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5) The spreading boundaries of the high-temperature,
partially ionized jet were found to depart from the conical
shape of isothe mal jets
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Laminar Heat Transfer to Spherically Blunted
Cones at Hypersonic Conditions

B J GRIFFITH* AND CLARK H LEWISf
ARO, Inc , Tullahoma, Tenn

Heat-transfer distribution data obtained on a 9° half-angle spherically blunted cone at
Mach numbers near 20 and freestream Reynolds number between 8000 and 15,000/in in the
hypervelocity (hotshot) tunnels are presented The test data are compared with Lees' laminar
heat-transfer theory and available shock-tunnel data on similar cones Good agreement be-
tween Lees' theory and the experimental data is obtained Experimental pressure and
heat-tiansfer distributions were correlated over a wide range of nose-bluntness ratios, cone
half-angles, and Mach numbers by modifying the correlation parameters proposed by Cheng
A simple formula is given which is adequate for engineering estimates of the heat-transfer
rate to the conical afterbody of a spherically blunted cone at hypersonic conditions

C
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CH
Cp
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DB
d

Nomenclature
correlation constant [Eq (8)]
form of Chapman Rubesin viscosity coefficient,

heat-transfer coefficient, qw/pwUm(hQ — hw)
pressure coefficient, (p — pa>)/q«>
specific heat at constant pressure
base diameter, in
nose diameter, in
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g = CP/2BC*
h = enthalpy of gas, ft2/sec2

hr = Wilson's reference enthalpy [Eq (5)]
K = constant in Fay-Riddell equation [Eq (2)]
k = nose-drag coefficient (0 964 for spherically blunted

cone)
L = model length, in
M = Mach number
p = pressure
Pr = Prandtl number
#00 = dynamic pressure, p0=U00

2/2
q = heat transfer rate, Btu/ft2-sec
qo = stagnation heat-transfer rate behind a normal shock
go = computed stagnation heat transfer rate [Eq (2)]
qow = inferred stagnation heat rate, qw/(q/qo) Lees (<Z/<Zo =

0 0465 for a hemisphere-cylinder at S/Ro = 2 32,
Ma> ~ 18)

R = radius, in
RB = base radius, in
#o = nose radius, in
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Re — freestream Reynolds number
Re^/in = freestream Reynolds number per inch
Re™ d = freestream Reynolds number based on nose diameter
S = entropy
5 = surface distance from stagnation point of model, in
T = temperature, °K
T* = reference temperature (T0/6)(l + 3TW/TQ), Ref 8
t = time
U = velocity, fps
Wi,Wz = parameters denned in Eq (5)
X — Cheng s axial distance parameter, (x/d)9 2/(e/c)1/2

x = axial distance, in
Y = Cheng s modified heat transfer parameter [see Eq

(3)]
Z = compressibility factor
7 = ratio of specific heats cp/c

= (T - l)/7 + 1
Qc = cone half-angle, radians unless otherwise noted
/z = gas viscosity
£ = s/R0
p = density, slugs/ft3

\// = nose bluntness, Ro/Rs

Subscripts
AC = based on computed average conditions in arc-chamber
a — conditions at 1 atm pressure and 273 16°K
adw = adiabatic wall conditions
]$W _ blast-wave velocity (measured)
e = local conditions at the edge of the boundary layer
i = initial conditions
0 = freestream stagnation conditions
0' = stagnation conditions behind a normal shock
qQ = based on measured stagnation heat-transfer rate
q0w = based on inferred stagnation heat-transfer rate
r — condition at reference enthalpy h
w = wall conditions
oo = freestream conditions
* = conditions at reference temperature T*

Superscript
(ra) = number of iterations

Introduction

IN general studies of practical hypersonic flow situations, it
is desirable to choose a body geometry that clearly

simulates the physical conditions of interest and also is
amenable to theoretical investigation For high speed, high-
altitude flight through the atmosphere, the body must be
blunted to reduce the aerodynamic heating Moreover, to
reduce the drag and thus increase the speed, the afterbody
should also be rather slender One such body that has been
studied, both experimentally and analytically, is a spherically
blunted cone

Experimental studies have been conducted on 9° half
angle spherically blunted and/or flat-nosed cones by Lewis,1
Whitfield and Norfleet,2 Whitfield and Wolny,3 and Whit-
field and Griffith4 in the hypervelocity (hotshot-type)
tunnels of the von K^rman Gas Dynamics Facility, Arnold
Engineering Development Center These studies included
pressure distribution, shock shape, static stability, and zero-
lift drag experiments in the nominal Mach number range
17-20, and freestream Reynolds number per inch between
8000 and 65,000 These studies were conducted in nitrogen

The method of characteristics has been used extensively to
solve the hyperbolic partial differential equations that
describe the supersonic flow field The procedure, even for

an equilibrium dissociating and ionizing gas, is relatively
straightforward However, various methods have been de-
vised to obtain the necessary starting data; those most
commonly used are the integral method of Dorodnitsyn-
Belotserkovskii,5 the inverse method of van Dyke,6 and the
transonic flow-field method of Gravalos et al7

The analytical results of the General Electric Company
using the method of Gravalos et al7 for a 0 3 bluntness ratio
(i/O spherically blunted 9° half-angle cone have been used
extensively It was, in fact, the availability of these data
which prompted the selection of this specific shape It is
worth noting here, however, that the numerical results of the
General Electric Company were for equilibrium dissociating
air properties, whereas the experiments were conducted in
nitrogen at conditions such that the effects of dissociation are
much less than those in the air calculations One should
thus apply caution when comparing the inviscid analytical
and experimental results

Cheng8 theoretically investigated the effects of nose
bluntness on shock shape, pressure distribution, and surface
heat-transfer rate over blunted slender cones The flow
model he considered consisted of three adjoining regions:
1) an inner laminar boundary layer; 2) an outer detached
shock layer; and 3) between 1 and 2, a low-density entropy
layer

The laminar heat-transfer theory of Lees9 has been very
successful in predicting the heat-transfer rate over blunt
bodies at low Mach numbers as, e g , in shock-tube experi-
ments Moreover, even when the pressure gradient, whose
effect is neglected in the theory, is quite large, the theory will
be shown to be satisfactory in predicting heat-transfer rates
to slender, blunted cones

A brief description will be given of the wind tunnel, test
conditions, and model instrumentation However, primary
attention will be given to 1) the method used to determine
the flow conditions in the hotshot wind tunnels, 2) the pre-
cision of the measured data, 3) theoretical considerations re
lated to the correlation of the pressure and heat transfer
distribution, and 4) a comparison of the theories and experi-
ment

It will be shown that modifications of Cheng's pressure and
heat-transfer correlation parameters will permit the experi-
mental data to be correlated over a wide range of Mach
numbers, cone half-angles, and nose-bluntness ratios

Test Apparatus and Models

The experimental data reported here were obtained in two
of the hypervelocity (hotshot) tunnels of the Arnold Engi-
neering Development Center-von Karman Facility (AEDC-
VKF), and typical test conditions are shown in Table 1
These tunnels, shown in Fig 1, are electric arc-heated hyper-
sonic wind tunnels using nitrogen as a test gas and equipped
with conical nozzles Stagnation temperatures were such
that theoretical liquefaction of the gas in the test-section
was avoided As shown in Table 1, the range of freestream
Mach numbers Mm was small, and thus the principle quantity
varied was freestream Reynolds number Re Detailed
descriptions of these tunnels can be found elsewhere 10~14

Experimental data15 16 are also shown from the Cornell
Aeronautical Laboratory (CAL) 11 X 15 and 48-in shock
tunnels using air as the test gas The test conditions rela-
tive to the CAL data will be given on the figures where the
data are presented

Table 1 Typical test-section and stagnation conditions in the hypervelocity (hotshot) tunnels

Test section diam Po, psia T0, °K X 10~3

100-in (F)
50-in (H)

20
19

7400-7700
6000-7000

3300-4000
2800-3700

8-11
9-15
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-Test Section
.-—Model Support

Mternate Model
Mountings

•Vacuum Tank

b) 100 in (F)

Fig 1 AEDC-VKF hypervelocity (hotshot) tunnels

The 9° half-angle cone (Fig 2) was fabricated of type 303
nonmagnetic stainless steel and was instrumented with VKF
heat-transfer gages17 and wafer-type pressure transducers 18

The heat-transfer gage consists of a copper disk held in place
by a thermally insulating material with a thermocouple
soldered to the back face to sense the disk temperature The
gage thickness was tailored to the expected level of heat-
transfer rate to be measured The stagnation-point gage
was 0 020 in thick, whereas the other gages were 0 003 in
thick Calibration of the thermocouple gages with a torch
flame and standard calorimeter was within ±10% of the
theoretical calibration factors based on disk mass, specific
heat, and thermocouple output

Precision

Flow Conditions

Until recently, flow conditions were determined as de-
scribed in Ref 19 This method is summarized as follows:
1) measure initial pressure and density in arc-chamber, pQi
and p0i; 2) calculate initial enthalpy, entropy, and tempera-
ture, hQi, SQi, and T0i-} 3) measure timewise decay of pressure
in arc-chamber, dpQ/dt', 4) calculate timewise decay of density
in arc-chamber; 5) calculate timewise decay of enthalpy,
entropy, and temperature; 6) measure instantaneous pitot
pressure in test-section, p0'; 7) calculate instantaneous values
of flow conditions in test-section (M, Re, etc) based on in-
stantaneous values of PO, po, TQ, hQ, S0, and p0', assuming an
equilibrium isentropic expansion from arc-chamber to test-
section; and 8) complete space uniformity of gas properties in
the arc-chamber (!T0,po,po) are necessarily assumed in this
method

Experiments in which instantaneous flow velocity was
measured from the translation of blast waves through the
test-section showed that velocity calculated as just described
frequently differed radically from the measured velocity
These experiments also showed that the velocity calculated
from measured heat transfer rates was in good agreement with

9
9
9
6 34

0 30 3 00
0 30 3 00
0 30 3 00
0 155 3 22

7 04 AEDC VKF 50 in (H)
7 04 AEDC VKF 100 in (F)
7 04 Cal 48 in

12 49 Cal 48 in

the measured blast-wave velocity These experiments are
described in Ref 12, and results are summarized in Fig 3
Referring to Fig 3, it is seen that the velocity determined
from stagnation-point heat-transfer rates measured at the nose
of a hemisphere-cylinder (q0) or inferred from heat-transfer
rates measured beyond the shoulder of the hemisphere
(qow) agreed with the measured blast-wave velocity within
±5%

Figure 4 presents typical timewise velocity data Note
that the agreement between the velocity measurements
Uqo and UBW is excellent even when the velocity UAC is
radically different Clearly, the earlier method frequently
yielded erroneous flow conditions

The foregoing results show definitely the existance of
significant enthalpy gradients in the arc-chamber caused by
incomplete heating of the gas The results also show the
advantage of experimental determination of freestream condi-
tions from pitot pressure and stagnation heat transfer rate
rather than the average computed arc-chamber enthalpy
and pitot pressure

A revised method for determining flow conditions has been
adopted and was used in this investigation Briefly, this
method is summarized as follows:

1) Instantaneous values of p0 and pQ
f were measured

2) Instantaneous values of g0 were either measured di-
rectly or inferred from a measurement of qw using Lees' dis-
tribution theory9 with experimental pressure distribution

3) Enthalpy (ho) was calculated from an approximate
equation of the form hQ

w = f(po',qo) With values of pQj p0',
and h0 known, the remaining flow conditions (M, Re, etc)
were calculated as described in Ref 19 for an equilibrium
isentropic expansion

4) Using the calculated flow conditions, q0 was calcu-
lated from Fay-Riddell theory20 and compared to the meas-
ured <jo, and the procedure was repeated with a corrected h0
adjusted by the differences in computed and measured go
(/£0(m+i) = ho^qo/qoc) The iteration was repeated until the
measured g0 and the calculated qQ were in agreement within1%

5) Newtonian pressure distribution near the stagnation
point and unit Lewis number were assumed in the Fay-
Riddell theory

Use of this revised method has greatly improved the con-
sistency of results for the VKF hotshot tunnels and has
simplified calculation of flow conditions in that the laborious
calculation of timewise decay of density in the arochamber
has been eliminated

The dual-gage heat-transfer probe used to measure g0
and qw also serves as an excellent contamination moni-
tor If solid particle contamination is present in the flowing
gas, the measured value of qQ will be higher than the correct

"16 in Hotshot j//
(Ref 12) //'

/ /.4
±5%

Fig 3 Comparison of measured
and calculated flow velocity
based on arc-chamber and
blast-wave velocity measure-

ments

6 8 10 12
Velocity UBW ft/sec

50 in (H)

Fig 2 Spherically blunted cone models
6 8 10 12

Velocity UBW ft/sec
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Table 2 Precision of heat-transfer and pressure data

Probable error, %
Hypervelocity tunnels Pressure Heat transfer

50-in (H)
100-in (F)

±5
±5

±10
±10

value because of particle impingement at the nose of the
probe, whereas the influence of solid particles on gages
aligned with the flow (i e, aft of hemisphere-cylinder junc-
tion) must be of second-order as compared to the influences
at the stagnation point Thus, a comparison of the meas-
ured g0 with a value of q0w inferred from the measured value
of qw will indicate a presence of, or lack of, particles in the
flow Typically these values agree within ±10%, indi-
cating negligible solid particle contamination Occasion-
ally these measurements indicate a "dirty" run The fre-
quency of such occasions was small, and data from such runs
were not used

Measured Data

The precision of the heat-transfer and pressure data ob
tained in the present investigation was estimated, and the
results are shown in Table 2 (for an approximate 90%
confidence level) The ±5% spread of flow velocities in-
ferred from stagnation heat rates as compared to measured
flow velocities (see Fig 3) corresponds to the ±10% spread
in the heat-rate data, whereas the variable-reluctance pressure
transducers are linear within ±2% and have an over-all
repeatability in p/pQ' of ±5%

All of the data presented herein were obtained in conical
nozzles Whitfield and Norfleet2 discussed the influence
that source flow effects have on pressure measurements over
slender sharp cones in conical hypervelocity nozzles No
corrections for possible source flow effects were made to the
results presented herein since they were considered to be
negligible

Theoretical Considerations

Pressure Distributions

The correlation of pressure distributions in terms of param-
eters proposed by Cheng8 was used to specify the pressure
distributions for the blunted cones considered in this paper
The data of Lewis1 and CAL16 were replotted along with
other VKF data in terms of pressure coefficient as shown
in Fig 5 Note that these data show no dependence of
pressure coefficient on Mach number Cheng's parameter
pw/Mm

2pmO 27ro is, of course, equivalent to CP/26 2 when
pw » PC* For slender cones at only moderate hypersonic
Mach numbers (~10), this condition cannot be satisfied; thus
the use of Cp/29 2 is expected to be more general, and the
correlation of the available experimental pressure data (Fig
5) bears out this expectation

As shown in Fig 5, the General Electric Company's real-
gas (air) characteristics solution1 6 and the sharp cone value
of Whitfield and Norfleet2 agree well with the experimental
data All numerical calculations (except the conical shock
values) were made using this characteristics solution and
the experimental sharp cone value2 together with an approxi-
mate interpolation curve Shown also in Fig 5 is the per-
fect-gas, theoretical sharp cone (with attached conical shock)
value for Mm = 15 and dc = 9°

Heat-Transfer Calculations

Blunted cones

The heat-transfer computations were made using Lees7

theoretical distribution9 over the cone surface The pres-

Sym
o UBW (Blast Wave Velocity)
a Uq (Stagnation Heat Rate)

o Ik (Inferred Stagnation Heat Rate)
°w

—— ^AC ̂ rc Chamber Enthalpy)

Fig 4 Typical timewise &
data comparison of meas- .2
ured and calculated flow >
velocity based on arc-cham-
ber and blast-wave velocity

measurements

Case I

10 20
Time msec

Case II UBW ~ U

30

UAC

20 40 60 80
Time msec

sure distribution was obtained from Fig 5 and modified
Newtonian over the spherically blunted nose Local condi-
tions at the edge of the boundary layer (denoted by sub-
script e) were calculated for an isentropic expansion from
the stagnation conditions behind a normal shock [denoted
by( V]

Lees7 equation is

U R

f P. V.(R\*
?

1/2
Po

- p.) (1)

The stagnation-point heat-transfer rate was calculated
based upon the Fay-Riddell20 theory for a 300 °K wall tem-
perature The equation used was

Pa

where K =*{! 7044 X 10~3 for nitrogen, K
(2)

1 7247 X 10~3

Sym Tunne,

3 0

2 0

1 0

• 19 9 0 300 AEDC VKF 50
* 16 19
*• 20
* 20
o 10 -
o 13 5 <

0 300 AEDC VKF 16
in (H)
in. Hotshot

0 150 AEDC VKF 100 in (F)
0 035 AEDC VKF 100 in. (F)

1 0 155 AEDC VKF Mach 10
) 0083 CAL 48 in

n 14 5 6 34 0 155
o 14 2
a 144
* 14 7

0 078
0 002
0 002

^ 13 5 9 0 002
<* 13 5 9 0 002

(Ref 16)

/-GE Characteristics Solution
Mm 15 Altitude 85 000 ft
(Refs land 6)

^ "̂•W, . a/

, Whitfield and Norfleet
/ (Ref 2)

°\ ' -T*6^
^- Approximate L Perfect Gas

Fairing M^ 15 0C 9 deg

0 02 0 1

i*vTk d

100 1000

Fig 5 Correlation of zero-lift cone pressures, M«
10 to 20
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Sym

0 10

0 04

4 0

1 0

0 10
0 041

0 04 0 10

Symbols Represent
Theoretical Solutions
Using Lees Theory

a) Cheng s Correlation Parameter

1 0 10

bj A Modified Cheng Correlation Parameter

Fig 6 Theoretical heat-transfer rates to blunted cones
based on Lees' heat-transfer distribution

for air, the dimensions of g0(^o)1/2 are Btu-(in ) 1/2/ft2-sec, and
the pressure is in atmospheres

The heat-transfer calculations were made considering both
perfect-gas and real-gas properties21 22 All calculations
were for stagnation temperatures of 4000 °K or less As
noted by Kemp, Rose, and Detra,23 the effect of y on heat-
transfer distributions was negligible The ratio of specific
heats (y) affects the test-section parameters during isentropic
nozzle flow expansions and thereby would have some in-
fluence upon Cheng's correlation parameter However, for
the conditions covered in this paper these effects were only
about 5%

Cheng,8 in the development of his theory, assumed pw/por

constant with Mach number and proportional to 0C
2 for

MJ*8C
2 ^> 1 Figure 5 indicates that Cp/26 2 is independent

of Mm at hypersonic conditions As noted previously,
Cheng's parameter implies that pw ^> pm', thus, expressing

Sym M^ 6C V Tunnel

• 19 9 0 300 AEDC VKF 50 in (H)
* 20 0 300 AEDC VKF 100 in (F)
o 13 5 0 083 CAL 48 in (Ref 16)
o 14 7 0 300
& 13 5 0 300
o 14 2 6 34 0 078
^ 14 7 0 155
A 14 7 0 002
& 14 4 0 002
rf 13 5 9 0 002
<f 13 5 9 0 002

e> 1 0
^ 8

0 10

0 01

,rlees Theory Real Gas
T 3600°K

T^°
±io*-/>s^ Sharp Cone Value

15 9C 9deg
Perfect Gas

the heat-transfer data in terms of Cheng's correlation param-
eter results in curves (see Fig 6a) with a Mach number
and cone angle dependence and converging at high Mach
numbers and larger cone angles This dependence is caused
by the strong influence that pm/pof has at the lower hyper-
sonic Mach numbers and on the more slender half angle
cones A modification of Cheng's heat-transfer parameter
can be accomplished to account for the fact that pw is not
always much larger than pm Instead of assuming, as
Cheng does, that p /p0

f <* 0 2
; use the relation

or
^ CP

pw/Pof - (6
where g = Cp/2d 2, which is, as shown in Fig 5, a unique
function of Cheng's distance parameter (x/d}6 2/(e&)1/2

The modified version of Cheng's heat-transfer correlation
then becomes

(3)
+

The numerical solutions in Fig 6a are presented in Fig
6b in terms of this modified correlation parameter where
the improvement in using the modified correlation is apparent

Sharp cones

Soloman24 gives the following formula for the heat transfer
rate to a sharp cone (with attached conical shock) in an
equilibrium real gas :

qw = 0 575 Pr~v*(h dw - hw)(P /z U /s)1'2 (4)

where p fjL is evaluated at the Wilson25 reference enthalpy

h = 0 9PFi(/iw + h.) + l OSW2(U 2/2) +
h (I - 1 8T70 (5)

where

Substitution of Eq (4) into the modified Cheng correlation
parameter, Eq (3), yields

Y = 0 575 Pr~2/3

where

cosfl V
X

}'1 (6)

For the conditions considered here (perfect gas, 5° < 6

o 10

0 01 0 1 100 1000 0 01

Sharp Cone Value
12 9C 5deg

Sym moo Tunnel
11 3 CAL 11 x 15 in (Ref 15)
12 5 CAL 11x15 in (Ref 15)
13 0 CAL 11 x 15 in (Ref 15)

0 01 0 10 1 10 100 1000

VFk d

Fig 7 Comparison of theoretical and experimental heat-
transfer rates to spherically blunted cones

Fig 8 Comparison of theoretical and experimental heat-
transfer rates to flat-nosed cones
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Theoretical 1 0
Sym 9C MO,

0 16

0 12

0 04

±10%

o s o c

r y
for f— -J between 0 05 and 0 60d

0 04 0 12 0 16

Experimental
\ Tunnel

0 12

9 ~L9 AEDC VKF50 in (H)
* 9 -20 AEDC VKF 100 in (F)
o 9 ~145 CAL48 in Shock Tunnel
n 6 3 4 - 1 4 5 CAL48 in Shock Tunnel

0 04 0 08

.i\
^n

0 12

0' Experimental

Fig 9 Correlation of blunt cone heat-transfer distribu-
tion data

< 15°, 10 < Mm < 20), it was found that h = cpT* within
a percent or so A comparison of the definition of Cheng's8

T* with Wilson's25 Tr clearly indicates this Thus, for
Prr = 0 71 (const), Eq (6) becomes

(7)

One thus sees that F = Y(X~1/2; Mm,6 ) for a sharp cone and
is, of course, now independent of the nose diameter

Results and Discussion
The experimental heat-transfer rates are shown in Figs

7 and 8 in terms of the modified Cheng correlation param-
eter Experimental points include data from the VKF
tunnels, data of Wittliff and Wilson15 for a 5° half-angle
flat-nose cone, and CAL data16 on spherically blunted cones

Figure 7 presents data for slender cones with spherically
blunted noses in terms of the modified Cheng parameter
Note the agreement between the experimental data and the
theory for cones over a wide range of nose-bluntness ratios
The numerical computation of Lees7 theory in Fig 7 includes
real-gas effects; however, as previously noted, within the
flow region covered by this paper the real-gas effects change
the theoretical calculations by only about 5%

The good agreement between Lees7 theory and the sharper
634° and 9° cones must be considered, at present, for-

o 10

0 01

Tunnel

9 15xl03 AEDC VKF 50 in (H)
11 x 103 AEDC VKF 100 in (F)

14 5 5 7 12xl03 CAL 48 in

(a)

20

PW
PO

0 10

0 01
20

Fig 10 Heat-transfer and pressure distributions over a
9° half-angle spherically blunted cone

tuitous Certainly, the normal shock approximation used
in calculating the local flow properties over the cone should
be invalid for the sharper cones However, Whitfield and
Griffith4 reported similarly good agreement between theo-
retical estimates (normal shock theory) and experimental
cold-wall zero-lift drag data from sharp cones Figure 7
also presents a theoretical solution for a conical shock case
(Mm = 15; 0 = 9 ° ) This case simply assumes that the
cone surface pressure is constant at its inviscid value Solu-
tions for other Mach numbers and cone half-angles were ob-
tained (but not shown here), and they fell within ±10% of
the theoretical sharp cone value shown

Comparison of the flat-nosed cone data of Wittliff and
Wilson15 with Lees7 theory is shown in Fig 8 The data
have been corrected to correspond to the definition of the
reference temperature (T*) used herein The constant 3
was inadvertently dropped in the original machine data
reduction,26 and this amounts to about a 4% correction
In the calculation of the theory, a spherically blunted nose
was assumed

The heat-transfer data were plotted as a function of the
pressure ratio pw/po', and these data are shown in Fig 9a
From these data, the relation qw/qo a PW/PQ' is clearly sug-
gested Expressing pw/p0

f in terms of CPJ one obtains

where C is a correlation constant to be determined From
the perfect-gas (7 = 14) solutions, C = I 47 and qoa/por =
0 5436 for Mm -* oo The final result is

+ (9)qw/qQ = 0 80((7

A comparison of the theoretical heat-transfer distribution
with Eq (9) is shown on Fig 9a for (x/d)6 2/(e&)1/2 between
0 05 and 0 60 J From this comparison we see that Eq (9)
is accurate within ±10% for 5 < 0C < 15°, Mm = 10 and

t This corresponds approximately to the conical portion of
the ^ = 0 3 spherically blunted 9 half angle cone
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oo However, a more meaningful comparison is shown on
Fig 9b where a comparison between Eq (9) and the experi-
mentally measured heat transfer rate is shown All of the
AEDC-VKF data are correlated by Eq (9) within ±10%

The 50- and 100-in tunnel heat-transfer data are also
presented in the form of ratios of measured surface-to-stagna-
tion rate (Fig 10) This facilitates further use of the data
and is also convenient for comparison directly with Lees'
theory The measured heat-transfer rate distribution is
compared to Lees' theory and data from CAL on a similar
model Note the excellent agreement between Lees' theory
and the VKF and CAL data

Conclusions
Based upon this investigation of heat-transfer to blunted

slender cones at Mach numbers about 20 and Reynolds
numbers per inch between 8000 and 15,000 in the AEDC-
VKF hypervelocity (hotshot) tunnels, the following conclu-
sions are made:

1) Good agreement between Lees' laminar heat-transfer
theory and the experimental data for a 0 3 bluntness ratio
spherically blunted 9° half-angle cone was obtained over
the Reynolds number range investigated Good agreement
was similarly obtained by comparison with the experimental
data from AEDC-VKF and CAL shock tunnels The
agreement between Lees' theory and the experimental data
should, however, be considered somewhat fortuitous since
the theory neglects the effects of pressure gradient

2) The pressure and heat-transfer distributions are inde-
pendent of Mach number and cone angle when expressed in
terms of a modification to the parameters proposed by Cheng8

3) A good engineering approximation for the heat-transfer
distribution over slender blunted cones for (x/d)6c

2/(ek)1/2

between 005 and 060 is qw/qQ = 080 (Cp + 2/yMm*)
This formula was derived in this investigation, and the result
was tested for slender blunted cones at Mach numbers near
20 and found to be accurate within about ±10%
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