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ABSTRACT

Heat-transfer distribution data obtained in the arc-driven tunnels
(hotshot type) of the von Kdrman Gas Dynamics Facility, AEDC, are
presented. Data were taken on a 9-deg half-angle spherically blunted
cone and a hemisphere-cylinder at Mach numbers between 17 and 20
and Reynolds numbers per foot in the free-stream between 100, 000
and 800, 000. ‘

The test data are compared with theory and available shock tube
and shock tunnel results. Good agreement between Lees' theory and
measured heat-transfer rates demonstrates the capability of the VKF
hotshot tunnels to obtain heat-transfer distribution data. The data
indicate a strong dependence of the heat-transfer distribution on pres-
sure distribution, Mach number, and cone half-angle. The heat-transfer
data are correlated over a wide range of Mach numbers and cone angles.
Correlation curves and formulas are presented for the pressure and
heat-transfer distribution to spherically blunted cones at hypersonic
conditions.
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NOMENCLATURE
C Correlation constant (Eq. (5))
Co - Form of Chapman-Rubesin viscosity coefficient,
Pylttg = Cu Tyl Ty
Ca Heat-transfer coefficient, w
Po Uy (ho - hy)
Cp Pressure coefficient, _BW—CLDP—“’
Cp Specific heat at constant pressure
Dgy Base diameter, in.
d Nose diameter, in.
g Cp/26.2
h Enthalpy of gas, ft2/sec?2
hy | Wilson's reference enthalpy (Eq. (8))
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
qm Dynamic pressure
d Heat-transfer rate, Btu/ft2sec
do Stagnation heat-transfer rate behind a normal shock
qow Inferred stagnation heat rate, dy/(d/do)1,eces!
(4/do = 0.0465 for a hemisphere-cylinder at S/Rg = 2. 32,
M, ~ 18)
R Radius, in,
Ry Base radius, in.
Ry Nose radius, in.
Re Free-stream Reynolds number
Re,/in. Free-stream Reynolds number per inch

ix
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Re,g Free-stream Reynolds number based on nose diameter
S Entropy

s Surface distance from stagnation point of model, in.

T Temperature, °K

Tx Reference temperature, (To/6) (1 + 3 Ty /Ty), Ref. 9
t Time

U Velocity, ft/sec

W1, Wo Parameters defined in Eq. (8)

X Cheng's axial distance parameter, (x/d)Gczv/(sk)l/2

X Axial distance, in.

Y Cheng's modified heat-transfer parameter, see Eq. (3)
Z Compressibility factor

y Ratio of specific heats, cp/ Cy

€ (r-1)/y+1

Oc Cone half-angle, radians unless otherwise noted

© Gas viscosity

3 s/Ro

P Density, slugs/ft3

¥ Nose bluntness ratio, Rg/RB

SUBSCRIPTS

AC Based on computed average conditions in arc-chamber
a Conditions at one atmosphere pressure and 273. 16°K
adw _~ Adiabatic wall conditions

BW Blast-wave velocity (measured)

e Local conditions at the eage of the boundary layer

i ' Initial conditions

o Free-stream stagnation condifions

o' : - Stagnation conditions behind a normal shock
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Based on measured stagnation heat rate
Based on inferred stagnation heat rate
Condition at reference enthalpy, hp
Wall conditions

Free-stream conditions

Conditions at reference temperature, T,
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1.0 INTRODUCTION

The capability of the hypervelocity (hotshot-type) tunnels of the von
Kdrman Gas Dynamics Facility (VKF), Arnold Engineering Development
Center (AEDC), Air Force Systems Command (AFSC), to obtain pres-
sure distribution and force data has been demonstrated in a series of
recent reports (Refs. 1 through 5). The purpose of the present report
is to demonstrate a similar capability to obtain heat-transfer data in
nitrogen at Mach numbers between 17 and 20 and Reynolds numbers
per foot between 100, 000 and 800,000, Data are presented from the
three hypervelocity tunnels of the VKF: (1) 16-in, (Hotshot 1), (2) 50-in.
(Hotshot 2), and (3) 100~in. (Tunnel F).

The tests reported herein were conducted on spherically blunted
cones and hemisphere-cylinders. The results are compared with data
from Cornell Aeronautical Laboratory's (CAL) shock tunnels on flat-
nosed slender cones (Ref. 6) and spherically blunted cones (Ref, 7)%,

The experimental results are compared with the theoretical pre-
diction of heat-transfer distribution by L.ees (Ref. 8), Cheng (Ref. 9),
and the conical flow sharp cone value. Theoretical heat-transfer curves
are presented for a wide range of Mach numbers and cone half-angles.

Correlations are presented based upon a modification of Cheng's
heat-transfer parameter. A simple correlation of the heat-transfer
distribution over blunted cones which is adequate for engineering esti-
mates is also given.

2,0 TEST DESCRIPTION

2,17 TUNNEL AND TEST CONDITIONS

Detailed descriptions of the three AEDC-VKF hypervelocity
(hotshot) tunnels are given in Refs. 1, 2, 10, and 11. The conditions
for the tests in these tunnels are shown on the following page.

*AEDC sponsored research

Manuscript received April 1963,
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Test Section Diam M, Do, psia To, K Re,/in. x 10-3 Model
100-in. (Tunnel F) =20 7400-7700 3300-4000 8-11 9-deg Cone
50-in, (Hotshot 2) ~19 6000-7000 2800-3700 9-15 9-deg Cone
18-in. (Hotshot 1) 17-19 12,000~15,000 2500-4000 25-70 Hemisphere-
Cylinder

2,2 MODEL INSTRUMENTATION

The 9-deg half-angle cone (Fig. 2) was fabricated of type 303 non-
magnetic stainless steel. The cone model was instrumented with VKF
heat-transfer gages and pressure transducers. Insulation of the model
from the tunnel support system was achieved by a nylon sleeve over the
model's sting. The hemisphere-cylinder was constructed and instru-
mented similarly to the spherically blunted cone.

The heat-transfer gage consists of a copper disc held in place by
a thermally insulating material with a thermocouple soldered to the
back face to sense the disc temperature, A detailed description of the
gage is given in Ref. 12, The stagnation point gage was 0. 020-in.
thick, whereas the other gages were 0.003-in. thick.

Figure 3 shows a typical installation of a thermocouple gage.
Calibration of the thermocouple gages with a torch flame and standard
calorimeter was within +10 percent of the theoretical calibration factors
based on disc mass, specific heat, and thermocouple output.

3.0 PRECISION

3.1 FLOW CONDITIONS

Until recently, flow conditions were determined as described in
Ref. 16. This method is summarized as follows:

Measure initial pressure and density in arc-chamber, Poj and po;.

Calculate initial enthalpy, entropy, and temperature,
hOi’ Soi, and TOi'

Measure timewise decay of pressure in arc-chamber, dp,/dt.

Calculate timewise decay of density in arc-chamber.
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Calculate timewise decay of enthalpy, entropy, and temperature.
Measure instantaneous pitot pressure in test section, pé.

Calculate instantaneous values of flow conditions in test section
(M, Re, etc.) based on instantaneous values of pg, Po, To, hos
So, and pg, assuming isentropic expansion from arc-chamber
to test section.

Complete space uniformity of gas properties in arc-
chamber (T, p,, 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 described above frequently differed radically from
the measured velocity. These experiments also showed that velocity
calculated from measured heat-transfer rates was in good agreement
with the measured blast-wave velocity. These experiments are described
in Ref. 2, and results are summarized in Fig. 4a. Referring to Fig. 4a,
it is seen that velocity determined from stagnation point heat-transfer
rates measured at the nose of a hemisphere-cylinder (dp) or inferred
from heat-transfer rates measured beyond the shoulder of the hemisphere
(qu) agreed with the measured blast-wave velocity within +5 percent.

Figure 4b presents typical timewise velocity data. Note that the
agreement between the velocity measurements Uy and Upyy is excellent
even when the velocity Upg ¢ is radically different.® Clearly the earlier
method frequently yielded erroneous flow conditions.

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

Instantaneous values of pg and pj are measured.

Instantaneous values of 4y are either measured directly or
inferred from a measurement of dw using Lees' distribution
theory with experimental pressure distribution, Ref. 8.

Velocity, hence enthalpy (hg), is calculated from measured
values of pd, do, and the heat probe radius, using Fay-Riddell
theory, Ref. 13; Newtonian pressure distribution near the
stagnation point and zero dissociation are assumed.

With values of po, pd, and hg known, the remaining flow condi-
tions (M, Re, etc.) are calculated as described in Ref, 16,

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

The dual gage heat probe used to measure 4o and ¢y, also serves
as an excellent contamination monitor. If solid particle contamination
is present in the flowing gas, the measured value of {5 will be higher
than the correct value because of particle impingement at the nose of
the probe. The measured value of dy, will not be affected by solid
particles. Thus, a comparison of the measured d, with a value of qu
inferred from the measured value of gw will indicate the presence of,
or lack of, particles in the flow. Typically these values agree within
+10 percent, indicating negligible solid particle contamination. Occa-
sionally these measurements indicate a ''dirty' run. The frequency
of such occasions is small, and data from such runs are not used.

3.2 MEASURED DATA

The precision of the heat-transfer and pressure data obtained in
the present investigation was estimated as follows:

Precision, Percent

Hypervelocity Tunnels Model Pressure Heat Transfer
16-in. (Hotshot 1) Hemisphere-Cylinder +8 +13
50-in. (Hotshot 2) ~ 9-deg Cone +5 +10

100-in. (Tunnel F) 9-deg Cone +5 +10

All of the data presented herein were obtained in conical nozzles.
Whitfield and Norfleet (Ref. 4) 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 considered in the results presented herein since they were
considered to be negligible.

4.0 THEORETICAL CONSIDERATIONS

4.1 PRESSURE DISTRIBUTIONS

The correlation of pressure distributions in terms of parameters
proposed by Cheng (Ref. 9) was used to specify the pressure distribu-
tions for the blunted cones considered in this report. The data of Lewis
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(Ref. 3) and CAL (Ref. 7) were replotted along with other VKF data in
terms of pressure coefficient (Fig. 5). Note that the data of Fig. 5
show no dependence of pressure coefficient on Mach number. Cheng's
parameter, pyw/Mg2 p, 6.2 v is, of course, equivalent to Cp/29C2
when py > > p,. For slender cones at only moderate hypersonic Mach
numbers ( ~ 10), this condition cannot be satisfied; thus the use of
Cp/2602 is expected to be more general, and the correlation of the
available experimental pressure data (Fig. 5) bears out this expecta-
tion.

The General Electric Company's real gas characteristics solution
(Refs. 3 and 15) and the sharp cone value of Whitfield and Norfleet
(Ref. 4) agree well with the experimental data (Fig. 5). All theoreti-
cal calculations (except the conical shock values) were made using this
characteristics solution and the sharp cone value of Ref. 4, together
with an approximate interpolation curve. Shown also in Fig. 5 is the
perfect gas, sharp cone (with attached conical shock) value for
M, = 15 and 6¢ = 9 deg.

4,2 HEAT-TRANSFER CALCULATIONS
4.2,1 Blunted Cones

The heat-transfer computations were made using Lees' theoretical
distribution (Ref. 8) over the cone surface. The pressure distribution
was obtained from Fig. 5 and modified Newtonian over the spherically
blunted nose. Local conditions at the edge of the boundary layer
(denoted by subscript e) were calculated for an isentropic expansion
from the stagnation conditions behind a normal shock (denoted by (){).

Lees' equation is:

1
Pw Ue R 2 ’ 4
pe U Ro

/iy ==
w’ 1o é 2 1/2
':fo Pv’v Ue < R ) dg] 2(P0’ _ Pw)
Po U Ro

o

1
2

Stagnation point heat-transfer was calculated based upon the Fay-
Riddell (Ref. 13) theory for a 300°K wall temperature. The equation

used was:
0.1 , 0.4 , 0.25
. e Pw P Py — P
9, VRo = K [—= - , (ho ~ h - =
o ¥ <Pa> <Pa Fo > ° = ) <PJ/Pa >

(1)

(2)
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where

K = 1.7044 x 10-3 for nitrogen

1.7247 x 10-3 for air

and the dimensions of o \/Ro are Btu-ifin. /ft2sec, and the pressure is
in atm. .

The heat-transfer calculations were made considering both perfect
gas properties and real gas properties from Refs. 14 and 17. All cal-
culations were for stagnation temperatures of 4000°K or less. As noted
by Kemp, Rose, and Detra (Ref. 18), 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 influence upon Cheng's correlation parameter,
However, for the conditions covered in this paper these effects are only
about five percent,

Cheng (Ref. 9), in the development of his theory, assumed pW/pé
constant with Mach number and proportional to 902 for Mm2 Gcz >>1,
Figure 5 indicates that Cp/2902 is independent of M, at hypersonic
conditions. As noted previously, Cheng's parameter implies that
Pw > > Py thus, expressing the heat-transfer data in terms of Cheng's
correlation parameter will result 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 influ-
ence that pm/pé has at the lower hypersonic 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 py, is not
always much larger than p,. Instead of assuming, as Cheng does,

, 2
Pw/Po = 00

use the relation

pw/Po’ =Cp + 2/yM002
or
Pw/P," = (6 + 1/ygM.})

where g = Cp/2602, which is, as shown in Fig. 5, a unique function of
Cheng's distance parameter, (x/d) 6.2/+ek. The modified version of
Cheng's heat-transfer correlation parameter then becomes

(6k)1/4 Chu V Re,
Y = e (3)
M, (62 + 1/ygM2) VT,

o
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The theoretical distributions in Fig. 6a are presented in Fig, 6b in térms
of this modified correlation parameter. The improvement in using the
modified correlation is apparent.

Considering the theoretical heat-transfer distributions for the extreme
flow conditions and cone angles encountered here (see Fig. 9) suggests
that

0y/%% % Py/Pq (4)

Expressing pW/pé in terms of Cp, one obtains -
4 /8 = Clau/p) [C, + 2/yM}] (5)

where C is a correlation constant to be determined from the previously
discussed theoretical solutions. From the perfect gas (y = 1.4) solutions,
C=1.47 and q,/pd = 0.5436 for M — ». The final result is

a,/q, = 0.80 (Cp + 2/yM.2) (6)
for values of (x/d) 6.2/Vek between 0,05 to 0. 60,
The heat-transfer distribution over the hemisphere-cylinder was
computed in a completely similar manner to the blunt cone calculations.

The experimental pressure distributions of Fig. 11 were used as input
data to the Lees' equation.

4.2,2 Sharp Cones

Soloman (Ref. 23) gives the following formula for the heat-transfer
rate to a sharp cone (with attached conical shock) in an equilibrium real
gas: ’

. 2
Gy = 0575 Pr ™% (hagw - hw) VP, B U, /s (7)

where pppyp is evaluated at the Wilson (Ref. 24) reference enthalpy

hy = 0.9 Wy (hy + he) + 1.08 W, (Uo?/2) + he (1 —~ 1.8 W,) (8)

where
1
W, = 1 1/2 (Pp)

Wo = [(Pen /2 = (P % /3] (e

Substituting Eq. (7) into the modified Cheng correlation parameter,
Eq. (3), yields

-1
Y = 0575 Pr—z/a\/ Pete Ue o050 g {Mw Vi [0 + (yszg)“J} (9)

Poo Py Us X
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where

X = (x/d) 002/ vVek

For the conditions considered here (perfect gas, 5 deg < 6¢ £ 15 deg,
10 € M, < 20), it was found that hy = ¢, T, within a percent or so. A
comparison of the definition of Cheng's Tx (Ref. 9) with Wilson's Tp
(Ref. 24) clearly indicates this. Thus, for Pry, = 0. 71 (constant), Eq. (9)

becomes
Y VX - 0.7224 /_119__093_9;_<&._ >/M 6, (10)
Usw Py’ Po \ Poo <

One thus sees that Y = Y(X‘l/z; M,, 6¢c) for a sharp cone and is, of
course, now independent of the nose diameter.

5.0 RESULTS AND DISCUSSION

5.1 CONES

The experimental heat-transfer rates shown in Figs. 7 and 8 are
compared with the theory of Liees' (Ref. 8) and Cheng (Ref. 9). Experi-
mental points include data from the VKF tunnels, data of Wittliff and
Wilson (Ref. 6) for a 5-deg half-angle flat-nose cone, and CAL data
from Ref. 7.

Figure 7 presents data on slender cones with spherically blunted
noses in terms of the modified Cheng parameter. Note the agreement
between the test data and Lees' theory for cones with a wide range of
nose bluntness ratios. The theoretical computation of Lees' 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 five percent.

The good agreement between Lees' theory and the sharper 6. 34-
and 9-deg cones must be considered, at present, fortuitous. Certainly,
the normal shock approximation used in calculating the local flow
properties over the cone should be invalid for the sharper cones. How-
ever, Whitfield and Griffith (Ref. 25) reported similarly good agree-
ment between theoretical estimates (normal shock theory) and experi-
mental cold-wall zero-lift drag data from sharp cones. Figure 7 also
presents a theoretical solution for a conical shock case (M, = 15,
0c = 9 deg). This case simply assumes that the cone surface pressure is
constant at its inviscid value. Solutions for other Mach numbers and cone
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half-angles obtained (but not shown here) fell within £10 percent of the
theoretical sharp cone value shown.

Comparison of the flat-nosed cone data of Ref. 6 with Lees' theory
is shown in Fig. 8. The data have been corrected to correspond to the
definition of the reference temperature (Tx) used herein. The constant 3
was inadvertently dropped in the original machine data reduction (Ref. 19);
this amounts to about a 4-percent correction. In the calculation of the
theory, a spherically blunted nose was assumed.

The theoretical heat-transfer distributions have been correlated
(see Fig. 9) as a function of pW/pC’). Figure 9 shows a comparison
between the experimental data for the 6. 34- and 9-deg blunt cones of
Fig. 7 and Eq. (6). The correlation equation (Eq. (6)) represents
a good engineering approximation for the heat-transfer distribution
over the afterbodies of spherically blunted cones at hypersonic speeds.
The correlation was tested for 0.05 < [Ocz/(ek)l/z} (x/d) £ 0.686.

The 50-in. and 100-in, tunnel heat-transfer data are also pre-
sented in the form of ratios of measured surface rates to the stagnation
rate (Fig. 10). This facilitates further use of the data and is also con-
venient 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. Lees' theory was calculated using
the pressure correlation curve shown in Fig. 5. The VKF and CAL
experimental pressure distribution data on the 9-deg blunt cones are
also shown in Fig. 10 and substantiate the use of the characteristics
solution for the pressure correlation.

5.2 HEMISPHERE-CYLINDERS

Measurements of pressure distribution by Baer (Ref. 20) in the VKF
50-in. hypersonic tunnel at M = 8.1, Kubota (Ref. 21) at M, = 7.7,
Kemp, et al. (Ref. 18), and by Boison (Ref. 22) in the 16-in. hotshot
tunnel, as well as recent measurements in nitrogen in Hotshot 1, are
shown in Fig. 11, Note the Mach number dependence of the pressure
distribution over a hemisphere-cylinder.

The measured heat-transfer distribution over a hemisphere-cylinder
is shown in Fig. 12, Shown also are data fromKemp, Rose, and Detra
(Ref. 18) at M, = 2.1 in the AVCO shock tube. As previously noted by
these investigators, the heat-transfer distribution is in general agree-
ment with Lees' theory over the hemispherical nose based upon their
measured pressure distribution. Previously unreported measurements
at M, = 8. 15 in the VKF 50-in. hypersonic tunnel are also shown for
comparison.
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The agreement between heat-transfer measurements in the hotshot
tunnels and Lees' theory is notable. The theory is based upon the
assumption that the pressure gradient term in the momentum equation
is negligible (see Ref. 8). Hence, one might expect the theory to break
down for large (favorable) pressure gradients such as in the hotshot
tunnels. However, even under conditions of rather strong pressure
gradient the agreement between theory and experiment remains good.

The strong dependence of heat transfer on pressure distribution
is clearly shown by the AVCO and hotshot tunnel results. It is there-
fore not satisfactory to use shock tube results for M, = 2 to predict
heat-transfer distributions over blunt bodies at hypervelocity conditions.

6.0 CONCLUSIONS

. Based on this investigation to demonstrate the capability to obtain
heat-transfer data in nitrogen at Mach numbers 17 and 20 and Reynolds
numbers per foot between 100, 000 and 800, 000 in the AEDC hypervelocity
tunnels, the following conclusions are made:

1. The agreement between the heat-transfer data on a 9-deg
blunt cone and a hemisphere-cylinder with Liees' theory
and other available data .demonstrates the capability of
conducting heat-transfer tests on hypersonic vehicles
in the VKF hotshot tunnels.

2. The pressure distribution correlation is independent of
Mach number and cone angle when expressed in terms
of a modification of the parameters proposed by Cheng
(Ref. 9).

3. The heat-transfer distribution is independent of Mach
number and cone angle when expressed in terms of a
modification of the heat-transfer parameters proposed
by Cheng (Ref. 9).

4. The strong dependence of heat transfer on pressure dis-
tribution clearly suggests that it is not satisfactory to use
the shock tube results for M, ~ 2 to predict heat-transfer
distributions over blunt bodies at hypervelocity conditions.

5. A good engineering approximation for the heat-transfer
distribution over blunted cones for [6C2/(ek)1/2]x/d
between 0. 05 and 0. 6 is dw/dp = 0. 80 (Cp + 2/yM,2).

10
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