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THE EFFECTS OF AERODYNAMIC HEATING AND HEAT TRANSiER ON THE SURFACE

TEMPERATURE OF A BODY OF REVOLUTION IN STEADY SUPERSONIC FLIGHT

By RICHARD SCHERH.EB

SUMMARY

An approximate methodfor determining the conrectire cooling
requirement in the laminar boundary?ayer region of a body of
reco[ution in high-apeed$ight was deceloped and applied to an
example body. The cooling requirement -for the examp[e body
w determined CMaf unctwn of Much number, altitude, m“ze,and
a surface-temperature parameter. T%e maximum rake of
Mach number considered UXLS3.0 and the altitudes cmwidered
mere those within the lower constant-temperature .re~”on of the
atmosphere (@,000 to 120,000 ft]. The extent of the lcminar
boundary Layer was determined approm’mate[y at each condition
as a function of the nrriables considered.

The conrectire cooling requirements were found to be &mall
for the range of Mach numbers considered, but increased rapidly
un”thtncrea-sing Mach number. For thin~ fair bodies the body
length for a completely laminar boundary layer is of the order
qf magnitude of 50 feet for moderate s-upersonic Mach numbers
(3.0] and medium aWtude8 (100,000 ft).

INTRODUCTION

One of the many problems encountered at high speeds is
that of aerodynamic heating due to the compression and fric-
tion of the ambient air mom over the surfaces of the air-
craft. Flight tests of German V-9 missiles have show-nthe
effects of aerodynamic heating to be appreciable and se-red
theoretical studies hare been made of the heating of the war-
heads on the V-2 and Wasserfall rnides. A study of the
heating of the V–2 missfle, considering the transient condi-
tions of temperature and velocity along the missile trajec-
tory, is reported in reference 1.

The problem of detwmining the t.heoretical heahtransfer
characteristics of boundary layers dates back to the works of
Pob.llmusen (reference 2) and L. Gocco (reference 3). In
1935 and again in 1938 von K&w5n treated the subject of
heat transfer through laminar boundary layers. (See refer-
ences 4 and 5.) A study of the heat tmm.aferthrough a lami-
nar boundary layer to’ a flat plate in a compressible fluid is
presented in reference 5. More recently a study was made of
the temperature attained by a flat plate in a high-speed’
air stream at the condition of equilibrium between the con-
vective heat transfer from the boundary layer to the plate,
and the thermal radiation from the plate to the atmosphere.
(See reference 6.)

Most of the studies, up to the present time, have been
concerned with the determination of the temperature of a
flat plate or cone without internal cooling. The results

of these studies have served to emphasize the necessity for
inte~al cooling to maintain the surfaces of supersonic aircraft
at ternperatureawhich wilI not cause damage to the aircraft
structure and pay loacl, or discomfort to the occupants.

It is the purpose of this report to present a method for
determining the convect.ivecooling requirementsin thclaminer
boundary-layer region for any body of revolution in steady
supersonic flight, and to present the results of the application
of this method to a representative body. & estimate of
the extent of the laminar boundary layer on the example
body is also determined.

SYMBOLS

The follow-kg symbols have been used in the presentation
of the method and its application:
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specitlc heat at constrmt pressure, Btu per
pound, 0 F absolute

specific heat at. constant volume, Btu per
pound, 0 F absolute

masimum body diameter, feet
gravitational acceleration, feet per second

squared
cdtitudej feet
mechanical equivalent of heat., 778 foot-pounds

per Btu
coefficient of thermal conductivityy, Bt u per

second,, 0 F absolute, square foot per fwt
length ratio (l/l.), dimensionkss
length of body, feet
.Uach number, dimensionless

Mach number parameter
(= ‘“)’ ‘hen-

sionless

pressure coeflkient
[ 1(P.-PI)/~ p~~’? I dimen-

sionless
Prandtl number (cpp/k), dimensionless
pressure, pounds per square foot
total rate of heat transfer, Btu per se~cnid

t.ota.1heat-transfer parameter, Btu per second

local rate of heat transfer, 13tu per second,
square foot

10CH1heat-transfer parameter, Btu per second,,
square foot

gas constant, feet per 0 F absolute
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lamimr boundary-layer Reynolds number
(P,WA), dimensionless

racliusof body at any point, feet
frontal area of body, square feet
distance from nose along the axis of the body,

feet
temperature, 0 F absolute
tangential velocity at any point within the

boundary layer, feet per second
velocity just outside the boundary layer, feet

per second
distance norma~ to the surface, feet
surface temperature parameter [( T,— 2’,)/( To—

T,)], dimensionless
ratio of specific heats (cJcJ, dimensionless
boundary-layer thickness, feet
angle of the nose.shock wave with the horizont aI,

degrees
absolute viscosity, pound-second per foot squared
air density, slugs per cubic foot
air density ratio (p/p.), dimensionless
surface unit shear, pounds per square foot

the following subscripts have been used.
reference length or air density
body surface
any point along the body just outside the

boundary layer
location of a particular limit of integration

along the length of the body
stagnation condition
ambient condition
condition at the rear of the nose wave
condition at the nose of the body just outside

the boundary layer

THEORY

METHOD

The following analysis is based on the fundamental con-
cept that the rate of heat transfer, by conduction, either into
or out of any unit of surface area, by a surrounding fluid, is a
function of the temperature gradient in the fluid, and the
thermal conductive@ of the fluid, at the surface. In order
to obtain the temperature gradient through a boundary layer,
the boundary-layer thickness must be determined. There-
fore, to detemaine the boundary-layer thicl.mess, in the
procedure of the present report, a knowledge of the tempera-
ture, velocity, Mach number, and air density of the fluid
along the surface is necessary. The required information can
be obtained from the pressure distribution over the surface,
which in turn is derived from the shape and speed of the body,
and the flight altitude.

Pressure distribution.—For the case of a given body of
revolution in steady supemonic flight, at high altitudes, the
conditions of flight speed ind ambient temperature and
pressure wiIIbe tied. If the body has a small nose angle in
relation to the shock wave angle at the nose, its pressure dis-
tribution can be determined by the approximate method of
von K&rmfinand Moore. (See reference 7.) For more blunt
bodies, or at higher Mach numbers, it is necessary to resort

a

to the more complex, but exact, t.hree-dimmaio~al method.
of charact@stics. (See reference 8.)

The air stream approaching” the body will und&o”- a~~
increase in temperature and pressure upon passing through
the nose wave. The static temperature just af~ of tho nose
wave is given by the relation

and the temperature at the nose, just outside the boundmy
layer Ts is given by the iaentropic relation

where

(7MIZ sinz 8—1
P2=P1 6 )

The pressureps is obtained directly from the prossurc dis-
tributiomfor the. particular body. Thc value of the nOSO
wave a&le 8 can be obtained from refercncc 9.

Most bodies for supersonic aircraft cm bc expected to lMVe

smooth surfaces and fair contoum in order to have the mini-
mum possible drag. The air flow about a well-designed body
of revolution will therefore be shock free from afLof the nose
wave to the rear -wave,and as a rcmdt, outside the boundary
layer, the air flow will be iaentropic.

Because of the isentropic. ffow a[ong the body surface, lhc
static temperature distrib.utiou just outside the boundary
layer can be calculated, knowing the static tcrnperaturc and
pressure at the nose and the pressure distribution, by Llm
use of the isentropic relation

-@

(P)-T,= T, ; 7 (4)

The velocity at each point on the body can be cleteminccl,
knowing. the static temperature distribution, because the
energy in the air stream outside the boundary Iaycr will be
constt-mL_ Therefore,

T.= T+;c,

or

~= [2Jgc, (To– T,)]*

(5)

(6)

The Mach number of the air stream just outside the boundary
layer M, can be obtained from the results of equations (4)
and (6).

(7)

AISO, with the temperature distribution know-n, the air
density along the body can be determined by tho use of the
relation

PO=g*# (8)

With the pressure, static temperature, velocity, Mac!
number and &density distributions known, just outside
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the boundary layer, it is possible to determine the boundmy-
layer thickness.

Boundary-layer thickness .-The genertd momeutum equa-
tion for a Imainar boundary layer on a body of revolution is
shown, in reference 10, to be, in the nomenchdure of the
present.report:

[sTJ=.$;(’,T
‘-’”’’d’l-v$[r’’~rd-’~rd’l

(9)

Because most bodies of revolution for supersonic flight can be
~xpected to be sharp nosed and have large ilneness ratios (of
the order of 10), the dimension .s-willbe measured along the
aYisrather than along the surface of the body. Equation (9)
expressed nondimensionally, becomes

r,
-+ {“,v2(f)J[’-:(fJldG)l6)l=d(7)

.

In order to sd-re the foregoing equation for the boundary-
layer thickness, the change in veIocity and air density with
distance normaI to the surface must be known. Since at any
point on the body the static pressurew-illbe constant through
the boundary layer, the variation in air density is related to
the temperature profle by the relation

T ‘,— =—
T, ‘

(11)

‘The temperature profile within a laminar boundary layer,
with heat transfer and with Prandtl’s number assumed to be
unity, is demonstrated in reference 4, to be given by the
relation

To simplify this ~xpression let

and

or

with these simplitications, equation (12) becomes

(12)

(13)

(14)

(15)

(16)
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and the air-density reIation, equation (11), becomes

()‘=l+19m+f7[m’(l —fI)]–~ ‘m
P

(17)

The velocity profiIe within the bounda~ layer is assumed
to be linear;

(18)

for all values of Mach number and surface-temperature pa- ‘_
rameter & because the linear protie is a simple, yet reason-
able, approximation of +&eactual laminar velocity proiile “at ““
high Mach numbers. Ihampks of approximate laminar.
velocity profiles for various Mach numbers and for one very
low -due of surface temperature are shown in figures 3 and
4 of reference 5.

The rnomenhun equation (10), upon substitution of the
linear velocity profile relation, becomes

Substitution of the density relation, equation (17), into
equation (19), and performing the nec=ary integrations
and algebraic manipulations, results in the foIlowing expres-
sion for the boundary-layer thiclinees:

[

4
Y= # (l+pm)+ (1–B)’

1

and

[

(1–LV+Y
‘= l–(l–;)– d[(1–p) –2+ A

The boundary-layer thickness for any length of body at any
altitude can be determined from the calculated values for s
fimxl length and altitude when the ambient temperatures are
identical by the use of the relation

(21)
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where the subscript a denotes the calculation for a reference
altitude and length.

Rate of heat transfer.-The fundamental expressiort for
the local rate of convective heat transfer from a unit surface
area to or from a surrounding fluid is

(22]

where k, is.the thermal conductivity of the fluid adjacent to
the surface and (b Z’/@), is the temperaturegradient within
the fluid at the surface. The temperature gradient, in terms
of boundary-layer thickness, is obtained by the differentia-
tion of the temperature profiIe relation (equation (16)) and,
when y is equal to zero and the linear profile relation em-
ployed, the expression for the temperature gradient becomes

a(7%s=#?n(l—f?) (23)

and therefore
~= k,Ttm–--j- (I–B) (24)

By the use of equation (21), the local rate of heat transfer
can be determined for many altitude and length conditions
when the ambient-air temperature is constant, with but a
single calculation of the boundary-layer-thickness distribu-
tion.

(26)

With the loctd rate of heat transfer known for any point on
a body, the tital rate of heat transfer or cooling requirement
can be obtained by integrating over the surface of the body,

Q=2T’2r04)d(f)(26)

surface by conduction.
Boundary-layer transition.-Iu general, tho boundary

layer on a small, fine body flying at high altitudes and at
moderate supersonic speeds should be laminar. However,
the limiting length, altitude, and speed for a completely lami-
nar boundary layer will have to be determined for wwh
example considered,

The kkation of the transition point on a surface can be
determined if the boundary-layer Reynolds number for
trtihaition is known. The effect of compressibility on tlM
growth of the laminar boundary layer is presented in refer-
ence 10.- & long as the flow is isentropic, increases in hfacb
number tend to stabihze the laminar boundary layer, causing
transition to occur at higher Reynolds numbers. At slow
speeds the minimum value of boundmy-layer Reynolds
number for transition to occur, using as the characteristic
length t~ value of y at a equal to 0.707V7,is about 8,000;
for the assumed linear velocity profile, using as tho charrw-
teriatic length the value of y at-u equal to V, WCvalue of the
boundary-layer Reynolds number for transition is 11,300.
Because .no accurate method of determining tho boundary
layer Reynolds number for transition as a function of Mach
number in the supersonic region has been developed, the Lest
estimate of the value of laminar boundary-layer Rcyuohfs
number at transition appears to bo the vahle, 11,300.

APPLICATION

In applying the foregoing method the cooling rcquirenmnts
for a body of revolution were calculahxl for a rango of hirwh
numbels (M= 1.2 to 3.0). and for a range of surface tmn-
perature. parameters (6= O to 1.0) for altitudes within the
lower constant temperature region of th~ at.mosphcre {H=
40,000 tQ .120,000 ft) .

A body with a fineness ratio of 10 was sekctcd from refer-
ence 11 as being typical of thOpresent design treud for rorkct-
powercd missile. The radius of the body sclcchxl, at any
longitudinal station, is given by the equation

s/z

FIOURE1.—Contmr of the body of mvohtfon,

or, for the more general case,
I

(?
Z-qFp ‘2”2=’s:’’=(0’(’0(27)

The foregoing equation presumes that the laminar boundary
Iayer will extend to the stern of the body and that no heat
will be transferred from the surface by radiation or along the

;=2; [(9/1)–(8/1)’]

wlwe d/1=0.l. The contmi of the body is shown in figuro 1.
Equation (28) defines a body which is pointed at both da
but, for the purpose of this example, the fiuensss ratio was
reduced to 8.8 by cutting off tho rear point at 88 percent of
the length to allow a flat base for the power-plant nozzle
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wtJet. The figure of 88 percent was sekwted arbitrarily to
abtain a reasonal.Jepressure recovery over the after portion
of the body.
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Pressure distributions.-Pressure distributions o-rer the
body, obtained by the method of reference 7, for five Mach
numbers, are shown in figure 2. Exact vahws of the prwure
at the nose were obtained by using Taylor and ~MaccoI1’s
vahws for cones. (See reference 9.) The curves, used for
alI subsequent calculations, were faired from the exact values
at the nose to the curvw given by the appro.simate method
and me shown as dashed lines in figure 2.

The static temperature, velocity, Mach number, and air
density distributions, just outside the boundary layer were
calculated by the use of equations (1) to (8), assuming the
ratio of specific heats 7 to be constmt. The angle of the
nose wave 0 in equations (1) and (3) was obtained from
reference 9, and used to obtain the value of static temperat-
ure at the nose of the body for the range of Mach numbers
being considered. With the dRta from equations (2), (4),
(6), (7), and (8) howu, the boundary-layer thickness along
the body was calculated.

Boundary-layer thickness.-The boundary-iayer ttickness
for a given body shape is determined by the following
-rariables:

1. Size of body

2. Flight Mach number
3. Mtitude
4. Rate of heat transfer or surface temperature

For the purpose of the calculations, the body was assumed
to be of unit length and aasumed to be flying at an altitude
of 40,000 feet over the range of Mach numbers (1.2 to 3.0).
In order to simplify the calctiations, values of the rate of
heat transfer were calculated for fLYedvalues of the surface-
temperature parameter P rather than for fixed surface
temperatures. The result is that the surface temperature
varies to some intent along the body because of the variation
of local pressure. The ecxRctvariation in surface tempera-
ture with Mach number and surface-temperature parameter
for a flat plate, or the approximate variation for the body,
calculated from equation (16), considering T, to be the ambi-
ent temperature, is shown in figure 3. The relation betweu
Mach number and the surface-tanperature parameter for a
surface temperature of 520° Fahrenheit absolute is shown in
figure 4.

The boundary-layer thickness was crdculated by equation
(20) using the values of absolute viscosity P taken at. the
surface temperature. The calculations were made in
succwsive steps by calculating each variable (A, B, C, 1“,
and 2) separately. The integrations to determine the vari-
able C and the boundary-layer thickness ~ were performed
graphically.

Rate of heat transfer.-The vahws of bounda~-layer
thickness were used in equation (25) to obtain values of the

0-l 2 3 “4 5
M& number, Jf

FIGUBE3.–ThevariationofanrfaceWnperatnre@th Machnurnlwrforvarfonsvalm?s
mrfxe-temwrature pw-ameter.

.
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FIGURE 6.—Contfnned.

local heat-transfer parameter on the body. The wdue of the
air-density ratio as a function of altitude is shown in figure 5,
based on the air “density at 40,000 feet for convenience.
The rwults of the heat-t&nsfer cklcuIations are presented in
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@ure 6 in such a manner as to include the effects of length,
ahitude, and surface-temperature parameter for each
Mach number.

o .2 .4 .6 .8 1.0
Surface fempern+ure parometeq @

FmcE~?.–The wriat[on of total best-transkr pwemeterwith surfsce-tempwature pme-
meter rmd Mneh number.
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heat-transfer parameter is premntcd in figure 7 with the
curve of figure 4 cross-pIotted to indicat.cthe coohg requirod
to maintain a.naverage surface temperature of ,520° l?ahren-
heit absolute.

Boundary-layer transition.-The location of thi t.rausition
point for a 100-foot-Iong body was determined by calcuhitiug
the boundary-layer Reynolds number using the lQcal vnlucs
of air density and. viscosity, veIocity, and boundtuy-layer
thicliness. The transition points were picked from curves of
boundar~-layer R~ynolds number versus Iength u-rid mw
shown as a function of Mach number and altitudo for lwo
value9 of tk surface-temperature paramctw in figure &

The body length for a completely laminar boundary layer
as a fu”c-tion of altitude, Mach number, and surfucr-
temperature parameter is shown in figure 9.. The curve of.
figure 4 -@. again cross-plotted to indicate the cflcct of &
constant surface temperature.

Rxample,—As an example of the applicaiou of Lhc fr.wc-
going generfd curves to a specific body, a.pproximaldy lhe
size of the V-2 missile, a.sll”m~:

—

1 =50 feet
~ =100,000 feet
T,d,=5200 Fahrenheit t~bsoIu.te.
M =variable

The required cooling rate for this example from [hc data of
figure 7 as a function of Mach number, is ShOWDin figure 10..
Also, from figure 9} the boundary Iayer will prolmhly bc
completely laminar up to Mach numbm ~mter than thWW,
considered herein.
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Mach nwrber, M

FIQGRE10.—Thc required coding mte for the emnpk body as a function of Mach number
foralmdy length of59feet, ariaverage snr’hce temwrature of520aF absolute, aadan sltitnde
of lal,ofm feet.

DISCUSSION

RESULTS

The results of the application of the foregoing analpie to a
particular body are presented in figures 6 to 10. Although
the results were obtained for a body of a specific shape, the
general conchsions obtuined are believed to be applicable to
au he, smooth, and fair bodies of revolution in steady super-
SOfliCflight-.

The local rate of heat transfer is shown to approach infinity
at the nose of the body (fig. 6), but at the stern, the local rate
of heat transfer is small. The cooling requirement, for a fixed
value of surface-temperature parameter, increases rapidly
with increasing Mach number (@. 7), until, at the highest
Mach number (M=3.o) and at the maximum rate of heat
transfer considered (L?=O), the rate of increase becomes
almost constant. However, for a fixed -due of surface
temperature, the cooling requirement increases even more
tipidly with Mach number.

The location of the transition point on a body with a basic
kmgth of 100 feet for the conditions of zero and rnwdmum
rates of heat transfer, as a function of altitude and Mach
number, is shown in i@re 8. The rate of change of the
position of transition tith ahitude becomes less with in-
creasing altitude because of the increased rate of boundary-
layer growth in the adverse pressure gradient over the after
portion of the body. Therefore, if the after portion of the
body is considered to be uncoolad, the maximum body length
for the condition of a laminar boundary layer up to the edge
Of the uncooled portion wil be ma.rkedIy greater than the

maximum body length for the condition of a completely
Iaminar boundary layer.

The assumption of a fixed value of boundary-layer Rey-
nolds number for transition is identical to assuming a fi~ed
degree of stabiIity for the Iaminar boundmy layer. As a
result of this assumption the transition point, for a given
Mach number, tends to move forward on the body with
increasing rates of heat transfer because the boundary-
layer Reynolds number at a given point on the body in-
creases with increasing heat transfer due to the effect of
surface temperature on the local kinematic viscosity.

When the length, speed, and altitude conditions are such
that the boundary-layer Reynolds numbers become small,
laminar separation is likely to occur over the rear portion
of the body. However, because laminar separation is
equivalent to an abrupt thickening of the boundary layer,
the convective heat transfer from the boundary layer to the
body d decrease in the separated region.

Because of the marked increase in heat trsnafer at transi-
tion or the marked reduction a~ laminar separation, the
curves of figure 7 are only applicable when a completely
laminar boundary layer exists on the bmly. However, the
results presented in figure 6 are applicable over the forward
portion of the body aft to the transition or separation point
for all cases within the range or variables for which the
calculations were made. The curves presented in figure 9

indicate the conditions of length, altitude, Mach number>
and surface-temperature parameter which satisfy the con-
dition of transition for a completely laminar boundary layer.
The curve of figure 4 is cross-plotted to indicate the condi-
tions for a given value of surface temperature.

The cooling requirement, or required rat-eof heat transfer,
for an example body appro.fiately the size of the German

1’–.2 missile is presented in figure 10 as a function of Mach
number. It should be noted that no cooling is required ah
speeds up to a Mach number of 1.25, but the required cool-

, ing increases rapidIy with increasing Mach number.
For bodies lass fine than the emunple considered and foF -

those with lees fair contours, the cooling requirements can
be a~pected to be greater than those presented herein. For

more blunt bodies the increased adverse velocity gradient.

at the stern will probably cause transition to occur at lower

fLight Reynolds numbers while the increased favomble veloc- . ..

it y gradient over the nose should promote thinner laminar

boundary layers and consequently great er cooling require-

ments in this region.

REVIEW OF ASSUMPTIONS

In order to make possible the development of the method
presented herein, certain sirnpliiing assumptions wme neces-
sary. It was assumed in the analysis that the boundary-
layer velocity prcdle was linear for all Mach numbem and
aII rates of heat transfer. However, it has been shown @._

reference 5 that the Iaminar boundary layer does approach
the assumed profle as the Mach number is increased. The
effect of cooling at Iow Mach numbers (subsonic) is to de-
crease the linearity of the velocity profle, but as the Mach
number is increased this latter effect becomm less marked.

It was assumed in the analysis that radiation could b~
neglected because in relaLionto the convective heat transfer,
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at least at tha lower values of surface-temperature parameter,

the radiant heat transfer would be small. However, if the

aircraft, which is to be cooled, is designed with a thick outer

surface of low thermal conductivity, the surface-temperature

parameter will not be small, and, at higher Mach numbers,

radiation must be considered.

It~vas assumed that the effects of heat conduction in the
surface and its supporting structure could be neglected. In
steacly flight, the interrmlstructure of a body would be at the
same temperature as the surface.; therefore, if a system were
designed to give a constant skin temperature, there would be

no internal heat conduction. It was assumed that PrandtI’s

number in unity in order to prevent the analysis from be-

coming excessively complicated. Although it is known that,

this assumption reduces the accuracy of the res.uhs, its effect

is believed to be small. It was also assumed that the ratio

of specific heats was constant with changes in temperature.

The effect of this assumption on the results of the analysis

over the range of Mach numbers considered is negligible.

CONCLUSIONS

The fo~owing conclusions can be. drawn from the results

obtained from the application of the method developed

herein:

1. The convective cooling requirements for a body of

revolu tiou in steady supersonic fight at medium aItit udes

(40,000 to 120,000 ft.) with a completely lamina.r boundary

layer am small for the raage of Mach numbers considered

(1,2 to 3.0) but increase rapidly with increasing Mach

uumber,

2: For thin, fair bodies of revolution, the body length for

a completely laminar boundary layer is of the order of 60

feet for moderate flight Mach number (3.0) and medium

altitudea (100,000 ft.).

AMESAERONAUTICAL LABORATORY,

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS,

MOFPETT FIELD, CAMF,, October 14, 1946.
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