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SUMMARY

A method of designing low heat transfer bodies is devised on the
premise that the rate of heat transfer to the nose will be low if the
local velocity is low, while the rate of heat transfer to the afterbody
will be low if the local density is low. A typical body which results
from this design method consists of a flat nose followed by a highly
curved, but for the most part slightly inclined, afterbody surface.
Several bodies of this type were tested in the Ames 10- by lh-inch super-
sonic wind tunnel at Mach numbers from 3.0 to 6.3 and it was found that
thelr average heat-transfer rates are substantially less than those for
a cone of the same base area and about the same drag. Comparison of
experimental results with theory indicates that near the shoulder of a
typical flat nose shape local heat-transfer rates are higher than average
and that over most of the afterbody local heat-transfer rates are lower
than average.

INTRODUCTION

It is a well-known fact that blunting can reduce the rate of heat
transfer to the nose of a body in supersonic flow., It is a problem, how-
ever, to determine which type of blunting tends to minimize the heat-
transfer rate. The purpose of this paper is to describe an investigation
of this problem in which it was undertaken first to devise a methcd o
designing blunt shapes and then to check by experiment the effectiveness
of these shapes in reducing heat-transfer rate.

THEORY AND DESIGN

The basic heat-transfer equation, in the form of Reynolds analogy,
is shown at the top of figure 1. Although this analogy is not strietly
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applicable for blunt shapes, in general it can be said that the convective
heat-transfer coefficient is proportional to the product of the local
density, local velocity, specific heat, and local skin-friction coef-
ficient. The specific heat is a factor over which relatively little con-
trol can be exerted., ILikewise, control over the skin-friction coefficient
is limited primarily by the extent to which the boundary layer can be
induced to remsin laminar. Attention is therefore focused on the product
of the local density and the local velocity. This product, and hence the
local heat-transfer coefficient, may be kept low over a shape designed to
have low velocities at the nose and low densities over the afterbody.

Such a shape would, in its simplest form, be a truncated cone since the
flat nose minimizes local velocities, while the highly inclined sides
minimize local pressures and hence densities. The fact is, however, that
the sharp corner at the intersection of the face and afterbody of a
truncated cone tends to cause local separation and reattachment of the
flow with an attendant shock wave and unfavorable pressure gradient. These
conditions tend to promote transition to a turbulent boundary layer, there-
by increasing the local heating rate. Therefore, one is led to believe
that the surface in this shoulder region should be curved to avoid local
separation and possible tripping of the boundary layer. In order to pro-
mote laminar flow over the entire afterbody it is desirable to have a
contour which generates a continuously favorable pressure gradient. Such
a contour is easily determined with the modified Newtonian theory of
FEggers, Resnikoff, and Dennis (ref. 1), provided the square of the hyper-
sonic similarity parameter M/(L/D) is large compared with unity. This
condition is satisfied by blunt bodies at the high supersonic Mach numbers
of this investigation. The resultant expression defining the shape of

the afterbody surface is shown as the second equation in figure 1. Note
that the coordinates X and §¥ are the local x and y dimensionms,
respectively, divided by the radius of the flat nose. The parameter X
in this expression fixes the level and gradient of pressure on the
afterbody.

Two families of blunt nose bodies of revolution were designed accord-
ing to this equation and tested. The first family is shown at the left
of figure 1 and consisted of eight bodies having the same fineness ratio,
but having various diameters of the flat nose; the two extreme bodies were
a 66° cone and a full cylinder corresponding to values of K, of zero and
infinity, respectively. For the second family of bodies, shown at the
middle right in figure 1; the nose and base diameters were held constant
and the fineness ratio was varied from about 0.3 to 1.,6. The corresponding
values of K are shown on the superimposed sketches of these bodies. The
bodies of this second family have approximately the same pressure drag
and for this reason two reference bodies of similar pressure drag were
included in the test program. These were the sharp pointed and
hemispherical-tipped 60° cones shown at the lower right of figure 1. A
full hemisphere of the same base diameter was also tested.
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EXPERIMENTAL APPARATUS

Tests were conducted in the Ames 10- by lh-inch supersonic wind tunnel
at Mach numbers from 3.0 to 6.3. A steady-state heat-transfer technique
was used. Heat was transferred into the model from a resistance heater
(identified as "main heater" in fig. 2) of Inconel wire wound on a copper
spool. From the known resistance and measured voltage the over-all heat-
transfer rate could be determined for equilibrium conditions. This appa-
ratus did not permit the measurement of local heat-transfer rates. Models
were made of aluminum and provided essentially constant-temperature heat-
transfer surfaces because of their high conductivity. Thermocouples were
installed within the models to measure temperatures near the outer surface.
As shown in figure 2, models were sting supported from the rear and were
in effect insulated to prevent heat loss to the support system by a "guard
heater" which was used to equalize the temperature in the 0.050-inch
support shell, No correction was made to the measured data to take account
of the heat flow through the exposed portion of the model bases. This heat
flow was estimated to be a small fraction of the total and hence of no
concern since the primary interest of this investigation is in the relative
effects of shape on heat transfer.

RESULTS AND DISCUSSICN

Effect of Bluntness on Heat Transfer

The effect on heat-transfer rate of varying nose diameter while hold-
ing fineness ratio constant is shown in figure 3. Representative data at
zero angle of attack and free-stream Mach number, M, of 4.24 are presented
in the form of dimensionless heat-transfer coefficients, that is, Stanton
numbers, based on free-stream properties. At the top of the figure,
Stanton numbers are referenced to model base area and as such are a direct
comparison of the total heat-transfer rates. As nose diameter is increased
from zero, Stanton number first decreases, then remains nearly constant
up to a diameter ratio of 1/2, and thereafter increases substantially up
to a diameter ratio of 1. The Stanton numbers presented in the lower
part of figure 3 are referenced to wetted area, exclusive of the base,
and hence are indicative of the average heating rate per unit surface
area. Note that they decrease significantly with increasing diameter
ratio up to about 1/2 and then remain essentially constant. These results
suggest that a body with a nose-to-base diameter ratio of about 1/2 is a
good compromise for low values of both total and average heat-transfer
rate. Furthermore, this amount of bluntness yields drags which are in
the range of practical interest for ballistic missile shapes. It was for
this reason that a diameter ratio of about 1/2 (0.52 to be exact) was
used in designing the second family of bodies.
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Effect of Fineness Ratio on Heat Transfer to Blunt Bodies

Total heat-transfer rate to the bodies of different fineness ratio
at zero angle of attack is shown in figure 4 as a function of free-stream
Mach number, Comparative data for a hemisphere are also presented.
Stanton. numbers are referenced to model base area. The upsweep of the
.data with increasing Mach number results from the decrease of stream
Reynolds number R +typical of a wind tunnel operating with a fixed supply
pressure. As determined from shadowgraph pictures the boundary layer was
laminar over the front and sides of all flat-nose bodies at all test con-
ditions. This is in contrast to the reference cones on which boundary-
layer transition occurred st Mach numbers 3.0 and 3.5 and is an illus~
tration of the effect of blunting to increase the length of laminar runm.
In fact, at M = 3.0, the length of laminar run was increased by as much
as a factor of 4; that is, the lamipar run for the K = 9 body (nose to
base) was four times longer than the distance to transition on the sharp
cone as measured on shadowgraph pictures. With laminar boundary-layer flow
" there is little difference in the total Stanton numbers of all the bodies
tested, although values for the flat-nose shapes are less than those for
the sharp cone at all Mach numbers. Thus by blunting it is possible to
increase surface area and volume by a factor of 3 with no total heat-
transfer rate penalty.

When the heat-transfer data of figure 4 are presented as Stanton
numbers referenced to wetted surface area, a pronounced effect of fineness
ratio is apparent as shown in figure 5. Note, for example, that values
of average Stanton number for the K = 6 shape are 35 percent lower than
those for the sharp cone with all-laminar boundary layer (M > k)., The
maximum reduction in average Stanton number, for all-laminar flow on both
cone and flat-nose body, is 70 percent and was obtained with the K =9
shape at M = 4,24, These data are, of course, as with all the data dis-
cussed previously in this report, for zero angle of attack. It should
be pointed out, however, that no measurable change in Stanton numbers has
been observed for the flat-nose shapes at angles of attack up to 3°.

Now, the fact should not be overlooked that in flight at high super-
sonic speeds the rate of aerodynamic heating is actually proportional to
the product of Stanton number and temperature recovery factor when surface
temperatures are not too far from ambient temperature. Thus, it is a tacit
assumption of the discussion in previous sections that recovery factor is
essentially independent of shape. The validity of this assumption is
jllustrated in figure 6 where average temperature recovery factors based
on free-stream conditions are shown as a function of free-stream Mach
number. It is apparent that shape has little effect on recovery factor;
hence, this factor plays no significant role in our discussion of the
effect of shape on heating.
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Distribution of Local Heat-Transfer Coefficients

The measurements of over-all heat-transfer rates described in this
paper can, at best, give only a qualitative idea of local heating rates.
It was therefore undertaken to determine a theoretical distribution of
heat-transfer coefficients around one typical shape. The method of Stine
and Wanlass (ref. 2) was used to calculate these heat-transfer coef-
ficients. This calculation requires a knowledge of the local flow proper-
ties just outside the boundary layer. These properties were derived from
experimental pressure distributions such as those shown in figure 7. Also
shown in figure 7 are the predicted pressures of the modified Newtonian
theory which was used to design the blunt-nose bodies. These predicted
Pressures are in reasonably good agreement with experiment, the differences
being most pronounced in the region of the shoulder of the body. The
calculated variation of local heat-transfer coefficient with distance
along the body surface is shown in figure 8 where the results of the
Stine-Wanlass method, which includes the effect of pressure gradient, are
compared at free-stream Mach numbers 3 and 5 with flat plate values taken
from the laminar boundary-layer theory of Van Driest (ref. 3). All heat-
transfer coefficlents are based on local flow properties just outside
the boundary layer. Reference values near the stagnation point were com-
puted by the method of Sibulkin (ref. 4). Predicted heat-transfer coef-
ficlents remain essentially constant over the first half of the nose flat
but then increase to 2 to 3 times this value near the shoulder. (A portion
of the curve in this region has been shown as a dashed line because spacing
of the pressure taps did not permit an accurate determination of the maxi-
mun, ) Subsequently, local coefficients decrease sharply to less than one
half the initial value and continue in a gradual decline to the base.

The notable feature of this prediction is the pronounced increase of heat-
transfer coefficients over the fore part of the body as a result of three-
dimensional and pressure-gradient effects. These relatively large local
heating rates indicate that the design of these bodies can be improved
upon. Specifically, it appears that a slightly convex nose would tend

to reduce the heat-transfer peak at the shoulder by reducing the local
density, although at the expense of a slight increase in heat transfer

to the nose.

Comparison of Theory and Experiment

Integrated values of the theoretical heat-transfer coefficients for
portions of the body surface are compared with experimental measurements
in figure 9. The flat-nose and nose-shoulder data were obtained with
composite models that isolated the heat-transfer surfaces from the
remainder of the body. Agreement is reasonably good over the Mach number
range. Both computed and measured Stanton numbers show that roughly
50 percent of the total heat transfer was concentrated in the nose-shoulder
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region which has less than 20 percent of the surface area. Thus, on an
average basis, heat-transfer rates in this region are greater than those
for the rest of the body by a factor of the order of 5.

These results apply only when boundary-layer flow is entirely laminar.
A qualitative indication of the effect of transition on total heat-transfer
rate was obtained, in one case, by artificially tripping the boundary layer
in the shoulder region. The resultant Stanton number is shown as the solid
point in figure 9. Tt is indicated that the over-all heating rate is not
substantially increased by the presence of & turbulent boundary layer in
the afterbody region of relatively low density flow.

SUMMARY OF RESULTS

The results of this investigation can be sumarized as follows:

1. A method of designing blunt shapes has been devised which reduces
the rate of heat transfer to a body by virtue of low-velocity flow over
the nose and low-density flow over the afterbody.

5. An afterbody curvature has been found which augments the favorable
effect of a flat nose in promoting long runs of laminar boundary layer.

3. Total heat-transfer rate to these shapes is the same order as
that to cones of about the same drag, while heat-transfer rates per unit
of surface area are considerably lower.

4. Comparison of theory and experiment indicates higher than average
heat-transfer rates near the shoulder of a typical flat-nose shape and
relatively low values over most of the afterbody.

Ames Aeronautical Laboratory
National Advisory Committee for Aeronsutics
Moffett Field, Calif., March 6, 1957
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