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EEA!I?-TRANSFERCHARACTERISTICS OF BLUNT TWO- AND

--DIMENSIONAL BODIES AT SUPERSONIC S-

Measured
side of swept

By Glen Goodwin

stMmRY

local- and average- heat-transfer coefficients on the front
cylinders are presented for Mach n@ers from 3.9 to 9.8,

sweep angles fYom 0° to 70°, Reynolds nunibersfrom 2,000 to l&),COO, and
ratios of wall temperature to stresm stagnation temperature from o.zk
to 1.0. Ananalysis is presented which predicts the aversge heat-transfer

. coefficient on swept cy13nders over this range of vsriables to an accuracy
sufficient for mst engineering purposes.

9
Local-heat-transfer coefficients are presented on hemispherically

tipped cones and on a hemisphere-cylinder. The theory of Stine and
Wanlass is shown to correlate well the data over a Mach number range
from 3.9 to 6.9 and over a local Reynolds number range from 100 to
kOO,OOO for these blunt bodies.

INTRODUCTION

High-speed flight of aircraft now contemplated has brought with it
the problem of aerodymmi c heating of the skin and structure of the air-
crsft. Two of the areas on the aircraft structure where the heating is
most severe sre on the leading edge of wings and on the nose of bodies.

In general, pointed shapes and sharp leaiMng edges of the wings are
advantageous in that they tend to reduce the drsg of the configuration;
however, minted shapes and shsrp leading edges of wings aggravate the
heating problem because of two factors. The sharp pointed shapes accept
heat from the hot boundsry layer at a very high rate; it can be shown,
for exsmple, that the heat-transfer coefficient tends towa?d infinity
at the point of a sharp ob~ect. Also, these shsz’pobjects have little

● material with which to absorb and dissipate the incoming heat. One way
out of this dilemma is to blunt the leq edge of wings and the nose
of bodies. By this method, two advantages sxe achieved and one disadvantage
is incurred.
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Blunting a leading edge reduces the local rate of heat transfer to s

it and provides material to absorb this incoming heat. Also, blunting
protides space for a leading-edge cooling system. In addition, it provides ‘=
some added strength at a point where thermal stresses tend to be high.

u

Sweeping the blunt leading edge of a ting further reduces the loc~ rate - .
of heat transferred to it.

The main disadvantage of bhnxting is that it increases the press~e
drag of the wing or body over that of a sharp-edged configuration. For
wings, the .leading-edgedmg may be drastically reduced by sweepi~ the
wing. It can be shown from experimental measurements and from theoretical
considerations that the drag of the front side of a cylinder of unit length
is reduced by a factor equal to the cube of the cosine of the sweep angle. .—

For example, a cylinder of unit length swept 60CI has only 12~ percent of

the drsg of an unswept cylinder.

For bodies required to carry a given volume, it is shown in refer-
ence 1 that an optimum shape for minimum drag requires some blunting of
the nose; and for certain applications, for_exsm@ef a body which is
required to enter the atmosphere at high speeds, a blunt shape may have” - -
great advantages over a pointed shape. This advantage is primarily due
to the fact that a high-drag body slows down at high altitudes where the
heat-transfer rate is relatively low and also to the fact that the heat- W

transfer coefficients on the nose of a blunt body are smaller than those
on a sharp pointed body.

This paper considers the heat-transfer characteristicsof both two-
and three-dimensionalbodies. The heat-transfer characteristicsof two-
dimensional bodies till be discussed first. The body chosen for analysis
and for testing was a circular cylinder. This body was chosen because it
represents a simple shape for a leading edge of a wing. Most of the
experimental work available has been done at Reynolds numbers of 1.8 x 105
or lower and indicates the presence of a laminar boundary layer on the
front side of cylinders. Therefore, the method used to csd.cul.atethe
heat-transfer coefficients will be to solve the lsminar-%oundary-layer
equations.

May solutions of these equations are available for the case where
the cylinder is normal to the streem, and some work has been done for the
case where the cylinder is swept with respect to the stresm.

A surmnsryof these theoretical investigations is shown in the fol-
lowing table:

●

/
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Investigator Fluid Sweep Remarks
properties “ angle

Squire Constant 00 U1 = Cx

Eckert and
Dretitz

Constant 00 U1 = Cxm

&OWIl and
Donoughe

Variable 0° Small heat transfer

Cohen and Variable 00 u= Tw
Reshotko

CP; —
T.

vsriable

Crabtree Variable small u= CP

Beckwith Vsriable V=iable Integral method

Eggers,
Hsnsen, and Variable Variable x= O; TW<<TO
Cunningham

Goodtin,

[

Properties

Cresger, and constant Vsriable
evaluated

Winkler
locally in
application

L

Squire (see ref. 2) assumed constant fluid properties, neglected
the pr=ssure”terms and the dissipation function, and obtained a solution
to tfielaminsr-boundsry-layerequations over an unyawed cyltider where
the velocity at the outer edge of the boundary layer is proportional to
the distance from the stagnation point. This solution is, therefore,
limited to low-speed flow and small temperature differences.

Eckert and Drewitz (ref. 3) assumed constant fluid properties and
that the velocity at the edge of the boundary layer was proportional to
some power of the distance from the stagnation point. (This is the so-
cal.ledwedge-type flow solution.)

Brown and Donoughe (ref. 4.)assumed essentially the same velocity
distribution over the cylinder as that in reference 3, but allowed fluid

● properties to vary. Their solution is limited to zero sweep and small
rates of heat transfer to the cylinder.

.
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Cohen and Reshotko (ref. 5) allowed fluid
assumed that the velocity at the outer edge of

be expressed as U = CP . Their investigation

NAcARMA55L13a

w
properties to vary and
the boundary layer could

was limited to zero sweep. b

They also investigated the effect of allowing the ratio of the wall tem-
perature to the stresm stagnation temperature to vary.

Crabtree (ref. 6) allowed fluid properties to vary and treated the
case of a swept cylinder. His solution is valid only for small angles of
sweep where the free-stream Mach nuniberis high.

Beckwith (ref. 7) treated both variable fluid properties and variable
sweep by using integral methods. These methods, however, lack generality.
~ers, Hansen, and Cunningham (ref. 8) all.owedboth properties and sweep
angle to vary, but limited their analysis to the stagnation point on the
cylinder md to the case where the cylinder temperature was negligible with
respect to the stagnation temperature of the stream.

None of these investigationsyielded an analytic expression for the
heat trsmsfer to the entire front side of a swept cylinder which would
point out the effects of single variables or allow the correlation of all .
of the available
tion which would

a

D

h

k

M

Nils,v

NUL

speed of

cylinder

experimental information. In an
do this, the subsequent malysis

SYMmLS

sound, ft/sec

diameter or dismeter of

effort to find
was

hemispherical

Btu

performed.
.

cone tip, ft

Btu

Mach number

(hr) (Sq ft)(OF)
local-heat-transfer coefficient,

thermal conductivity of air,
(h) (sq ft)(°F/ft)

ha@
average Nusselt number, —

%

local Nusselt nuniber, Q

a solu-

—
3

.
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local Nusselt number,

pressure, lb/sq ft

Prandtl number

local Reynolds number,
l-q

lb%)
Reynolds nunber evaluated behind normal shock wave, —

%

fluid velocity, $t/sec

transformed velocity at edge of boundsry layer (see ref. 5)

surface coordinate on cylinder or cone

transformed surface coordinate on cylinder (see ref. 5)

sweep angle, deg

azimuth angle on cylinder, deg

density of air, slugs/cu ft

ratio of specific heats

viscosity of air, lb-sec/sq ft

subscripts:

av average conditions

t reservoir or total conditions

1 conditions at outer edge of boundary

2 conditions just downstream of normal

m conditions in free stream

layer at x

shock wave
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ANALYSIS
.

The continuity, momentum, and total-energy equations for the lsmd.nar W
boundary layer over a swept cylinder were derived by using the order-of-
-it@ arpnt~ po~ted out by *US (ref. 9) for the continuity and
momentum equations and by Crabtree (ref. 6) for the total-energy equation.
This set of equations was solved under the following assumptions: The
Prsndtl nudmr was unity, the velocity at the outer edge of the boundary
layer was a linear function of the distance from the forward stagnation
point, and the flow in the boundary layer was incompressible.

The solution to this set of equations was, then, identical with the
solution obtained by Squire for the heat-transfer rate over a cylinder
in subsonic flow.

This solution gave no hint as to where in the boundary layer ths
fluid properties should be evaluated. Some further asswnptions were,
therefore, made: The pressure was evaluated locally, and the viscosity
and thermal conductivity of the air were linear functions of the tempera-
ture. It was also assumed that, for variable Prandtl nuniber,the cor-
rection obtained by Cohen and Reshotko for the unswept cylinder would

,

apply to the swept case.
.

The main results of the analysis which is given in detail in ref-
erence 10 sre as follows:

The local Nusselt number

hD
NuL=—=

kt

where

P=() ~=o
F(A,M) = ——

pt2 at

Pt
2sull

G(M)=——–
pm ~M

for Pr = 0.7 is given

R@?(A,M)G(M)O(@

by

(1)



NACA RM A55L13a 7’

.

The average

-, obtained by
therefore,

‘(’)===F+=HT”’(’-’)
Px.o .

1( )

\Y+l 7+1)
COS2A +

%Z 7+1M2 7/(7-Q

2

[

7- 1 M2sin2A
%.O= ~ 2

% -1+7 -lMz

2

Nusselt ntier over the front
integrating equation (1) over

Heat-Transfer

Before comparing
transfer coefficients

s in2A

side of the swept
the front side of

RESULTS AND DISCUSSION

cylinder is
the cy~nder;

(2)

Characteristics of Two-Dimensional Bodies

these results with experimentally measured heat-
on swept cylinders, the pressure-ratio distribu-

tion over swept and unswept ~yl&ders at”high~ach nuniberswill be shown
in order to assess the validity of the asswnption that the velocity at
the outer edge of the boundary layer varies linearly with the distance
from the leading edge of the cylhder.

Figure 1 shows the ratio of the pressure on the surface of the
●

cylinder to the pressure at the stagnation point plotted against azimuth
angle for a cylinder normal to the stream. The experimental points sre

. shown for a range of free-stream Mach nunibersfrom 2.5 to 7 and over a
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range of Reynolds nunibersfrom 6,700 to lbO,OUO. The solid-line curve
was calculated by assuning that the velocity at the outer edge of the
boundszy layer varied linearly with the distance along the surface from
the stagnation point. It c6n be seen that the pressure-ratio distribut-
ion is unaffectedly both free-stream Mach rnmiberchamges from 2.5 to 7
and by Reynolds number variations from 6,700 to lk0,000. Also, it can
be seen from the agreement between the points and the solid-line curve
that the assumption that the velocity varies linesrly with surface dis-
tance is valid.

Figure 2 has the same quantities plotted as were shown in figure 1.
In figure 2, however, the points were obtained at two Mach numbers, 3.9
and 6.9, but with angle of sweep varying from 0° to 60°. The solid-line
curve is the same as that shown previously, and it can be seen that
sweeping the cylinder did not change the pressure-ratio distribution
over it. Thus, it can be concluded that at high Mach nunibersthe pressure-
ratio distribution is a unique function of the azimuth angle only.

The actual pressure at the leading edge of a swept cylinder can be
calculated with good accuracy by using Rayleighls equation based upon
the component of Mach nunibernormal to the cylinder sxis.

This fact and the fact that the pressure-ratio distribution canbe
calculated allow the effect of sweep on the pressure drag to be determined.
The result for a unit-length cylinder is that the pressure-drag coeffi-
cient varies directly as the cube of the cosine of the sweep single.

Since it has been shown (figs. 1 and 2} that the flow velocity at
the outer edge of the boundsry layer varies linearly with the surface
distance for Mach numbers above 2.5, results of the analysis wKIJ nowbe
compared with experimentallymeasured local-heat-tramfer coefficients.

Figure 3 shows the ratio of the local-heat-transfercoefficient at
any azimuth singleto that at the stagnation point as a function of azimuth
angle. The points shown are measured values obtained at 0° sweep, 30°
sweep, and 44° sweep. The experimental values were obtained in the Ames
low-density wind tunnel at a Mach number of 3.9 and at Reynolds numbers
from 2,100 to 6,700. The experimental method was to measure the heat
transferred from a small plug which was thermally insulated from the test
cylinder. The test plug.was kept at the s= temperature as the test
body in order to avoid the complication of hving to evaluate the effect
of a variable surface temperature on the heat-transfer coefficient. A
complete description of the test meth~is @.ven in reference 10 and,
for that reason, it will not be discussed further herein.

The experimental data exhibit some experimental scatter; but within
the accuracy of the measurements, no definite trend of this ratio with
sweep singlecould be determined.

. —

r
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The result of the anal@s of reference lo is shown by the solid-

line curve, and it can be seen that tms cuve Wees reasonably well with
v the e~erimentel points. Also, the analysis indicated no variation of

this ratio with sweep angle.

For comparison, the theory of Cohen and Reshotko for a compressible
boundsry layer on an unswept cylinder is shown as the dashed-line curve.
It c= be seen that there is little difference between the two theories.
The small difference is attributed to the fact that the local Mach num-
ber is relatively low over the cylinder; the local Mach number is always
less than 2.0.

Sweeping the cylinder did not affect the ratio of the l.ocal-heat-
transfer coefficient to that at the stagnation point of the cylinder,
but it did affect the level of the data and this effect is shown in figu-
re 4. In this figure the ratio of the average Nusselt number over the
front half of the cylinder dividedby the aversge Nusselt nuuiberat zero
sweep is plotted sgainst the sweep angle. ‘Thecirculer symbols shown
at ~“ sweep and 44° sweep were obtained in the Ames low-density wind
tunnel at a Mach nuuiberof 3.9, and the sqysre symbols were obtained at

. the Langley U.-inch hypersonic tunnel at a Mach number of 6.9. (The latter
tests were repated in ref. il.) It can be seen that sweeping the cylinder
reduced the heat transfer to it; at 60° sweep the Nusselt nuniberis reduced

v to one-half of its no-sweep value. The solid-line curve is the result of
the analysis evaluated at a Mach nuder of 3.9, and the dashed-line curve
is the result of the analysis evsJmated at a Mach number of 6.9. It can
be seen that, up to sweep angles of about 450, the analysis predicts the
experimental data well. However, for sweep angles above 450, the analysis
predicts nmre of a decrease of the Nusselt nuniberwith sweep than is actu-
allymessuredexperimentally. The departure ot the data from the theory
at sweep angles above 450 is also corroborated by the tests reported in
reference 8.

The temperature-recovery factors were also reducedby sweep; how-
ever, the reduction is small compsred with the reduction in Nusselt num-
ber. Measured recovery factors on the front half of swept cylinders
were 0.924, 0.924, 0.900S ad 0.888 for sweep angles of 0°, 20°, 40°,
and @o, respectively. These values were measured at a Mach number
of 6.9.

One of the results of this analysis is that it yields a correlation
parameter whereby the average Nusselt number over the front half of the
cylinder can be correlated over a wide range of free-stream Mach nuuibers,
Reynolds numbers, aud sweep angles. FiWe 5 shows this correlation.

& In this figure the average Nusselt nuder evaluated at stagnation tem-
perature for the front half of swept cylinders is plotted against the
correlation parsneter given by the analysis. This correlation pmmeter

. is defined in eqmtion (1). The circulsr synibolsshown at the upper

. .. . ..... ... .. .
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right-hand corner of figure 5 were obtained in the Lemgley n-inch hyper-
.

sonic tunnel at a Mach number of 6.9, a ratio of wall temperature
to stagnation temperature from 0.5 to 1.0, and a range of sweep angles
from 0° to 60°. The sqwe symbols shown in about the center of the

w

chart were obtained in the Ames low-density wind tunnel at a Mach nw.n-
ber of 3.9 and a wall temperature equal to 6.tagnationtemperature for
three sweep angles - Oo, ~“, and 440. The disnond symbols shown toward
the lower left-hand side of figure 5 were obtained in the Ames gun tunnel
at a Mach number of 9.8, a ratio of wall temperature to stagnation tem-
perature of 0.24, and a range of sweep angles from 0° to 70°. The data
shown in this figure represent a Reynolds number range from 315 for some
of the points taken in the gun tunnel to l&1,000, which corresponds to
the Reynolds number obtained in the Langley H-inch hypersonic tunnel.
The solid-line curve shown in figure 5 is the result, given by equa-
tion (2). It can be seen that the analysis represents the data well.

The data shown in figure 5 were obtained over a range of stream
stagnation temperatures from room temperature to 2,ZX10°R and over a
range of ratios of body temperature to strew stagnation temperature
from O.24 to 1.0. These data, then, represent flight temperature con--
ditions up to flight Mach numbers of about 5.0. Although bounS-layer
theory for unswept cylinders indicated that the analysis shown is con-

.

servative at higher flight Mach numbers, this indication has not been
checked by experiment.

●

The data shown in figure 5 represent the case where the boundary
layer on the cylinder was lsminar. Some very recent (unpublished)meas-
urements by Beckwith indicate that, if the free-stresm Reynolds number
is sufficiently high, sweeping the cylinder will cause transition to
turbulent flow in the boundary layer and will cause the heat-transfer
coefficients to be increased by sweep. The flight Reynolds number at
which transition can be triggered by sweep is as yet undetermined.

Heat-Transfer Characteristics of Three-Dimensional Eodies

Local-heat-transfer coefficients have been measured on hemispheric~y .
tipped cones and on a hemisphere-cylinder. Figure 6 shows these data. In
this figure the ratio of the local-heat-transfer coefficient to that at the
stagnation point is plotted along the ordinate. The distance along the
surface of the cone from the stagnation poigt, divided by the diameter of
the h~sphe~cd tip, is shown along the abscissa.

The cones were tested in the Ames low-density wind tunnel at a Mach
number of 3.9, and the hemisphere-cylinder ~s tested ~ the ~@eY ~-
inch hypersonic tunnel at a Mach number of 6.9. It can be seen that the

b

heat-transfer-coefficientratios ae hi@est on the noses of these bodies
but fall rapidly as the distance from the nose increases. .
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The heat-transfer-coefficientratio measured on the nose of the hemisphere-
cyltnder agrees

22; half-angle

On the bluntest
lower than that

well with that measured on the hemispherical nose of the

cone. This trend was not followed on the bluntest cone.

cone, the heat-transfer-coefficient ratio on the nose was
for the other bodies except very near the stagnation point.

The nose-cone Juncture of the bodies is shown by the vertical.lines in
figure 6, for example, at x/D = 0.785 for the hemisphere-cylinder.

The ssme general method will be used to calculate the heat-transfer
coefficients over the blunt bodies as was used to calculate the heat-
transfer coefficients over unswept cylinders. The main difference is
that now the flow in the boundsry layer is three-dimensional. However,
three-dimensional axisymmetric boundsry-layer equations can be transformed
by use of Manglerls transformation to an equivalent set of two-dimensional
equations. This has been done by Stine and Wanlass (ref. 12) and by Cohen
and Reshotko (ref. 5). The main simplifying assumption used in these
analyses is that the velocity at the outer edge of the boundary layer csm
be expressed as sorespower of the distance from the forward stagnation.
point. However, in an actual case, the velocity at the outer edge of a
boundary layer does not vsry in this fashion except very near the forward

. stagnation point. In the application of these analyses to real problems,
the exponent is evsluated locally from measured pressure-distribtiion
data.

Data obtained on these blunt bodies of revolution sxe shown in fig-
ure 7 in nondimensional form. EL this figure, the local Nusselt number
is plotted along the ordinate. The product of the local Reynolds number
smd a function of body shape and pressure distribution ‘isplotted alqng
the abscissa. The solid-line curve is the result givenby the Stine and
Ws.nlasssxlalysis(ref. 12). The circular symbols were obtained on the
bluntest cone and the squsre symbols were obtatied on the less blunt cone.
The dismond symibolswere obtained on the hemisphere-cylinder.

It can be seen that the data are well correlated by this method over
a range of local Reynolds nuaibersfrom 100 to @X1,000 and at Mach nunibers
of 3.9 s,nd 6.9. Also, a wide range of blunt Imdy shapes is covered.

The correlation parameter plotted along the abscissa of figure 7
is taken from the analysis of Stine and Wanlass and is equal to

.

()
N%

f?$ k . —
D px=o

F
Rx

(3)

which is given by equati eference 12.
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Heat-transfer coefficientswere also determined for the 55° half-
sngle hemispheric- tiwed cone at angle of attack. The results of
these tests are shown in figure 8. In this figure =e plotted along
the ordinate the ratio of the local-heabtransfer coefficients divided
by the value at the stagnation point on the body for the case when the
body was at zero singleof attack. The distance along the surface of the
cone divided by the tip diameter, denoted by x/D, is plotted along the
abscissa of figure 8. Positive values of x/D shown on the right-hand
side of this figure represent the windward side of the body, and nega-
tive values of x/D shown at the left-hand side of the figure represent
the other side of the body. It can be seen that the heat-transfer coef-
ficients over the hemispherical nose were not msrkedly altered by angles
of attack of @ snd 24°. However, the heat-transfer coefficients on
the conical-section were increased by angle of attack on the windward
side of the body and were considerably decreased on the other side of
the body. It was found, however, that, on en average basis, angle-of-
attack variations up to 24° Md not appreciably change the total amount
of heat transfer to the body.

—. —

CONCLUDING REMARKS .

It can be concltied from the data presented herein that the theo- W
retical methods appesr adequate to predict the heat-transfer coefficients
on the noses of blunt bodies and on the front side of swept cylinders
over a wide range of Mach nunibersand Reynolds numbers up to flight tem-
perature conditions corresponding to flight at Mach nunibersof approxi-
mately 5, provided the boundary-layer flow is laminar.

Ames Aeronautical Laboratory
National Advisory Comtnitteefor Aeronautics

MxMett Field, Calif., mv. 3J 1955

.

.
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DISTRIBUTION OF HEAT TRANSFER
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CORRELATION OF HEAT-TRANSFER DATA
FOR SWEPT CYLINDERS
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