105
0.071*
0.074
0.061
0.074
0.094

0.230
0..230
0.230
0.208
0.104
0.055
0.115
0.091
0.115
0.091+
0.087
0.096

0.103
0.114
0.107
0.091
0.0910.061
0.010
0.228
0.121
0.103
0.089
0.086

0.056 0.01+2
O.Ql+8 0.036
0.031 0.023
o.Qi+8 0.036
0.034 0.026
0.031* 0.026
0.028 0.022
0.031* 0.026
o.Qi+3 0.033

0..122 0.082
0.122 0.082
0:122 0.082
0.110 0.074
0.055 0.037
0.029 0.020
0.061 0.01*1
O.OU8 0.032
0.061 o.oi+i
0.050 0.03U
o.oi*6 0.028
0.051 0.031

0.058 0.037
0.061* 0.041
0.060 0.036
0.051 0.033
0.051 0.033
0.034 0.022

0.007 0.004
0.167 0.086
0.088 0.01*5
0.075 0.038
0.065 0.034
0.063 0.030

.98

.66

.08

.65

.21

.20

.00

.21

.51
3-46
3.40
3.1+6
3-11
1.55
0.81+
1.751.36
1.75
1.1+2
1.73
1.91

1.1+6
1.64
1.53
1.29
1.29
0.88

0.09
2.30
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used to reduce the data from the testing techniques employed.
The scaling procedure is shown to be adequate by the du-
plicated drag at TV - 0.093 for the 0.10-, 0.25-, 0.50-in. D
cones.

The model construction method was to hollow out a cone
from the base in order to obtain a desired volume of material
and center-of-gravity location, thereby leaving an open
chamber at the base. A model was used (VJ = 0.093) with
this open chamber sealed off with a base plate. This base
plate did not have any noticeable effect on the drag data.
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Fig. 12 Effect of wall temperature on viscous cone drag.

Also, models were launched with and without the holes, which
were required for wire release. Again, this variation caused
no perceptible effect on the data. The wire holes were the
same diameter (0.015 in.) in the three sizes of models used to
check the scaling parameter. Although the ratio of the hole
size to model diameter varied by a factor of 5, the equivalent
drag data indicate that the presence of the holes did not per-
turb the data.

Effects of various viscous parameters

For each parameter investigated, the drag appears to be a
linear function of the viscous parameter Vm

f. These data
are shown in Figs. 10-18. For convenience, a scale for the
viscous parameter Vm is added to each figure. This allows
for direct comparison of the data from this paper with the bulk
of recently published data.13-15 In all cases, the experimental
data compare quite favorably with the included conical shock
theoretical drag curves. The significant difference is that
the experimental data lie on a straight line whereas the theo-
retical data form a parabolic-type curve. In all cases, the
experimental linear fairings intersect the theoretical curves.
A tabulation of these intercepts is shown in Table 3 along
with a summary of the viscous drag slopes based upon a
variety of hypersonic viscous parameters.

For the limited Mach range of the data in this paper there
is not an obvious choice as to which intercept should be used
as a constant in order to obtain meaningful theoretical drag-

Table 3 Summary of viscous cone drag slopes from JPL data
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slopes. Therefore, nominal constant values of VJ = 0.11
and XL — 1-6 were each used in the summary plots of the
JPL data. But when experimental data from other facilities
extended into the higher Mach number regime (M^ « 20),
the match with theory was much worse for Vm' = 0.11
(where XL ~ 3) than for %L = 1.6. A similar divergence also
occurs for both cone and wedge pressures; the experimental
pressure data are essentially linear with XL and are matched
quite well by the weak interaction theory up to values of
XL of 2-3. For XL > 3, the theoretical pressures become pro-
gressively larger than the experimental.4 The theory of Ref.
2 used for the viscous drag comparisons in this paper is for
the weak interaction region and consequently is valid only
for XL — 0(1). Because of these considerations, the constant
nominal value of XL = 1.6 rather than Vm

f = 0.11 is used
for normalizing the experimental data in Table 4.

The effect upon drag of small nose bluntness (TN/TB =
0.05) is negligible for all values of the viscous parameter in-
vestigated. This result is the same as the effect of nose blunt-
ing at relatively high Reynolds numbers. At the low value of
the viscous parameter (K = 0.007), data obtained at JPL by
use of the free-flight wire-launch technique show minor ef-
fects on drag coefficient due to bluntness up to values of
T.N/TB = 0.13 for adiabatic-wall as well as the very cold-wall
models (Fig. 19). The ratio of TJTQ = 0.14 was obtained by
cooling the aluminum models just prior to launch. This was
done by spraying the models with liquid nitrogen while be-
hind a wedge-shaped cooling shield (which requires about 0.1
sec to be retracted from the test-section flow) normally used
for transient-type heat-transfer tests. In Fig. 19, the hori-
zontal bars in the vicinity of the symbols at rN/rB = 0 are the
conical shock theoretical drag values for the respective cold-
and adiabatic-wall cases. The agreement between theory

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0
^

M^

(

^

7.8

—
DIAM

A O.IC
D 0.5

^

in.
)
D

-^
<s»'
^
^̂\

THEORY

x

x-fH
v*

X

EORY
,/£=0.

X

^

45)

/

^

UNSH

SINGL
DOUBL

***

ADED
ADED

TAG
i TAG
-. TAG

<*•

0.87

rN/rB

0.05
0.20

D 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 Q24

Fig. 16 Effect of cone angle on viscous drag (cr = 8°).

and experiment is quite good. The effect of the larger nose
bluntness (TN/TB = 0.2) is insignificant for values of Fa/ >
0.1. When the longitudinal length is used in the definition of
a viscous parameter for a blunted model, the length is that of
a sharp-nose model with the same diameter.

A very orderly variation of the effects on drag for the
parameters investigated (cone angle, wall-temperature ratio,
Mach and Reynolds numbers) results from Figs. 10-18. The
slopes of the linear drag coefficient curve for several viscous
parameters as a function of cone angle are plotted in Fig. 20.
Except for Vc (the cone-surface version of Fco), the effect of
cone angle is quite substantial when the viscous parameter is
based upon the model length. When based upon the model
base diameter, such as VJ, the cone angle effect becomes quite
small.
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Fig. 14 Effect of Mach number on viscous cone drag
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Fig. 18 Effect of cone angle on viscous drag (cr = 15°).

The effect of wall temperature on the drag slope is fairly
insensitive to both cone angle and freestream Mach number.
At Ma, = 7.8, the ratios of the drag slopes of the cold-wall to
the adiabatic-wall cones are shown in Fig. 21. Since the wall-
temperature effect for the theoretical case is somewhat de-
pendent upon the viscous parameter, the values of the vis-
cous parameters are specified. The median value for the
intercept of experimental with theoretical data is Vm' = 0.11
(Table 3). The XL = 1.6 value is somewhat below the Table
3 mean in order to be more compatible with data at higher
Mach numbers.11'13'14

The Mach number effect on the viscous drag slope is not
defined adequately by the experimental data because of the
scatter at Mra = 9.9. The comparison of the experimental
results with conical shock theory (Vm

f = 0.11 and XL = 1.6)
in Fig. 22 does not clear up the ambiguity. Theoretically,
the Mach number effect is small when the viscous parameter
Fa/ is used (Fig. 7) and substantial (for Mm < 10) when XL is
used_as the correlating viscous parameter. It is assumed that
the Fa/ theoretical curve is the best fit of the experimental
data in Fig. 22.
Pitching Moment

The center-of-gravity location and the moment of inertia
were experimentally measured for the 0.50-in. D models.
The accuracy of the measurements were within ±0.002L and
±1%, respectively. When using the complete data reduc-
tion procedure, the accuracy of the oscillation frequency is
within ±1%. The data in Fig. 23 indicate a center-of-pres-
sure location at about 0.705L from the nose of a sharp 10°
cone and a normal force coefficient slope of 2.22/rad.
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The viscous normal force slope of 2.22/rad contrasts with
the theoretical nonviscous case24 of 1.875/rad, and the
center-of-pressure appears to be about 2% of model length aft
of the inviscid theoretical location (0.667/cosV) of 0.687L.
Data on the 8° half-angle cones of Ref. 14 also indicate, for
the viscous case at small angles of oscillation (crenv < 5°),
a center-of-pressure location several percent aft of the
theoretical location. These ballistic range data show that
(7jva/rad is larger than the theoretical value by about the
same increment as for the data in Fig. 23.

Comparison of Cone Viscous Drag Data from
Various Sources

Cone viscous drag measurements have been obtained for a
wide range of parameters in several facilities using different
techniques. The facilities represented are ballistic range,12-14

shock tunnel,11 hotshot wind tunnel,13 low-density hyper-
velocity tunnel,13 and conventional hypersonic wind tun-
nel.13'21 Except for the data of Refs. 12, 14, and 21 (where
the model is in free-flight trajectory), the data are for sting-
supported cones. Data from these facilities were plotted, and
best-fit straight lines were used to determine the respective
drag slopes as a function of some viscous parameter. This
was done for uniform conditions of cone angle, model wall
temperature and at very narrow ranges (±5%) of Mach
number in order not to overlook possible effects of any of these
parameters. Table 4 lists the drag slopes from the data of
the forementioned references along with the data of this
paper. All of the drag slopes have been normalized to
TU,/TQ = J and to a 10° half-angle cone. The fam

f curve in
Fig. 20 (which agrees quite well with theory) was used to
normalize the data to cr = 10°. The normalization of wall-
temperature ratio was based entirely on theory at XL = 1.6
for the specific conditions of each case. Each step of the
normalization procedure is included in Table 4 in order that
the relative effect of each step is indicated. The drag slope
data are for cones having nose bluntness of rN/rB = 0.03 as

0 0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32
rN/rB

Fig. 19 Effect of cone nose bluntness on hypersonic free-
flight cone drag.

Fig. 21 Effect of wall temperature on viscous drag curve
slope.
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well as for sharp-nose cones. No identification of these nose
bluntnesses is included as the JPL drag data, for the TN/TB =
0.05 cases are the same as for the sharp-nose cases.

The pvm' data of Table 4 are presented in Fig. 24 along with
a theoretical curve for XL = 1.6 (see Ref. 25 for another form
of data comparison). It is noteworthy that the data of any
one facility are self-consistent, i.e., grouped fairly well about
some best^fit monotonic curve. But, the comparison of all of
the data does create confusion as to the magnitude of Mach
number effect and the level of the drag slopes. Of course,
some of this discrepancy can be due to the normalizing process
that, at best, is approximate. But, in the cases where data
are obtained under similar conditions in different facilities,
the normalization process does not contribute to the dis-
crepancy. It is not clear as to what this confused comparison
can be attributed: support (sting, free-flight), nozzle flow
(uniform, nonuniform, divergent), model wall to total-tem-
perature ratio, flow enthalpy (ballistic range, wind tunnel),
manner of data acquisition, or the normalization procedure.
In spite of the discrepancies, there does appear to be a definite

^
^V

^ = 10 deg \\
'N/'B ~~ 0

TW/T0 =0.87
£=0.50 in

1/̂ =0.081-0.084

THEORETICAL \slONVISCOUS
CENTER-OF- PRESSURE LOCATION

Ss>«3UX^^

^x^^^

>x
0.4 0.5 0.6 0.7 0.8

Fig. 23 Viscous cone static stability.

effect of Mach number; the drag slopes decrease with in-
creasing Mach number. This general trend is indicated by a
shaded band in Fig. 24.

Summary

Hypersonic viscous effects on both total drag and static
stability have been obtained for a large variety of parameters
such as cone angle, nose bluntness, wall temperature, and
Mach number. The. free-flight test procedures used for ac-
quiring these interference-free data have been described.
The effect of the form of the correlating viscous parameter was
investigated both experimentally and theoretically. The
experimental drag data compare quite favorably with coni-
cal shock theory. Although a great deal of hypersonic vis-
cous cone drag data have been obtained by various experi-
menters, the conditions are so varied that direct comparisons
of the data are usually not practical. An attempt was made
to compare all available data converted to a uniform condi-
tion by use of theoretically determined trends. In spite of
the data scatter in this comparison, a very definite trend is

Table 4 Tabulatio

Source a
(deg)

Table 3 ' 6
6
8
8
8
8
9
9

10
10
10
10
15
15
15

12 6.3U
1U 8

8
8
8
8
8

11 6-. 5
6.5
6.5
6.5
6.5
9

13 6.3U
6.3U
6.3U
9
9
9
9
9
9
9

* 9
15 10

M

7-8
7.8
7.8
7.8
9-9
9.9
7.8
7.8
5-9
7-8
7.8
9-9
7-8
7.8
9-9

9.0
11.0
11.7
12.5
13-0
15-1
16.2

13-7
1U.5
1U.8
20.7
21.5
1U.3

1U.7
16.2
17-3
16.1
17-0
17-3
18.0
21.7
10.1
9-0
9-U

10.0

T /T
V 0

O.U5
0.87
O.U5
0.87
O.U5
0.87
O.U5
0.87
0.57
O.U5
0.87
O.U5
O.U5
0.87
0.87

0.06
0.05
o.oU
o.oU
o.oU
0.03
0.03

0.1
0.1
0.1
0.1
.0.1
0.1

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.75
0.20
0.25
0.33

v' Range

Min Max

0.06 0.11
0.06 0.12
0.09 0.12
0.05 0.23

0.10
0.09

0.06 0.12
0.10

0.05 0.15
O.OU 0.12
0.02 0.23
0.09 0.12

0.09
0.10 0.23

0.09

0.01 0.02
0.02
0.01

0.02 O.OU
0.02 0.10

0.10
0.10

0.20
0.08 0.12

0.06
O.U9

0.23 0.35
0.06 0.17

0.07
o.oU

0.05 0.08
0.05

0.10 0.13
0.06 0.08

0.13
0.05 0.2U
0.02 0.08
O.UO O.U6
0.30 0.35
0.06 0.09

No. of
Data

Points

5
3
2
6
1
1
5
1
5
U
21
2
1
3
1

6
1
2
3
7
3
2

1
2
1
1
2
3
1
1
3
1
3
3
1
U
n
5
6
7

n of

^

viscous

g_

cone

*

drag slopes

^

from available data

Symbol Laboratory Type of Facility Nozzle Model Support
Normalized Normalized

to to

2.06
2.52
1.86
2.U3
1.91
2.2U
2.02
2.52
2.U8
1.98
2.UO
1.79
1.96
2.35
2.25

1.50
1.65
1.63
1.15
1.27
1.07
0.95

0.9U
0.86
0.85
0.80
0.85
0.92

0.97
1.0U
0.92
1.13
1,07
1.0U
0.93
1.07
1.76
1.35
1.37
1.U8

U.U9
5-U9
3.51
U.58
3.61
U.23
3-59
U.U8
U.18
3.3U
U.oU
3.02
2.68
3-21
3.08

3.18
3.12
3.08
2.18
2.UO
2.02
1..80

2.07
1.88
1.86
1.76
1.86
1.6U

2.05
2.20
1.95
2.02
1.90
1.85
1.65
1.90
3.12
2.U1
2.U5
2.50

VTo =

2.12
2.10
1.92
2.03
1.96
1.88
2.07
2.11
2.07
2.03
2.01
1.8U
2.01
1.98
1.89

2.12
2.39
2.38
1.68
1.86
1.61
1.U3

1.2U
1.13
1.12
0.92
0.98
1.18

1.27
1.37
1.21
1.50
1.U2
1.38
1.2U
1.U2
1.56
1.65
1.60
1.63

* VTo = ^
0- = 10°

2.0U
2.02
1.89
1.99
1.92
1.85
2.05
2.09
2.07
2.03
2.01
1.8U
2.07
2.0U
1.98

2.05
2.3U
2.3U
1.65
1.83
1.58
i.to
1.21
1.10
1.09
0.90
0.95
1.15

1.23
1.32
1.17
1.1*9
l.Ui
1.37
1.23
l.Ul
1-5U
1.62
1.59
1.63

• JPL Hypersonic WT Contoured Free-Flight
1
A

1
T
T

1
I "

® NOL Ballistic Range Free- Flight
G3

1 1 .
O CAL Shock Tunnel Contoured Sting
jj
0Jcr

Contoured 1
Conical

1 I
<? AEDC Hot Shot Tunnel Conical Sting

Ia

I
0o
1
ft

Hypersonic WT Contoured
Hypervelocity LD Conical
Hypervelocity LD Conical
Hypersonic WT Contoured Free-Flight

WT - Wind Tunnel
LD - Low Density WT
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Fig. 24 Effect of Mm on i377oo' (summary of available
viscous drag data).

established: the viscous drag slope decreases with increasing
Mach number.
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