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Hypersonic Viscous Drag Effects on Blunt Slender Cones
JACK D. WHITFIELD* AND B. J. GRIFFITH!
ARO, Inc., Arnold Air Force Station, Tenn.

Experimental drag data from a series of cone models are presented over a wide range of
Reynolds numbers at hypersonic flow conditions. The data include Mach numbers from 9 to
22 with Reynolds numbers based on model length ranging from 600 to 500,000. Most data
were obtained with test model surface temperature cold relative to the stagnation tempera-
ture; a limited amount of hot-wall data were obtained. The influence of viscous drag on the
lift-drag ratio of slender blunt cones is shown experimentally and theoretically. Drag reduc-
tion by boundary-layer gas injection is shown experimentally for both cold- and hot-wall
test conditions. Theoretical estimates based on existing theories are given, and the significant
contributions to the zero-lift, viscous drag rise of cold-wall cones are identified as the usual
"similar" or Blasius friction drag and transverse curvature effects. The theoretical estimates
are shown to offer a good engineering approximation to the hypersonic viscous drag of cold-
wall, blunt slender cones within the con tint; um flow regime.
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Nomenclature

constant obtained by Cohen and Reshotko integral
method [seeEq. (2)]

proportionality constant [seeEq. (3)]
total axial force at angle of attack
form of Chapman-Rubesin viscosity coefficient,

_p
Cpc

= injection coefficient [see Eq. (12)]
= form of Chapman-Rubesin viscosity coefficient,

W/O(7Vn,)
= form of Chapman-Rubesin viscosity coefficient,

WM.xr./r*)
= total forebody drag coefficient based on base area

[seeEq. (6)]
= inviscid model nose drag coefficient
= inviscid pressure drag coefficient based on base area
= total skin-friction coefficient from similar solutions

based on base area
= total friction drag
= incremental increase in average skin-friction coeffi-

cient caused by induced pressure [see Eq. (3)]
= incremental increase in average skin-friction coeffi-

cient caused by transverse curvature effects [see
Eq. (5)]

= incremental increase in pressure drag caused by in-
duced pressure [see Eq. (4)]

= viscous drag coefficient ( CD — CDQ)
= inviscid axial force at angle of attack
= normal force coefficient
= pressure coefficient, (p — pco)/l/2pooWoo2

= average inviscid pressure coefficient for conical sec-
tion of body
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local similar skin-friction coefficient, (2fw)/(pwu<2)
model base diameter
model nose diameter
function of surface temperature, gas properties, and

freest ream conditions (see Ref. 19)
function of M «& (see Ref. 19)
distribution parameter (noted as B in Ref. 23)
enthalpy potential (see Ref. 23)
enthalpy
over-all model length
lift to drag ratio
Mach number
local surface Mach number at length L
mass rate of film flow
Prandtl number
pressure
local surface heat-transfer rate
integrated heating rate
local Reynolds number ( pw /*» s)//j,w
Reynolds number based on model length, (pm ^JL )/n<30
local body radius
model base area
distance along model surface from stagnation point
temperature
reference temperature (see Ref. 7)
adiabatic wall recovery temperature
velocity
viscous parame ter, M!X>[C<x>/Rem,L\11'*'
viscous parameter, M^[C* /Rem, z,]1/2

distance along model axis of symmetry from stagna-
tion point

angle of attack
ratio of specific heats
y — 1/7 -f- 1
cone half-vertex angle
angle between freestream and unit vector parallel

to surface element
gas viscosity
gas density
surface shear stress from similar solutions
hypersonic viscous interaction parameter, M,3[Ce/

= roll angle of surface
= nose bluntness ratio,

Subscripts
A = test gas
B = model base dimension
e = edge of boundary-layer conditions
F = film
N = model nose dimension
0 = total stagnation conditions
w = model wall conditions
oo = freestream conditions
1 = point of injection
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Model ec, deg *

Table 1

dB, in.

VKF cone drag models

VKF tunnel Test gas TW/TO CDO

Sting-mounted

1
2
3
4
5
6
7a
7b
8
9

lOa
lOb
lla
lib
12
13
14a
14b

6.34
6.34
9
9
9
9
9
9
9
9
9
9
9
9

13.5
13.5
13.5
13.5

0.03
0.30
M)
0.03
0.03
0.03
0.03
0.03
0.30
0.30
0.30
0.30
0.30
0.30
0.38
0.38
0.38
0.38

2.50
2.50
0.985
3.00
2.50
0.985
0.50
0.50
3.00
2.50
0.97
0.97
0.50
0.50
4.00
1.10
0.50
0.50

16-in. hotshot
16-in. hotshot
16-in. hotshot
50-in. hotshot
16-in. hotshot
50-in. hotshot
50-in. Mach 10
LDH«
50-in. hotshot
16-in. hotshot
16-in. hotshot
50-in. hotshot
50-in. Mach 10
LDH>
16-in. hotshot
16-in. hotshot
50-in. Mach 10
LDH«

N2
N2
N2
N2
N2
N2
Air
N2
N2
N2
N2
N2
Air
N2
N2
N2
Air
N2

0.1
0.1
0.1
0.1
0.1
0.1
0.75

0.2-0.25
0.1
0.1
0.1
0.1
0.75

0.2-0.25
0.1
0.1
0.75

0.2-0.25

0.030
0.104
0.060
0.063
0.063
0.063
0.063
0.063
0.130
0.130
0.130
0.130
0.130
0.130
0.220
0.220
0.220
0.220

Free-flight

3a
7c.

lie
lid

9
9
9

10

~0
0.03
0.30
~0

0.50
0.50
0.50
0.50

50-in. Mach 10
50-in. Mach 10
50-in. Mach 10
50-in. Mach 10

Air
Air
Air
Air

0.33
0.33
0.33
0.33

0.060
0.083
0.130
0.074

a Low-density hypervelocity tunnel.

1. Introduction

THE often dominant role of viscous effects on the aero-
dynamics of slender bodies at hypersonic speeds is now

widely recognized and has been the subject of many theo-
retical and experimental reports. The phenomena of inter-
actions between inviscid and viscous flow fields complicate
both theoretical and experimental studies of viscous effects
at hypersonic speeds. The complexity of the combined
problem demands recourse to both theory and experiment.
Unfortunately, the available experimental data have usually
been limited to supersonic rather than hypersonic speeds or
to the more academic cases wherein the model surface tem-
perature is near the total stagnation temperature. It is the
purpose of this paper to present viscous drag data from
slender blunt cones (Fig. 1) at hypersonic speeds with both hot
and cold model surface temperatures relative to the total stag-
nation temperature. These experimental results were obtained
from the hypersonic wind tunnels of the von Karman Gas
Dynamics Facility (VKF), Arnold Engineering Development
Center (AEDC). Limited results, including tabulated zero-
lift drag data, from this research have been reported by the
authors.1 Earlier preliminary data were reported2? 3; how-
ever, the present results (including Ref. 1) should be taken
to supersede the earlier data because of improved definition
of flow conditions.

During the course of this research, considerable inviscid
as well as viscous dominated data were obtained from blunt
slender cones. Shock shapes and pressure distributions
were published by Lewis,4 and revisions to the pressure dis-
tributions were published by Whitfield and Norfleet.5 In-
viscid hypersonic, static stability data from blunt slender

cones were published by Whitfield and Wolny.6 A study of
laminar heat-transfer to spherically blunted cones at hyper-
sonic conditions was published by Griffith and Lewis.7

2. Test Apparatus

The experimental data reported herein (Table 1) were
obtained in four of the AEDC-VKF hypersonic wind tunnels:
1) 16-in. hypervelocity wind tunnel3 (Hotshot 1), 2) 50-in.
hypervelocity wind tunnel3 (Hotshot 2), 3) low-density hyper-
velocity tunnel (LDH),8 and 4) 50-in. Mach 10 tunnel (C).9

The development of the hotshot wind tunnels and their
subsequent use in aerodynamic studies have been reported
extensively.1"7 It should be noted here that the definition
of the flow properties is based on the method outlined by
Griffith and Lewis7 where test-section measurements of pitot
pressure and stagnation heat rate are used to compute the
total flow enthalpy.

The conventional sting-mounted drag models have been
previously described.1 The flow injection drag models con-
sisted of a sharp cone forebody and a conical frustum main-
body as shown in Fig. 2. Additional information on the in-

Water-Cooled Shield

-Detail A
-10-deg Half-Angle Nose

a. Low Density and Hot Wall Mach 10 Tests

Fig. 1 Cone nomenclature.

Annular ,- io-deg Half-Angle Nose
fGap / ^Detail A 6C=9°

b. Cold Wall Mach 20 Tests

Fig. 2 Schematic of models and balances used in flow
injection experiments.
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Table 2 VKF flow injection models

Model s, in. VKF tunnel Test gas

0 At zero injection.

Coolant

15
15
16
16

9
9
9
9

~0 0 . 99
~0 0.99
—0 0.50
~0 0 . 50

50-in. hotshot
50-in. hotshot
50-in. Mach 10
LDH

N2
N2
Air
N2

0.1
0.1
0.75

0.2-0.25

0.062
0.062
0.062
0.062

He
N2
He
He

jection models is tabulated in Table 2. To allow passage of
the injected gas to the boundary layer, the forebody was made
to overlap the front of the mainbody leaving an annular gap
for the gas to be injected tangentially along the cone surface.
A photograph of the model used for tests in both the low-
density (LDH) and the Mach 10 (C) tunnels is shown in
Fig. 3.

The free-flight drag reported herein was obtained in the
50-in. Mach 10 tunnel (C) with a pneumatic launch tube
borrowed from the Jet Propulsion Laboratory (JPL). The
technique and launch tube are described by Dayman.10

Light (0.4 to 0.9 g) models were launched counter to the
wind-tunnel flow at velocities of approximately 30 fps. The
drag data are inferred from the distance-time data obtained
by photographic means. The free-flight drag data pre-
sented here approximate a zero-lift condition. Precise
angle-of-attack control was not obtained with the pneumatic
launch tube, and the larger angle-of-attack runs were dis-
carded. The data presented were obtained with a < 5° for
sharp (\f/ < 0.03) cones and a < 7° for the blunt cones (\f/ =
0.3). The data have been corrected to a = 0 by Newtonian
theory11 with the maximum corrections being 0.01 and 0.02 in
CD for the sharp and blunt cones, respectively.

3. Theoretical Considerations

Similar Solutions (No Gas Injection)

The similar solutions and integral method of Cohen and
Reshotko13'14 were used to obtain a theoretical estimate of
the Blasius-type shear stress distribution and, hence, total
shear drag of the cones considered herein. The so-called
"linear method' applicable when the surface temperature is
constant, described in detail by Cohen and Reshotko,14 was
used with application of Mangler's transformation15 for the
axisymmetric cones considered here. The starting point of
the calculation was either 1) an axisymmetric stagnation
point or 2) a sharp cone point. The initial starting point 1,
referred to herein as the normal shock case, assumes that all
of the fluid within and immediately adjacent to the boundary
layer passed through the essentially normal portion of the
bow shock wave. Starting point 2, referred to as the conical
shock case, assumes conditions at the outer edge of the
boundary layer equal to in viscid cone surface conditions.
Certainly the normal shock approximation is expected to
be valid for a sufficiently blunt body at a sufficiently high

Reynolds number. For the blunt cones studied here, it is
suggested and later supported by the experimental data that
the cones with bluntness ratios \j/ > 0.3 are sufficiently blunt.
Application of the conical shock case to the present study is
less clear. Shock wave curvature (hence, vorticity in the
cone flow field) occurs because of the "aerodynamic*' blunt-
ness induced by the boundary layer. The dominant influ-
ence of small degrees of nose bluntness at hypersonic speeds
has been discussed and illustrated in the literature (e.g.
Ref. 16, pp. 6-7). In general, the vorticity introduced into
the flow field by the curved bow shock wave should be ac-
counted for in the boundary-layer calculations; however,
a detail analysis including vorticity is quite complex and is not
considered here.

Real nitrogen thermodynamic and transport properties, as
described by Grabau et al.,12 were used in the theoretical
calculations for the hypervelocity test conditions of the hot-
shot tunnels. Perfect gas calculations are used for compari-
son with the lower temperature (T0 ~ 1900°R) air tests in
the 50-in. Mach 10 tunnel (C). Both the real nitrogen and
perfect gas boundary-layer calculations, using Cohen and
Reshotko's integral method,14 were performed on an IBM
7070 computer.

The calculation of skin-friction coefficients (based on free-
stream properties) by the integral method requires knowledge
of the freestream conditions, model geometry, and pressure
distribution (and hence pressure gradient distribution). The
correlation of characteristics solutions and measured pressure
distributions given by Lewis,4 in terms of parameters pro-
posed by Cheng,17 was used to specify the pressure distribu-
tions for the blunter (\f/ > 0.3) cones. Lewis7 data were
replotted in terms of pressure coefficient (Fig. 4) and then
were assumed independent of Mach number for this applica-
tion. For the sharper cones (\f/ < 0.03) the normal shock
case was treated by neglecting the small regime of adverse
pressure gradient and using a smooth transition between a
hemispherical nose pressure distribution and the inviscid,
sharp cone, pressure level. Experimental cone pressure data
from Whitfield and Norfleet5 were used to specify the in-
viscid cone pressure, and the resulting pressure distribution
for the sharper cones (^ < 0.03) is shown in Fig. 5. The
conical shock case simply assumes that the cone surface pres-
sure is constant at the in viscid value given in Ref. 5.

The similar friction drag is, of course, a function of local
flow properties; however, it is convenient for the experimental-
ist tq base data correlations and comparisons with theory on
freesfream flow properties. Such an approach also serves

3.0

,2.0
From Lewis (Ref. 4)

0.1 0.2 0.3 0.4 0.5
x e§

Fig. 3 Photograph of flow injection model for low density
and hot-wall tests.

Fig. 4 Cone pressure distributions for bluntness ratios
<0.3.
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V x- Assumed for Calculation
i ^->^L°f Similar Friction Drag

V/ ^-Actual Pressure
Distribution

0 2 4 6
* i

^-Pressure Level from
Whitfield and Norfleet
(Ref. 5)

8 10

Fig. 5 Assumed and actual cone pressure distributions
for bluntness < 0.03.

to minimize the sometimes inconsistent (from one experi-
mentalist to the next) estimate of local flow properties. The
local similar friction drag for zero pressure gradient is, from
Cohen and Reshotko,

~cf(Rew)u* = c (1)
where c = 0.664 (Blasius value) in two-dimensional flow,
and c = 0.664 (3)1/2 = 1.15 in axisymmetric flow. Integrat-
ing and transforming to freestream conditions, it can be
shown that the total similar drag, for both wedges and cones,
is under conditions of the hypersonic strong shock approxi-
mations, represented by t

CD/ (2)
where

The viscosity coefficient Coo is introduced simply to transform
from local surface viscosity to freestream viscosity. The
numerical solutions obtained with the pressure distributions
noted herein yield the identical result, i.e., the total similar
friction drag is a linear function of vm. The range of validity
of this concept has been tested by the numerical calculations
over a range of freestream Mach numbers and total tempera-
tures (to vary the freestream and wall viscosities) with both
hot- and cold-wall conditions. The results of these calcula-
tions are shown in Fig. 6. The weak Mach number depend-
ence (dA/dMm ~ —0.005) shown in Fig. 6 is due to the small
change in the wall to freestream pressure ratio with Mach
number. Within the framework of usual hypersonic ap-
proximations {i.e., [d(pw/pm)]/dMm -> 0}, this Mach number
effect tends to zero. Specific computed values of A are given
in Table 3 for the various normal and conical shock cases
considered.

Viscous Interaction Effects

The results from the similar solutions are based on the thin
boundary-layer concept, and thus no interaction between
the viscous and inviscid flow fields is considered in these solu-
tions. Although a major portion of the experimentally
observed viscous drag will be subsequently shown to be ac-
counted for by the similar solutions, viscous drag rises con-
sistently greater than predicted by the similar solutions are
observed. The present authors1 have, using the works of
Lees and Probstein,18 Probstein,19 and Probstein and Elliott,20

considered additive corrections to the similar solutions in an
attempt to account for these additional viscous drag rises.
These additive corrections may also, within the framework of
hypersonic strong shock approximations, be shown1 to be a

t The parameter Mm[Cm/RemjL]112 arises frequently in rare-
fied flow analysis, hence often it is referred to as "the slip param-
eter"; however, the use here is in a continuum flow analysis,
and hence the term "hypersonic viscous parameter" is preferred
by the present authors.

Fig. 6 Similar fric-
tion drag for var-
ious Mach numbers,
wall to total tem-
perature ratios, and
freestream viscos-

ities.
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function of the hypersonic viscous parameter vm. The
additive corrections considered are:

Displacement-Induced Pressure Drag

(3)

where

XL =

(I)
Displacement-Induced Friction Drag

(ACp/)p 3 r-0.823 0.524
CD/ ~ ^ 2 L Me

2 M,2

0.7611

Transverse-Curvature-Induced Friction Drag

„ 3 T0.517 , 0.913 /TiA ,
— \b) - ——— + ——— I — I +*J 2 L ̂ 2 -M,2 Vny

0.183 ̂ ^ + 0.04gJ

(4)

(5)

Thus, the total zero-lift drag becomes, with zero base drag,

= CW+ + ' +
CD/ JDf

(6)

Examination of the various equations for each of the fore-
going terms reveals that it is necessary to specify for each
perfect gas case to be considered; 7, Cp(x), (77

W/T0), ty, 0e,
and the condition of conical or normal shock wave. These
specifications will permit the calculation of each drag term
in the perfect gas case. Of course, when departures from a

Table 3 Results from similar solutions

BCy deg * Fluid TW/TQ A Mm B (M.)L

Normal shock case

6.3

9

9

13.5

0.03
0.30
0.03
0.03
0.03
0.30
0.30
0.30
0.38
0.38

N2
N2
N2
Air
Air
N2
Air
Air
N2
Air

0.10
0.10
0.10
0.33
0.75
0.10
0.33
0.75
0.10
0.75

Conical shock

9 7e = 7 - l
CDf =

.4; Mo, =

1.55
1.18
1.45
1.55
1.58
1.09
1.31
1.45
0.71
0.94

case (\f/

• 10; (6C
1. 94000 ; XL = 35.

19
19
19
10
10
19
10
10
19
10

= 0)

Oeff ~
8^; 1

13.9
17.9
8.1
8.5
8.5

11.2
11.1
11.1
5.9
6.5

9.7° ;ue
VL< ~ 7.6.

3.01
3.24
2.64
2.71
2.71
2.85
2.92
2.92
2.44
2.50

_
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9c=9°
^•0.3

TW/T0-0.1
MO,-19

Normal Shock Theory

Fig. 7 Theoretical drag
components for 9°
half-vertex angle blunt

cone.

0 0.1 0.2
Viscous Parameter, vro

perfect gas are to be considered, the specific flow condition
rhust be completely defined. The perturbation terms were
computed assuming constant local flow properties. In viscid
flow conditions at x — L were used for these estimates.

It should be noted here that the foregoing estimate assumes
a weak interaction model and thus ignores the strong inter-
action regime near the nose. Effects associated with flow
field vorticity or with conditions where the molecular mean
free path is comparable to body dimensions are not con-
sidered; thus, large values of the viscous parameter vm can-
not be considered. This limitation will be illustrated later
by comparison with experimental data.

The primary cone model used in the experimental study is
considered in detail to illustrate the relative magnitudes of
the various terms of Eq. (6). This model is a blunt (\f/ =
0.3), slender (6e = 9°) cone considered under hypersonic
(Ma = 19) cold-wall (TW/TQ = 0.1) conditions with nitrogen
as a test gas. The resulting breakdown of Eq. (6) becomes,
under these conditions,

CD — 0 . 130 (inviscid pressure drag) +
1 .09 vm (similar friction drag) +

0.03 £00 (displacement-induced pressure drag) -f-
0.47 £oo2 (displacement-induced friction drag) +

2.34 ftoo2 (transverse-curvature-induced friction drag)

This drag estimate is illustrated in Fig. 7. For this case
it is noted that the similar or Blasius-type friction drag
quickly comes to dominate the zero-lift drag with decreasing
Reynolds number (i.e., increasing £a>). In general, it is found
for the cold-wall case that the displacement-induced pressure
drag and the displacement-induced friction drag terms are
small compared to the other terms. For the hot- wall case,
the displacement-induced friction drag and the transverse-
curvature-induced friction drag terms become comparable.

Lift to Drag Ratio

The lift to drag ratio is assumed to consist of the following
terms: 1) the total zero-lift viscous drag, 2) the inviscid
pressure drag at angle of attack CA^ and 3) the normal force
of the cone CAT. Therefore, the total axial force at angle of
attack becomes the algebraic sum

where CAO is calculated from Newtonian concepts. Hence,

****
and CN is calculated following the correlations of Whitfield
and Wolny6 which express CN as a function of (2 a + a2/
Be) (I - t2). Finally,

L _ CN cosa — CA sing
D CA Gosa.+ CN sino:

(9)

Film Cooling by Gas Injection

An approximate method for the estimation of laminar heat-
transfer and friction drag with gaseous film cooling is pre-
sented following the analysis of Swenson.23 Consider the
intermediate film model proposed by Swenson where it is
assumed that the film replaces only the boundary-layer
thickness of the test fluid. A heat balance of the film based
on these considerations as given by Swenson is as follows:

— qp)2Trr ds — (10)
Assuming AHp = const, ue = UF, with no mixing, JJL = K^T,
where K2 is assumed to be the same for all gases, and pe =
pF, we have the results of Swenson23:

-e~GB

GB
(11)

where GB is given as B by Swenson.23 The term qA is given
by Griffith and Lewis7 for a relatively sharp cone and may be
written as

(1 I ^ \ //-y M / O [pcoW«(/iO1 + 1 (C»)1/2 —gA = Q.Tlfoo

and defining

(12)

rJ1/2 (13)

the distribution parameter (?# can be shown to be a function
ofv*/d. Assuming

= (CDf}F/(CDf)A

we have

(CDf)F/(CDf)A =

(14)

(15)

4. Experimental Results

Zero- Lift Drag without Gas Injection

Limited zero-lift drag data from the present research were
previously published by Lukasiewicz et al.2 and Whitfield
and Griffith.1 The earlier data2 contain errors in the defi-
nition7 of the total flow enthalpy for certain test conditions.
The latter limited data1 differ, where comparable, from the
present results only by small, usually insignificant, base drag
corrections. With the exception of the gas injection models,
base pressure measurements were made for all of the sting-
mounted AEDC-VKF models, and the total drag data were
corrected to a zero base drag condition on the basis of these
measurements. The measured base pressures were, for the
hotshot, Mach 10, and LDH tunnels, less than pm, 1.2pm
and 2pm) respectively. The drag data presented from the
mass injection tests represent the total measured drag, ex-
cluding the thrust component due to mass injection.

The theoretical drag estimates considered previously indi-
cate that the total drag of a slender cone should correlate

0.2

o.i

0

Normal Shock Theory

Sym Model Mg) TW/TQ

~o~ 1 -17 0.1
o Cornell -15 0.1

(Ref. 21)

0.05 0.10 0.15

Normal Shock Theory

0.15

a) y = 0.03 6) »p = 0.3

Fig. 8 Comparison of theory and experiment in con-
tinuum flow regime, 6.34° half-vertex angle cones.
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with the hypersonic viscous parameter, vn = Mm [Ca>/Rem,LY1'*.
The experimental forebody drag data from 6.34°, 9°, 13.5°
cones obtained within the continuum flow regime are pre-
sented as a function of the viscous parameter vm in Figs.
8-10, respectively. Theoretical estimates based on the nor-
mal shock wave theoretical model are presented in all cases,
and, in addition, a conical shock estimate is presented for the
hot-wall, sharper 9° cone case (Fig. 9a). Experimental data
from the Cornell Aeronautical Laboratory's 48-in. contoured
nozzle shock tunnel21 obtained with air as a test gas and under
cold-wall, hypersonic flow conditions are also included in
Figs. 8a and 9. These data are in good agreement with the
hotshot data and with the theoretical estimates. Also in-
cluded in Fig. 9 are hot-wall drag data obtained in the Jet
Propulsion Laboratory's 21-in. hypersonic wind tunnel by
Aeronutronic.22 Reference 22 does not mention the model
base pressure; however, it was assumed that the data repre-
sented total drag measurements. A base pressure of one-
half freestream static pressure was assumed, and the drag
data were corrected accordingly. The specific wall to stag-
nation temperature ratios for these data are unknown; how-
ever, it is reasonable to assume that the ratios for steady-
state conditions are comparable to the present Mach 10,
hot-wall (TW/TQ ~ 0.75) data.

The good agreement between the normal shock drag esti-
mates and experiment for all of the cold-wall data in Figs. 8-
10 must be considered, at present, fortuitous for the sharper
6.34° and 9° cones. Certainly, the normal shock theoretical
model is violated for these sharper cone cases. An experi-
mental check was made on the drag of a quite sharp 9° cone,
and these data are included in Fig. 9a as solid symbols.
Experimentally, the difference in the drag of a "sharp7* (\f/ ~
0) cone and one with a small bluntness (^ = 0.03) could not
be detected. Although arguments on the influence of "aero-
dynamic" bluntness can be advanced, further theoretical
work is required to sort out the influence of vorticity in these

Symbol Model
3
4, 5, 6
CAURef. 21)
7a
JPURef. 22)

-0
0.03

-10 0.03
-7-9 -0

VJq
-0.1
-0.1
-0.1
-0.75
-0.75

——— Normal Shock Theory
——— Conical Shock Theory

TW/T0»0.75 0.75 0.10
M00= 10 10 19

Fig. 9 Comparison of
theory and experiment in
continuum flow regime,
9° half-vertex angle cones.

0.10

a) V < 0 . 0 3

Model
8, 9, 10
CAURef. 21)
lla
JPURef. 22)

-19
-15
-10
-7-9

Vlq
-0.1
-0.1
-0.75
-0.75

- Normal Shock Theory

TW/T0 = 0.75 0.10

0 0.05 0.10 0.15 0.20

b) Y-0 .3

Fig. 10 Comparison of
theory and experiment in
continuum regime, 13.5°
half-vertex angle cone.

CD

-Normal Shock Theory
TW/TQ = 0.75 0.10
MO, > 10 19

Model
o 12, 13
° 14a

i :
D 0. 05 0. 10

VOD

MOQ

-17
~10

i
0.15

TW/TQ
~0.1
-0.75

I
0.20

cases. It is interesting to note that, in spite of the mismatch
between the theoretical and experimental sharper (\f/ <
0.03) cone models, a good engineering approximation of the
total drag within the continuum flow regime can be made by
the methods presented herein. Certainly the agreement
between the theoretical and experimental models is much
better for the blunter (^ > 0.3) cones, and again the theo-
retical model offers a good estimate of the total drags (see
Figs. 8b, 9b, and 10). Griffith and Lewis7 also found that
the normal shock model gave excellent agreement between
theoretical and experimental heat-transfer distributions of
quite sharp cones. The hot-wall, sharp, and blunt cone drag
data are also presented in Figs. 9 and 10. The experimental
data are observed to be consistently above the theoretical
estimates for all hot-wall models. It should be noted that
the low absolute drag level required special techniques of
measurement.1

Experimental drag data obtained under cold-wall, low-
density hypersonic conditions in the LDH tunnel are com-
pared to the higher Reynolds number data and continuum
theory in Fig. 11. Continuum theoretical estimates based
on the present theoretical model and corresponding to the
low-density test conditions were not made because of the
obviously poor match between theoretical and experimental
models. It is certainly to be expected that vorticity, slip,
and temperature-jump effects are present in these data in
varying degrees. It is interesting to note from these drag
data that the low-density (vm > 0.3) drag coefficients are
essentially independent of the specific body shape. These
data indicate that even very slender bodies will experience a
drag level comparable to that of a sphere for vm > 0.4. Proper
theoretical treatment of this important transition regime
from continuum to free-molecular flow has not been accom-
plished and, of course, is urgently needed to better understand
the flow phenomena.

During the course of the present research, Dayman10 ob-
tained free-flight viscous drag data from slender cones which
exhibit appreciably larger viscous drag rises than the present
sting-mounted data. The possibility of significant sting

0.50

I
-17
-19
- 9
-15
-19

9
9° -15

V]o
-0.1
-0.1
-0.2
-0.1
-0.1
-0.2
-0.1

0.38 13.5°-18 -0.1
0.38 13.5°- 9 -0.2

0.02 0.05 0.10_
Viscous Parameter, v

Fig. 11 Comparison of hypersonic, cold wall, viscous
drag of blunt, slender cones in continuum and rarefied

flow regimes.
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Sym
9
9
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0.03
0
0

020 r Conical Shock Theory
MCO-IO. ec-9°

ACDv 0.10 ^ .x^Normal Shock Theory,
MCO-IO, ec-9°,
- - 0.33

0.04 0.06

voo
a) <|> <0.03

Sym 9C, deg y_
o 9 0.30

Normal Shock Theory
•10.ec-9°
• 0.33-

Fig. 12 Compar-
ison of theory and
free-flight drag data.

0.02 0.04
VCD

b) V-Q.30

interference effects was, of course, a suspicion. The previ-
ously mentioned base pressure measurements with the
identical model, sting, and wind-tunnel setups as for the drag
data were made to check out this possibility. In addition,
free-flight drag tests were made in the 50-in. Mach 10 (C)
tunnel using Dayman's pneumatic launch tube. These free-
flight data are compared to the theoretical estimates in Fig.
12. Certainly, the comparison of theory and experiment is,
for these free-flight data, in keeping with the previous com-
parisons for the sting-mounted data. Lyons and Brady26

also have recently published free-flight drag data for slender
cones obtained in an aeroballistic range. The present data
(sting-mounted and free-flight), Dayman's10 free-flight data,
Lyons and Brady's25 free-flight data, and Wilkinson and
Harrington's21 sting-mounted data are summarized and com-
pared to the theoretical estimates in Fig. 13. It is apparent
here that reasonable agreement between theory and the ex-
periments exists for all of the data except Dayman's. It
should be noted that, in terms of base drag alone, a base
pressure of approximately four times freestream static pres-
sure would be required to explain the observed differences.
This is approximately three to eight times the observed base
pressures. Sting interference effects cannot, per se, explain
the discrepancies, and it can only be concluded here that the
present data, Lyons and Brady's25 data, Wilkinson and Har-
rington's21 data, and the theoretical considerations are self-
consistent and agree reasonably well.

Film Cooling by Gas Injection

The effect of injecting a foreign gas tangentially to the wall
of a sharp 9° cone is presented in Figs. 15 and 16. The data
are taken at Mach numbers 10 and 21 over a Reynolds num-
ber range of 630 to 68,300 based on model length. Both
hot-wall and cold-wall data are presented and plotted vs
d/v* [see Eq. (15)] and compared with a theoretical com-
putation in Fig, 16. Note that the theory predicts a more
rapid reduction in the friction drag than the experimental
data show. Several reasons are apparent: 1) the data in-
clude displacement-induced pressure drag, displacement-
induced friction drag and transverse-curvature-induced fric-
tion drag, whereas the theory only considers the reduction in
the "similar" friction drag, 2) the injection velocity and
velocity outside the boundary layer are not matched, thereby
causing mixing, 3) no effect on base drag and pressure drag24

caused by the mass injection has been considered, 4) the

Symbol Mount ^oo
o Sting 10
*> Sting -19
* Free-Flight 10
* Free-Flight 10
* Free-Flight 14-16
o Sting ~ 15
* Free-Flight 8
* Free-Flight 8
^ Free-Flight 10

Data for 0.035 < Mm < 0.07

c, deg
9
9
9

10
8
9
9

10
10

Tunnel
VKF-50-in. MOO = 10
VKF-50-in* Hotshot
VKF-50-in.
VKF-50-in.
Ref. 25
Ref. 21
Ref. 10
Ref. 10
Ref. 10

10
10

Conical Shock Theory
or-1.4 ec-9°
^o>3l°

-Normal Shock Theory
v^-0.05, 9C=9<>
M = 19

Tw/To
a) i|K0.05

Lift to Drag Ratio

The simple analysis of the problem of viscous effects on
the lift to drag ratio of slender blunt cones is compared with
data over a limited Mach number and Reynolds number
range for 9° blunt and sharp cones in Fig. 14. Note the ex-
cellent agreement between the simple theory and the experi-
mental sharp cone (^ = 0.03) data. The value of KI [see
Eq. (8)] was taken as 2.46 following the analysis of Whitfield
and Norfleet5 on sharp slender cones at zero angle of attack.

The theory overestimates the (L/U) ratios on the blunt
cone (\(/ — 0.3). Here the constant K\ was taken as 1.86
(accepted blunt nose value). However, referring to Cheng's17

correlation parameter, x6c*/d,N(eCDN)112, one can readily see
that replacing 0C

2 by (0C + a:)2 will force the parameter to
sharp cone magnitude even at moderate angles of a. There-
fore, a larger value of KI would seem to be in order, thereby
improving the comparison between theory and experiment
for the blunt cone data.

ACr

VCD Normal Shock Theory
VGO = 0.05, ec = 9°f
MO, = 19

0 0.2 0.4 0.6 0.8 1.0

VTo
b) i|; = 0.30

Fig. 6

Fig. 13 Comparison of sting-mounted and free-flight
data with theory.
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Syro MOO" Source
~&~ -20 50-in. Hotshot
o -17 16-in. Hotshot
a -15 Ref. 21

(|)=(X03
Normal Shock Theory"

19. W0.1-
"With Semi-Empirical CN

0.04 0.06 0.08
%

Fig. 14 Comparison of experimental and theoretical lift-
to-drag ratios, 9° half-vertex angle cones, TW/T0 = 0.1.

assumption that the enthalpy potential of the injected gas
(AHF) is constant over the body, and 5) the assumption
of the same viscosity for all gases could cause the apparent
efficiency of the coolant gas to be low. The data from the
low-density tunnel are not included in Fig. 16 because these
data are considered to be in the transitional region between
continuum and slip flow.

5. Concluding Remarks

Comparison of viscous-dominated drag data from blunt
slender cones with estimates based on the theoretical work of
Cohen and Reshotko and Probstein indicates good agreement
for moderate values of the viscous parameter vm (<0.15).
Agreement between theoretical estimates based on the blunt
model (normal shock theory) and the experimental cold-wall
data from sharp cones must be considered, at present, for-
tuitous. Similar agreement was not found for the hot-wall,
sharper cone data. The theoretical estimates for the blunt
slender cones under cold-wall, hypersonic, continuum flow
conditions indicate that the dominant viscous contribution is
simply the "Blasius" or similar friction drag. The primary
perturbation of this similar friction drag for this cold-wall
situation arises from transverse curvature effects with a
relatively small influence introduced by the displacement-
induced longitudinal pressure gradient. It is interesting
that time-honored methods of compressible boundary-layer
analysis serve to offer a reasonable engineering approxima-
tion to these quite large viscous drag rises.

Syro MO, Tp°K v* tTw/T0 Coolant Tunnel

O 10.22 3050 630 0.336 -0.2-0.25
o 21.03 3850 16,300 0.126 -0.1
*• 21.03 3850 16,300 0.126 -0.1
a 10.03 920 37,200 0.043 "0.75
o 10.07 950 68,300 0.034 -0.75
* At Zero Injection
1.0

He
He
N2
He
He

LDH
50-in. hotshot
50-in. hotshot
50-in. Mach 10
50-in. Mach 10

_No Base Pressure Corrections _

9-deg Sharp Cone

Fig. 15 Variation of zero-lift drag with mass injection,
9° half-vertex angle sharp cone.

1.0

0.8

Sym Mm Re^ Twrr0 Coolant
o 21.03 16^300 ~~ 0.1 He
a 10.03 37,200 -0.75 He
o 10.07 6*300 -0.75 He

T0-38500K TW-300°K
Tr - (Pr)l/2 T0 (Skin Friction Only)

C,/v-

Fig. 16 Effect of mass injection on friction drag, 9°
half-vertex angle sharp cone.

Within the range of blunt cone geometries studied experi-
mentally under low-density hypersonic conditions, a sig-
nificant influence of geometry was not noted. Experimental
drag levels near the inviscid drag of a sphere were observed
for all of the cones under these low Reynolds number, cold-
wall conditions.

Discrepancies between the present viscous drag data and
data from Dayman10 at present cannot be attributed to
sting interference, and the actual reason remains unex-
plained. It can only be concluded here that the present
data, other cited free-flight data, other cited sting-mounted
data, and the present theoretical considerations are self-
consistent and agree reasonably well.

The agreement of the theoretical estimates of the lift to
drag ratios (L/D) with the experimental data indicates
that the viscous effects at zero lift and moderate angles of
attack are similar.

Appreciable drag reductions result from injecting a coolant
tangentially along the surface of a cone model. No signifi-
cant difference was noted in using helium or nitrogen as the
coolant.
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Interactions of Gas Molecules
with an Ideal Crystal Surface

RICHARD A. OMAN,* ALEXANDER BOGAN,| CALVIN H. WEISER,! AND CHOU H. LiJ
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In order to increase the understanding of the interaction of gas particles with solid surfaces,
we have performed some large-scale numerical computations of the classical trajectories of gas
particles near a crystalline solid. Interpretations of the results of these trajectories and the
corresponding responses of the lattice are given in terms of some of the dynamic similarity
parameters that should control the interaction. The emphasis in this analysis is on condi-
tions related to hypervelocity flight, where incident molecular energies are much higher than
ordinary thermal energies, and collision times will approximate the natural vihrational
periods of the lattice atoms. Our theoretical model, which assumes an Einstein lattice and
a Lennard-Jones 6-12 potential between lattice atom and gas particle, is set up with this
specific situation in mind.

Nomenclature

b = distance of closest approach to lattice atom
d = lattice-point spacing (equals edge of unit cell for simple

cubic, J edge for FGC and BCC)
D = depth of lattice block
Dw = dimensionless energy parameter e/?mg Vf
E = energy
$ = nondimensional force
5r/ = nondimensional force from equivalent continuum lattice
F = force
i = unit vector, x
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j = unit vector, y
k = unit vector, z
k = spring force constant
m = mass of a particle or atom
n = number of lattice atoms in volume d3

P = response parameter characterizing energy exchange with
lattice

Q = constant used in calculation of forces
r = position vector of point in lattice cell (Appendix)
r = distance between incident particle and a particular

lattice atom
R = position vector
S = relative position vector R — r
T = period of vibration or collision
t = time
V = velocity
W = width of lattice block
x = coordinate along surface
y = coordinate along surface
z = coordinate normal to surface
e = bonding-energy parameter in Lennard-Jones 6-12 poten-

tial
f = coordinate in lattice (parallel to z. axis)
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