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SUPERSONIC AERODYNAMIC HEAT TRANSFER AND
PRESSURE DISTRIBUTIONS ON A SPHERE-CONE
MODEL AT HIGH ANGLES OF YAW

by

Lionel Pasiuk

ABSTRACT: Measurements of the static pressure and aerodynamic
heat transfer on the surface of a sphere-cone model at Mach
numbers of 3.23 and 4,33, and angles of yaw of 6° and 18°
have been made. The results of several theoretical methods
for calculating both the laminar and turbulent heat transfer
to the body along the most windward and leeward streamlines
are compared with the experimental measurements. The experi-
mental laminar heat-transfer distributions are nearly alike
for the two Mach numbers, when they are expressed in the form
of the Nusselt number divided by the square root of the
Reynolds number. The experimental heat-transfer data indicate
that an increasing angle of yaw can induce transition from
laminar to turbulent boundary layer.
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.This report represents the experimental phase of a project
undertaken at NOL to obtain a more complete understanding

of the heat transfer to blunt re-entry type bodies at angles
of yaw. Measurements of the surface pressures and heat
transfer to a yawed sphere-cone model in supersonic air flow
have been made, and the data axre compared with several
theories.
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SYMBOLS

local pressure coefficient
stagnation point pressure coefficient
specific heat at constant pressure
enthalpy

thermal cbnductivity

Mach number

coordinate normal to model surface
Nusselt number, Qcpyr/ko,(Hoo-Hy)
local static pressure

stagnation point pressure

local heat-transfer rate

model base radius

1/2

Reynolds number as given by pge Hge b o

Hoe

free-stream Reynolds number per unit length as
given by pooUco /oo

distance along a meridian on the surface of the
model measured from the point where the axis of

symmetry intersects the surface of the spherical
nose

local static temperature

tinme

free-stream velocity

velocity in the roll direction

angle of yaw

an angle that describes the inclination of the
model surface to the free-stream flow and is the
angle between the free-stream velocity vector and

the line normal to the surface
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K viscosity

0 density

¥ roll angle

Subscripts

ADJ adjusted

MEAS measured

o stagnation conditions

Ogq locgzl stagnation conditions at the outer edge of
the boundary layer

w the external surface of the modsl

(s o] free stream
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INTRODUCTION

High-speed missiles such as ballistic missile re-entry
bodies, maneuverable interceptor missiles, and hypersonic
glide vehicles are apt to fly at angles of yaw; therefore,
it is necessary for the missile designer to be able to
estimate the effect of the angle of yaw on the aerodynamic
heat transfer to these missiles.

This report represents the experimental phase of a project
undertaken at the Naval Ordnance Laboratory to achieve 2
better understanding of the problem of heat transfer to bodies
at angles of yaw, Surface pressure and heat transfer dats are
presanted for a sphere-cone model exposed to a supersonic air
stream at angles of yaw. The heat-transfer data are obtained
by measuring the steady-state temperatures on the boundaries
of the model shell and solving the steady-state three-
dimensional heat conduction equation utilizing an iteration
process. Some comparisons are made between the experimental
and theoretical heat-transfer data on the most windward and
leeward streamiines of the model. Additional calculations
along the streamlines will be made and the results will be
presented in a future report.

The sphere-cone model used for this experimental investi-
gation has been used previously to obtain heat-~transfer data
at M = 3,23, a = 02, and M = 4,83, a = 009 and 69, and the
data are reported in reference (1).

EXPERIMENTAL TESTING EQUIPMENT

Test Facility

Both the heat transfer ard pressure measurements were
made in the NOL Supersonic Wind Tunnel No. 2 which is described
in reference (2). The supply conditions of the test are listed
in the following table,

M T, Po Rego
3.23 3189 980 mm Hg 2.43 x 100g¢~ %
4.83 3209k 2090 mm Hg 2.50 x 106f£t~1

Description of Model

The sphere-cone model is made from type 347 stainless
steel. It is instrumented with 60 stainless steel-constantan
thermojunctions and each thermojunction is formed by welding
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constantan wire of 0,005-inch diameter to the model wall.

As shown in figure 1, the thermojunctions and pressure taps
lie in the same meridian plane. The 1l pressure taps are
located on omne side of the axis of symmetry and the thermo-
junctions are located on the other side. The thermojunctions
are located on both the inside and outside surfaces of the
model wall. Table 1 gives the S/R values of both the thermo-
junctions and pressure taps. A more complete description of
the construction of the sphere-cone model can be found in
reference (1).

Instrumentation

A schematic diagram of the test setup is shown in figure
2. Continuous traces of p/po versus roll angle sre recorded
for one surface pressure tap at a time on a Kendall pressure
ratio recorder which is described in reference (3)., The surface
pressure and supply pressure could also be read independently
on a Wallace and Tiernam mercury g&nometer and Wallace and
Tiernan pressure gage, respectively, in order to check the
pressure ratio recorder.

The roll angle is recorded on the pressure ratio recorder
and also displayed on the console of a self-balancing potenti-
ometer which is a single channel of ADAPS (ref. (4)). The
ADAPS is essentially a self-balancing potentiometer that
balances the voltage drop across a variable resistor. The
variable resistor is mounted on the model support and is
geared to the rolling motion of the model. The rolling motion
of the model is transmitted to the pressure ratio recorder by
mounting a servo-transmitter on the ADAPS. The servo-trans-
mitter is geared to the drive shafi of ADAPS and it sends &n
elactrical signal to a servo-receiver on the pressure ratio
recorder and to the visual readout.

Cooling of the sphere-cone model is achieved by circu-
lating DC 200 silicone oil through the inside of the model.
The silicone oil is passed through a coiled tube of a heat
exchanger, the coil being immersed in & solid carbon dioxide-
alcohol bath, A Taylor temperature controller keeps the
silicone oil at a constant temperature of 223°K + 0.59K. The
temperature of the silicone oil is 2309K + .59K as it enters
the model, and is 235% + .5%K as it leaves the model. These
temperatures are continually monitored on two General
Electric millivolt recorders.

The output of each of the thermocouples is measured with
a single channel of PADRE (ref. (5)), which is a self-balancing
potentiometer. The potentiometer is set to a full-~scale
reading of 1 MV, thereby giving a voltage sensitivity of
+ 0.6 pV and a temperature sensitivity of + 0.02°%K. The
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thermocouples are automatically switched one at a time to the
potentiometer.

As shown in figure 3, the thermocouples on the outside
surface of the model use an ice-~water bath as a reference.
The thermocouples on the inside surface and in the model
wall, at a given S/R station, use the temperature on the
outside surface at that S/R station as a reference. Because
temperature differences exist that give a voltage greater
than 1 MV, it is necessary to provide a millivolt source to
counteract any signals in excess of 1 V.

EXPERIMENTAL PROCEDURE

Pressure Data

Each of the 11 surface pressure taps is connected one at
a time to the pressure ratio recorder. A continuous trace of
p/p6 versus ¥ 1s produced when the model is rolled from the
most windward to the most leeward position. The rolling
motion is stopped every 15°, and the surface pressure and
supply pressure are read on a mercury manometer and pressure
gage, respectively.

Temperature Data

The temperature distribution through the model wall is
obtained in the following manner. With the supply conditions
of the wind tunnel and the model coolant constant with respect
to time, the model is placed at the ini{ial roll position of
¥ = 00, After the temperatures throughout the model wall
reach their steady-state values, they are recorded. The
model is then rotated to the next roll position and this
procedure is repeated. Temperature measurements are made
in the region 0° X y < 1809, at increments of Ay = 15°,

RESULTS AND DISCUSSION

Pressure Results

Pressure distributions on the sphere-~cone model are
presented in table 2. They are given in the dimensionless
form p/p{ versus S/R for various values of the roll angle '/
in increments of 5°,

Figures 4, 5, 6, and 7 are representative plots of p/p{
versus S/R for ¢ = 00, 909, and 1800 at a = 6° and 18°, st
M = 3.23 and 4.83., The Newtonian flow (CP/CPmax - cosén)

predicts a pressure distribution on the spherical nose that

3



NOLTR 62-35

is slightly higher than the experimental data. On the

conical afterbody the pressures calculated from Newtonian

flow and the Kopal cone tables (refs. (6), (7), and (8)) are
slightly lower than the experimental data. Both the Newtonian
and Kopal values predict a constant pressure as a function of
"S/R along the most windward and leeward streamlines of the
cone section, wherea% the experimental pressure distributions
show a slight overexpansion in the region of the sphere-cone
junction and then a slight compression to a constant pressure
with increasing S/R.

For various values of S/R a cross plot of the pressure
distributions, that is, p/p$ versus ¥, 1is shown in figure 8.
The data for & = 18° at Mach numbers of 3.23 and 4.83 are
presented. The experimental data are shown as they are
recorded, that is, as continuous curves of pressure versus
roll angle. The pressure level is slightly greater at M = 3,23
than at M = 4,83.

Temperature Results

All of the measured temperature distributions are presented
in table 3. They are given in degrees Kelvin versus S/R for
various values of roll angle ¥ in increments of 159,

Figures 9, 10, and 11 are plots of the measured wall
temperatures of the model, versus S/R, for ¥ = 0°, 90°, and
180°, and with M = 4,83 and a = 18%. Notice that the tempera-
ture on the surface of the spherical nose of the model at
S/R = 0 voriee almost 3°C as y goes from 0° to 180°. Under
ideal conditions, that is, if tunnel supply conditions and
the temperature of the coolant fluid inside the model remain
constant, the temperature at the point S/R = 0 should remain
constant because this point is on the axis of rotation of the
spherical nose of the model and remains in the same position
relative to the air flow. As can be seen in figure 12 the
varying temperature at S/R = O gives a discontinuity in the
temperature distribution at S/R = 0. It is likely that the
discontinuity is caused by an asymmetry in the gecmetry of
the model due to the presence of the pressure taps. In order
to eliminate this discontinuity, the temperature at S/R = 0,
for all roll positions of ¥ > 00, is adjusted so that it is
equal to the temperature at ¢y = 00, Then the assumption is
made that the entire temperature distribution at a constant
roll position shifts by the same amount as the change in
temperature at S/R = 0, The equation for the temperature
adjustment is:

Tapg(¥,S/R) = Tygas(0,0) - TMgas(¥,0) + Tupas(¥,S/R) (1)
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This alters the temperature distribution as a function of

the roll angle, but does not change the temperature difference
across the wall. The adjustments in temperature do not change
the ratio Ty/To more than 5 percent. Figure 12 illustrates
how the discontinuity in the temperature distribution is
eliminated by the temperature adjustment. Figure 13 is a plot
of temperature versus roll angle for M = 4.83, o = 189, and
S/R = 0 and 0.52. This figure illustrates how the tempera-
ture distribution in the roll direction is affected by the
temperature adjustment.

Heat-Transfer Data Reduction

The calculation of the aerodynamic heat transfer is per-
formed by utilizing the steady-state method. A detailed
description of the steady-state method can be found in refer-
ence (9). 1In general, this method requires the solution of
the three-dimensional, steady-state heat conduction equation.
Specifically for this problem, the shell of the model is
separated into two regions. The first region is the spherical
section and the second region is the conical section. The
three~dimensional steady-state heat conduction equation is
written in spherical and rectangular coordinate systems for
the first and second regions, respectively. Then the heat
conduction equation is replaced by a set of finite difference
equations and the steady-state adjusted temperatures on the
boundaries of the model shell are used to compute the tempera-
ture within the model shell utilizing an iteration process.
The calculated temperature field is then used to find the
temperature gradient normal to the model surfsce, and the
local aerodynamic heat transfer to the model surface is:

Q-k__gl. (2)
n

The variation of the thermal conductivity of the stainless-
steel model as a function of temperature has been measured
by the National Bureau of Standards and the results are
presented in reference (10). In the temperature region,

2239k < T = 273%
the thermal conductivity can be aﬁproximated by
k = (6.354 x 10-6) T + (2.31 x 10-3) (3)
where the units are:
T 9%
k BTU/sec-ft-%K .
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Heat-Transfer Results

Heat-transfer results are given in the form of the
Nusselt number divided by the square root of the Reynolds
number as suggested in reference (11l) and the equation is:

Nu Qcp, r/kog (Ho,-Hy)

- (4)
Rel/?2 (Poe Hoe r/uoe)l/2

If ¢, = constant (¢, varies about 0.3 percent in the tempera-
ture range encountered in this experiment) and if the local
stagnation density, pressure, and enthalpy are constant about
the body, then equation (4) can be written in the form:

Nu/Rel/2 = (constant) Q (5)
To-Tw
where r/ko
{constant) = e . (6)

1/2
(poe Hoe r/uoe) /

Figure 14 is a plot of the heat-transfer data versus S/R for
M= 4,83, ¢« = 18°, and ¥ = 09, 909, and 180°.

Theoretical calculations of the laminar heat transfer have
been made for both the windward (Y= 0°) and leeward (¥ = 180°)
streamlines and the results are shown in figure 14. On the
windward streamline (¥ = 00), the analysis of Vaglio-Laurin
(ref. (12)) as formulated by Zakkay (ref. (11)) is used to
compute the heat transfer downstream from the aerodynamic
stagnation point. Using this method two caltulations ar
made. The first calculation is made under the assumption
that the heat transfer on the windward streamline is equivalent
to that on an axially symmetric sphere-~cone body which has a new
cone half angle of the actual body plus the angle of yaw,

In the second calculation, the effect of the crosswise velocity
gradient dw/dy¥ on the spreading of the streamlines of the
inviscid flow is approximately accounted for and the value of
dw/dy is determined by using equations (1) and (A-22) of
reference (11) and is assumed to be constant. The three
constants in equation (1) of reference (11) are determined

from the gressures that were measured at a constant S/R = 2.481,
and Y = O 90°, and 180°, Both calculations give the same
heat-transfer values on the spherical nose of the body and
these values are from O percent to 13 percent higher than
experimental data. On the conical section of the body the
former calculation compares favorably with the experimental
data, as may be seen from figure 14, while the latter calcu-
lation predicts heat-transfer values that are approximately

30 percent higher than the measured data.

6
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Another theoretical heat-transfer curve using the method
of Reshotko (ref. (13)) is also computed for the most windward
streamline of the cone. Reshotko's analysis is for a shsarp
cone at an angle of yaw and as might be expected, the theo~
retical results seem to approach the measured heat-transfer
values toward the base of the cone.

Since the measured static pressure distribution is
relatively constent for ¢y between 135° and 180° on the conical
section of the model, a calculation of the laminar heat transfer
was made using flat-plate theory, and the results were trans-
formed to the cone geometry by multiplying the flat-plate

results by Vgt This computation was made using the results
of figure 6 of reference (14). The results agrse favorably
with the experimental data.

The heat transfer versus S/R for M = 3,23, a« = 189, and
¥ = GO, 900, and 180° is shown in figure 15. Theoretical
calculations of the heat transfer using the same methods
described in the previous paragraph are also shown in figure
15. VWhen the heat-transfer rates are presented in the form
of Nu/Rel/Z, the experimentsl and theoretical laminar heat-
traunsfer distributions do not change very much between
M=3,23 and M = 4,83, 1In figure 15, there is a sharp in-
crease in the heat-transfer rates on the 3 = 90° and 180°
curves, indicating that a transition from laminar to turbu-
lent flow has taken place. Theoretical values of the turbu-
lent heat transier to the leeward streamline have been obtained
by transforming the flat-plate theoretical results of reference
(14) so that they apply for a sharp cone. The thaoretical
results compare very well with the experimentszl data.,

It is interesting to note that the experimental data in
figure 15 indicate that there is no transition from laminar
to turbulent boundary layer on the most windward streamline

(y = 09).

In order to illustrate where transition begins, figures
16 and 17 are presented. Figure 16 17 2 plot of the experi-
mental heat-transfer parameter Nu/Rel/2 versus ¥ with S/R
as a parameter. Values for S/R equal to 0.301, 1.392, and
2.636 are shown. The first two curves indicate that the
heat-transfer rates decrease asy increases, whereas, the
third curve shows that there is a sharp rise in the heat-
trans{75 rates aty = 75°, In figure 17, the experimental
Nu/Re 1s plotted against S/R and the ¥ = 60° data are
completely laminar, however, the V= 75° data show a sharp
increase in the heat-transfer rates. The location of the
laminar, transitional, and turbulent boundary layers on the
conical section of the sphere-cone model are shown in figure
18. These regions are determined from the experimental
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heat~-transfer data. The point where the heat-transfer rates
begin to rise is taken as the end of the laminar region and

the point where the heat-transfer values reach a maximum is

taken as the end of the transition region.

The region where transition begins is one where a true
three~dimensional boundary layer with crossflow (that is,
flow in the boundary layer normal to the external inviscid
streamlines) does exist. Experiments having to do with flow
on a rotating disk (ref. (15)) verify that a three-dimensional
laminar boundary layer is extremely unstable. The Reynolds
number based on local flow conditions and distance from the
aerodynamic stagnation point to the hase*of the cone on the
most windward streamline is 1.4 x 10°, and there is no indi-
cation of transition. The Reynolds number at the beginning
of transétion at the point S/R = 1.6 and ¥ = 90° is only
0.7 x 10°.

CONCLUSIONS

Newtonian flow theory predicts pressures on the surface of
the spherical nose of the sphere-cone model that are slightly
higher than the experimental data. The surface pressures
given by the Kopal cone tables are slightly higher than those
measured on the surface of the cone. Neither computational
method is adequate for predicting the pressures in the region
of the sphere-cone junction.

The theoretical laminar heat-transfer distributions along
the windward streamline approach the experimental data toward
the base of the cone. 1In the region of the sphere-~cone
junction the theoretical laminar heat-transfer rates are
over 100 percent higher than the experimental measurements.
The prediction of both the laminar and turbulent heat-transfer
rates to the leeward streamline are in very good agreement
with the experimental data.

The experimental laminar heat-transfer distributions are
very nearly the same for both the Mach number 3.23 and 4.83.
data, when they are expressed in the form of the Nusselt .
number divided by the square root of the Reynolds number.

The Mach number 3.23 experimental heat-transfer data
indicate that increasing angles of yaw can cause transition
from a laminar to a turbulent boundary layer in a region on
the conical section of the model between the most windward and
leeward streamlines. The experimental turbulent heat-transfer
at a point on the cone that is midway between the most windward
and leeward streamlines are approximately 50 percent higher
than the experimental laminar heat transfer at the most

8
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windward streamline. This transiticn is probably due to
the extreme instability of the three-dimensional laminar
boundary layer that exists in this region.
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