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HEAT TRANSFER TO BODIES TRAVELING AT HIGH SPEED IN THE UPPER ATMOSPHERE —-_
BJ-JACKSONR. sTALDERaIId DAVID JUKOFF

SUMMARY

.4 general method has been dewloped, uting the method80f
kinetic theoy, wherebyfhe eurface temperatures of bodie8cm-t
be calculatedfor 8teadyjlight at any8peedin a mre$edga8.
Theparticular 801utionuw8madeforaJat plate; howerer, the
ca[culationacan be easily extendedto bodie8of arbitrary shape.

It wa8found that the aerodynamic heating problem in the
ab8ence of 8olar radiation, that h, for the ca8e oj nocturnal
jlighi, become8of negligibleimportance at altitude8of 126 miles
and higher and up to steady $ight 8peed8 of 36,000 jeet per
second. The e$ect of 8olar radiation.,for the ca8e of daytim
jlight, become8increasingly important as the $ight altitude i8
increased. At an altitude of 160 mile8and higher, 8olarradia-
tion is the predominatingfactor that deterrnine88kin tempera-
ture. Om”ng to the 8trong efect of 8olar radiation on 8h<n
temperature at high a~thde8, the desirability of nocturnal
flight is indicated in order to minimize skin temperature.

In order to maintain louJ8kin temperatures, it wa8found
that the angle of inclination of the body un”thre8pect to the
flight path 8hwdd be kept a8 small a8 po86”ib[e. Thti MY be
accomplished in practice by designing the body to be $nely
tapered and by$yi~ the body at smaUangle8 of attack.

It i8 pointed out that 8kin temperature may be reduced by
in8uring thermal conkwt between portion8 of the 8kin inclined
at positire and negatire angles tm”thre8pect to the $ight path.
.48 much 8urface a8 po8eible 8hould be inclined at negatire
angle8. Practically, thi8 may be accomplished by boattailing
the body.

In the erent that an internal 8kin-cooling 8y8temi8 employed,
it i8 8hou?nthat the rate of internal cooling mu8t be of the same
order of magnitude or greater than the rate at which heat G lost
naturally by emitted radiation. If the cooling rate is below
the natural radiation rate, cooling hm little eject upon 8kin
temperature.

It i-s8hown thut, in the case of a mi8m”ledeeigned to $y orer
a wide range of altitudes and 8peed8,it i8 desirableto make the
emi.stiuityof the 8h-in aa high a3 po88ible. This conclwion,
howerer, i8 bed upon a 8kin tw-face for which the emtisioity
is independent of the ware length of the emitted and ahorbed
radiunt energy.

A poesible method of reducing wwfie temperatures is indi-
cated by h decrease in 8kin temperature which accompanies a
decreae in thermalaccommodationcoe@ient. Tl& phenome-
non may be u8ed to admntage if it is po88ible to decrease the
accommodationcoe@cient by altering the surface characteristti8
oj the skin.

INTRODUCTION

Missile or aircraft flight at extremely high altitudcx intro-
duces many new problems to the designer. One of the more
important problems that arises is due to the skin tempera-
tures that are attained at very high velocities. The severity
of the problem is commonIy emxnplifwd by consideration of
the disintegration by combustion of most of the meteors
that enter the earth’s atmosphere at high speed.

In reference 1, Tsien has summarized the meager amount
of research that has been done in the field of rarefied gas .
kinetics as applied to aeronautics. It is shown that the
general field of aeronautics may be divided into three major
regimes, and that the ditilon lines, although poorly defined
at present due to lack of e-xperimental data, are marked by
the ratio of the mean free molecular path length to a char-
acteristic body dimension.

The three main regimes of aerodynamics, or gas kinetics,
may be described very briefly as:

1. The region of con-rentiona.l aerodynamics in which the
mean free path length is negligible in comparison with the
body size.

.2. The region of free-molecule phenomena in which the
mean free path is large with respect to the body size.

3. The so-called “slip flow” regime, intermxliat e between
the conventional aerodynamics and free-molecule regimes.

In conventional aerodynamic theory, the first basic as-
sumption that is made is that the fluid under consideration
may be. t rested as a homogeneous continuous medium. This
assumption certainly should become invalid at very high
altitudes owing to the extreme rarefact ion of the atmosphere.
A measure of the atmospheric density is furnished by the
average length of path (mean free molecular path) that is
traveled by a mokde between successive collisions. The
mean free molecular path has been computed by Johnson and
Slack in reference 2 for altitudes up to 150 miles. The result
of their computations is shown in figure 1. The existence
of a large mean free path should not be construed as an indi-
cation that the number of molecules per unit volume is small,
in the ordinary sense of the word. For example, at a reduced
density at which the mean free path is 10 feet, there are still
101smolecules contained in a cubic inch.

The work of this report will be confined to a study of the
heat-transfer processes occurring in the region of free
moleoule flow. The lower limit of the ratio of mean free
path h a characteristic body dimension at which the derived” -
theory becomes invalid cm-mot be stated at this time for
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Jack of experimental evidence. The numerical computations,
however, will be confined to altitudm of 75 milw and higher.
The estimated mean free path at 75 miles altitude is 1 foot.

The speciiic purpose of the present report was to develop a
method whereby the surface- temperatures of bedim travel-
ing at any speed in a rarefied gas could be determined. It
should be pointed out that, to the authom’ knowledge, no
experimental work has been done in high-speed rarefied gas
streams. Consequently, the numerical vahws obtained
should be regarded with some reservation until experimental
evidence is accumulated concerning the validity of the as-
sumptions that are made in the analysis.

.f (w
f’ (c)
9

j
J.

k

m,

SYMBOLS

constant of integration in Maxwell’s equation
total velocity, feet per second

components of total velocity, feet per second

base of natural logarithms, 2.7183 . . .
energy of incident molecules, foot-pounds per

square foot, second
energy of molecules at plate temperature, foot-

pounds per square foot, second
energy of re-emitted molecules, foot-pounds per

square foot, second
energy of rotation, foot-pounds per molecule
translational energy of molecules striking front

plate, foohpounds per square foot, second
translational energy of molccuka striking rear

plate, foot-pounds per square foot, second
vibratiomd energy, foot-pounds pcr molecule

)
Maxwell’s distribution function, dimensionless

gravitational accekmition, assumed constant
32.2, feet per second squared

number of degrees of freedom of motion

of

of

at

normal solar radiation at top of atmosphere, 93.4
foobpounds per square foot, second

Boltanann constant, 5.66X 10-X foot-pounds per
degree F per molectie

mass of one molecule, shqgs per molecule
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molecular weight, pounds per pound-mole
number of molecules striking fron~ of plate, molo-

cuk.s per square foot per sccoml
number of molecules striking rear of plate, mole-

cules per square foot per second
number of molecules per unit volume of gas
Avogadro’s number, 2.73X 10n mo]ccu]es pcr

pound-mole
heat removed from skin by an internal cooling

system, foot-pounds per square foot, second
Universal gas constant, 1544 foot-pounds pm

pound-mole, “F absoluto
incident radiant energy, foot-pounds per square

foot, second
re.-cmitted radian t energy, foot-pounds per square

foot, second
u_

()molecuIar speed ratio ~
m

surface area, square feet
absolute temperature, ‘F absolute
tempmature of incident molecules, “F absolute
temperature of body skin, ‘F absolute
temperature of reemitted molecules, “F absoluto
mass velocity, feet per second,

Icomponents of mass velocity, feet per second

thermal velocity, feet per second
most probable molecular speed, fed per second

‘1--components of thermal velocity, feet per second

.

Ispace coordinabsx

)
accommodation coefficient, dimensionhxs
reciprocal of most probable molecular speed,

seconds per foot
emissivity, dimensionless
angle of incidence, degrees
Stefan-Boltzmann constant, 3.74 X 10-’0 foo~-

pounds per square foot, second, ‘I? 4 absoluto

senorfunction, --$ ~ e-fi dx, dimensionless

dimensionless group defined by equation (7)
dimensionless group defined by equation (9)
dimensions group defined by equation (14)
dimensionlew group defined by equation (19)

ANALYSIS

In order to determine the skin temperature of a body mov-
ing at cogstant speed through a rarefied gas, it is ncccswy,

fundamentally, to make an energy balance on a section of
the skin. Energy may be added to or subtracted from the
skin by three distinct processes:

(a) .Molecular energy transport to and from the skin.
(6) Kadiant energy transport to aud from the skin.
(c) Ihergy added to or removed from the skin by processes

occurring within the body.
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Thus, we may write a simple energy balance on a section of
the skin as

Et+ R,= E,+R,+Q (1)

Each term in this equation can be considered separately.

MOLECULAR EXERGY TEAXSPOBT TO THE BODY

It is a matter of common lmovdedge that any body sur-
rounded by a gas is constantly bombarded by molecules of
the gas. It is this molecular bombardment., in fact, that
causes a pressure to be exerted on a body or on the walls of
a container in which the gas is coniined. It is evident. that
the molecules possess, by virt,ure of their mass and velocity,
a certain kinetic energy. Thus, a body immersed in a gas is
constantly receiving and emitting energy from the bombard-
ment of impinging molecules and the re-emission of the same
moleculea from the body surface. If it were considered that
the molecules carried no energy except that due to translu-
t iomd velocity, then, -ire should, by examination of their
incident and re-emitted velocities, be able to determine the
net increase or decrease of the kinetic energy of the re-emit ted
gas and, hence, determine the molecular energy added to or
subtracted from the body. In the ordinary case, however,
the impacts of the molecules with the body become obscured
by the colk.ions of the molecules among themselves and the
problem becomes exceedingly comp~ex if treated on a micro-
scopic basis. On the other hand, if vie consider a body
immersed in a gas that is of low enough density so that
collisions among molecul~ in the vicinity of the body are
rare in comparison with collisons with the body, the problem
becomes susceptible to analysis by the conventional methods
of kinetic theory.

If it is assumed that the gas through which the body is
moving is so rarefied that the motion of the impinging
molecules is essentially unaltered by collisions with reflected
molecuks, then it foIIows that the velocity distribution of the
impinging molecules will be that of a gas in thermal equilib-
rium, the Maxwell distribution. The Max-well distribution
law for a gas at rest states that of a total of N molecuks per
unit volume, the fraction that has velocity components lying
between the values. l; to l~+d~j, ~’r to I“V+CH7,, ~“z to
l“.+d~”z, is given by

j(T:17v~-,)d1’J~ ”~l”,=Ae-P(v*’-H’’Adl ”~T”~l”z (2)

where ~~, ~“Y,~”. are the random thermal velocities with
respect ta a coordinate system x, y, z fixed in space.

To determine the energy transported to the body by the
impinging mokcules, it is necessary first to determine the
number of molecules that strike the body. This is done as
follows:

Assume fiat the body is stationary and that the gas has a
macroscopic velocity U with components ZL ZT~,LTZwith
respect to the fixed coordinates. Assume the body to be a
flat plate and fix the plate at the origin of x, y, z, so that the x
axis is normal to the plate. The mass -relocit-y U makes an
angle 8 with the plate. Figure 2 is a diagram of the co-
ordinate system.

The total velocities may be written as the sum of the ther-
mal and mass velocities, thus, C- U.+ T’& CY= LTH+I’M,
and C.= ~~V,. Consider m elemental area dS of the
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FIGrEZZ.-Cwrdinstes~tem used!nsnslys!s.

plate. AU of the molecules that strike dS during a time
inter-ml dt that have velocities lying in the range C. to C.+
dC., (7, to Cr+dCv, and C, to C.+dC, will lie in a cylinder
having cLSas a base and with a length C’dt in the direction of
C, where C= ~C#+ C?+ C:. The volume of the cylinder
is C=dS dt. The number of molecules of this kind contained
in the cylinder is then f’ (C=, Cr, C.) NC= dS dt dCz dCr dC,
wherej’ (C=, Cr, C,) is Maxwell’s distribution function for the
total velocities. Then, to find the total number of molecules
striking dS per second, -we must integrate f’ (Cz, CY, C.)
NC= dS d~z dCwdCz between the limits C!=O h cu, C,=
— ~ to co, and Cz= – m to ~. Molecules having a nega-
tive velocity in the z direction cannot strike the front side
of the plate. Then,

‘=Ns:.s:.Ef’’c., c,,cc)c.dc~dc,dcz ‘3)

The distribution function for the thermal velocities with a
superimposed mass velocity may be vmit t en as (cf., reference
3, p. 45)

j’(c=,c,, !0.)=.4,-P [(c.-~J’+(c,-’’,) *(u,,q,,q

Thus for a unit area,

‘=NAS:’S:.J‘e-@I(c.-uJ’+(i+(C.-)Czdc,
(4)

This equation can be integrated; making use of the relation

A.=-$ the result is

(5)
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The factor f?is related to themost probable molecular speed
V. M ~= I/V., while V. is given by V.= ~WM. Also
U=rray be ~tten as U sin @._Equation (5) waythenbere-
written as

This is the result obtained by Stinger in reference 4 and re-
derived by Tsien in reference 1. A plot of the dimension-
1sss group x, defined as

X={e-,’ sin’e+&8 Si110[1+@(8 Sin f7)]} (7)

is shown in figure 3.
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To determine the number. of mo~ecules striking the rear
side of the plate n~, equation (4) is again integrated except
that the knits of Cc are changed to C.= —w to O. The
result is

.=7 —.

The group

x’={e-pti’ ‘– W ~Sin 0 [1–@(8 sin L9)]} (9)

is plotted in figure 4.
To determine the kinetic energy incident upon the plate

due to translation, Siinger in reference 4, and Tsien in refer-
ence 1, multiply the mass cd gas striking the plate nm by
the sum of the kinetic energy per unit mass due to the mass
motion of the gas W/2 and the average kinetic energy due to
thermal translation which may be shown, for a static gas,

1.0

.8

.6 \

x’ \
A

\
.2- \

0 “ .4 .8 12 i.6 2.0 2.4
s sin 8

?@3cm L–The dimcmionlwaquantityx’, 8s a lunctkm of 8ah t?

-. ,.

3 RT
to have the value ~ g ~“ This proccduro, however, is an

. .
oversimplification of the problem as introduction of the t.crm
3 RT’
~ g ~ assumes that the kinetic energy due to thermal

volocity may be added to the kinetic energy due to mass
velocity. That this is nob permissible is ~~plaincd by thu
fact that the total kinetic energy depends upon the square
of the total velocity, hence the compommts of the kinetic
energy due to the velocity components of the total velocity
may not be added linearly, Symbolically, this may be
expreswd in simple form as

m~7z mU2~nz(U+V)s
~+ g 2

A more exact calculation of the incident translatiomd
energy can be mado as follows:

The kinetic energy per molecule contained in a cylinder
placed on dS is m@/2. The kinetic energy of those molecules
in the cylinder with velocity components between C% to
C=+dC=, Cy to Qq+dCy, C. to C.-FdC, is

~ iVC’2Czy (C.,Cv,CJdS dt dC. dCvdCz ‘ ~ (10)

The total kinetic energy of the molecules striking the front
side of the plate is obtained by integrating equatiou (10)
over the limits C.=0 to m, Q=—= to ~, and (?,=-~
to w. Then, for a unit area, pm unit time,

E’=:NS’-.JJ.J“c’czj’(CZ,CV,C,)dCz dC, dC, (11)

However, G= Czz+ CV2+C,f, so that equation (11) may be written as

“=?NAS:.J:.L”
CZ(C~+C;+C,~ e-d’ [fc.-u.}l+c(,-u, )%(c,-u,)’l d~, dcv dCZ (12)

The result of a tedious integration is PZ=$T, ~=~, u.= u sine,

[{
E,=nm %+$ 1+

l+~JBU=[l+@@Uz)]e~u~ H and defining a dimensionless group # as

1+*/3 uz[l+@@u=)]d’u” (13)
1+; A 8 sin e [1+@(8 sin 8)] @a~n’0

#=1+ -(14)
where n is given by equation (6). Using the relations, 1++s sin 0 [l+@(s sin @)]d“’”u
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Equation (13) may be written as,

E,=n (’~+$kT~ (15)
.-

When the mass velocity U is taken m zero, equation (15)
reduces to

E,=2nkT (16)

which is the usual resuh obtained for the translator kinetic
energy crossing an imaginary plane drawn in a static gas.
When s sin 6 is large, the equation approaches

(17)

A similar computation yields, for the incident translational
energy on a unit area of the rear side of the plate,

(18)

where

1–: %Zs sin 8[1–0(8 sin 8)@*’@
+’=1+ -

1– lz 8 sin e[l–@(Ll sin 0)]#’f=”$
(19)

The value of E/, of course, reduces to

E:= 2n’kT=2nkT (20)

for U equal to zero and approaches EJ=O for huge values of
s sin e. The dimensionless groups # and +’ are ahown in
figures 5 and 6, plotted as functions ofs sin t?.

s sin 8

FIGUEE&—The d[mensionks qmmtit y t, os a functkm of 8 sin..

If the gas is considered to be composed of hard-sphere
molecules, then, for a monatomic gas, the total kinetic energy
incident upon the plate is given by equations (15) and (18)
for the front. and rear sides, respectively. However, if the
gas is composed of diatomic dumbbell molecules, each mol+
cule may carry an additional amount of energy due to rota-
tion and vibration. By the principle of the equipartition
of energy, the ma--in-mm amount of energy carried by a

imolecule is , k T where j is the number of degreea of freedom

of motion. ‘A rigid dumbbell molecule may rotate about
two mutually perpendicular axes, hence the maximum aver-
age kiietic energy of rotation per molecule is
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EB=kT (21)

It is conceivable that. collisions between dumbbell molecules
could cause the atoms composing the molecule to vibrate or
oscillate along the line joiniig their centers. In this case,
the energy of vibration is composed of kinetic and potential
energies and the vibrational energy is equally distributed
between the kinetic and potential forms. Thus, the tot al
energy due to vibration is

()E,=2 ~ k!l’ =kT (22)

where the factor 2 accounts for the distribution of energy
between the kinetic and potential forms.

Some question may arise as to the correct procedure to
follow when considering a gas composed of tmo or more
constituents. It can be shown that the results that have
been obtained for a homogeneous gas, may be extended to
mixtures of gases by calculating n, E;, E,, and E. separately
for each constituent. This is a result of tie fact that, in a
mixture of gases in equilibrium, each gas has the same velocity
distribution that it would have if the other constituents were
not present.

The result obtained in equationa (15), (16), (18), and (20)
shows that, in effect, both front and rear sides of the plate
selectively collide with a group of mokcuk having an average
thermal velocity in excess of the average thermal velocity
of the molecules of the gas considered as a whole. ‘IT@ is_
true whether the plate is moving or stationary. As the plate

.
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velocity increases, the average thermal velocity of those
molecules striking the front side approaches the average
thermal velocity of the molecules of the gas considered as a
whole, while the average thermal velocity of those molecules
striking the rear side departs farther from the average thermal
velocity of the molecules of the main maaa of gas. Because
of this selective interception, the plate is struck on both
front and rear aides by molecules that possess higher-than-
average translational energy associated with their higher-
than-average therrmd velocity. It is pertinent to inquire if
this does not mean, also, that this nonaverage group of
molecules carries nonaverage rotational and vibrational
energies. It is pointed out in reference 5 that Maxwell’s
distribution law allows the assumption to be made that
rotational and translational energies are completely indepen-
dent, so that a molecule with a high translational energy is
just as likely to have a low as a high rotational energy. In
the case of vibrational energies, it is shown that those mole-
cules that have higher translational velocities aIso carry
higher vibrational energies. HowevOr, for reasons which
will presently be discussed, the change in the vibrational
energy is neglected in the energy balance equation, hence we
need not be conmrned with its magnitude in this simplified
fumlysis.

MOLECOZAR ENERGY TRANSPOllT FItOMTHE BODY

In order to determine the energy carried from the skin by
molecules returning to the main mass of gas, it is necessary
to consider the mechanism of energy transfer and molecular
reflection at the surface of the body. A complete discussion
is beyond the scope of this paper; the reader is referred to
referen~ 5 and 6 for a detailed description of the phenomena
involved. Nevertheless, the more important concepts are
outlined be~ow because an understanding of them is necessary
in succeeding computations.

Two m~in types of reflection may occur when a molecule
strikes a surface. The first and simpler type is specular
reflection. In this case, a molecule leaves the surface with
its normal velocity component reversed, retaining unchanged
its tangential component. by other type of rebound from
a surface is known as diffuse reflection. It is possible to
devise many subtypes of difluse reflection; however, only
a limited number are physically probable or even thermo-
dynamically permissible. Insofar as direction of reflection
or re-emission is concerned, it can be shown that the proba-
bility of a molecule leaving the surface at a specified angle
is proportional to the cosine of the angle with respect to the
normal. Ml directions about the normal m-e oqually prob-
able, regardless of the direction of impingement. Several
hypotheses may be advanced concerning the speed at which
diffusely refiected molecules are emitted. The most physi-
cally likely assumption is that the speeds are grouped in a
-Maxwellian distribution corresponding to a temperature
which is not necessarily that of the surface.

It appears logical that diffuse reflection would predominate
as, in reality, an impinging molecule collides, not with a
smooth hard surface, but with an individual molecule or
atom of the body material. It would seem likely that col-
lisions of this type would obliterate, insofar as directions are

concermd, any prior directional histo~ of motion, ospccitdly
if more than one collision occurred at the surface.

As yet, the temperature at which t-he molecules Ieavo tho
surfam has not been specified. In general, tho moh’cuk
that ~eave the body will not possess an average velocity cor-
responding to the plate temperature. In the case with which
we are concerned, namely, that of a cooled plate, t.homolecules
will leave at some temperature which is higher t.hn the pl~ta
surface . temperature. This inequality of tempwaturo (or
energy levels) is defined by introduction of tho accommoda-
tion cmflicient, defined as

G-E
“=W, (23)

‘I!he accommodation coefficient may be ccnsidmcd as a term
that accounts for the inability of the impinging molecules t.o
adjust themselves to the plate temperature during the time
they are in contact with the plate. As pointed out by Lccb,
in reference 5, it appears that the action of surfaco roughness
is different for directional effects and energy or tcmpcraturc
effects. Apparently, one or two collisions with the moleculcs
of the pla.te is stiicient to erase the directional history of a
molecuIe; however, many collisions are required to attain
temperature equilibrium with the plate. In the definition
of the accommodation coefficient given by equation (23), the
effects .of specular and diffuse reflection on the cuwgy ex-
change are included in the value of a.

The value of tlm accommodation coticient has bcm
measured for several static gases in contact with many dif~
ferent ma Ws. Values reported range from less than 0.)
to 1.0, as shown in references 7 to 12. Refercnco 13 prcscnto
a method for correlating the effect of pressure upon accom-
modation coefficients. Apparently, no measurements have
been made of the accommodation coefficient in a high-speed
gas stream. It would appear probable, howcwer, that tho
accommodation coefficient would depend upon both tho
speed of the gas stream and the anglo of the surface with
respect to the stream.

The accommodation coefficient, if dctincd rigorously,
would have diflwent values for translational, rotational, and
vibrational energies. However, a series of experiments per-
formed by Knudsen and described in refcmmce 5 showed that ‘“-
the accmnmodation coefllcients were numerically identical
for rotational and translational energies. The vibrational
components of the i.ntornal energy require much more time to
adjust to new values than do the rotatiomd and transla-
tiomd components. A discussion of the time of adjustment
of vibrational ene~ for gases maybe found in refcrenco 14,
In succeeding calculations, it will be assumed that tho vibra-
tional component of the internal energy is unchmgcd during
tho short time interval that a molecule is in contact with the
body. By the same line of reasoning, dissociation of poly-
atomic molecules is neglectad, since dissociation is a func-
tion of the intensity of the molecular vibrations. These as-
sumptions are serious in that vibrational ene~ and the
energy absorbed during dissociation would, if present, havu
a marked effect on the plate temperature. If the length of
time a molecule is adsorbed on the plate is equal to or
greater than the time required for fully developed vibration
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to be excited, then dissociation would probably occur at the
high plate temperature calculated for high-speed flight. A
more complete analysis awaits experimental data on ad-
s.orpt ion times and accommcxiat ion coefhcients in a flowing
gas. -

To calculate the energy abstracted from the plate due to
the return of molecules to the stream of gas, use is made of
equation (23) rewritten as

Er=E*(l–a)+aEp (24)

If & is tbe energy of the molecul~ if they were at plate
temperature, then equation (24) can be written for a mon-
atomic gas that obeys the perfect gas laws as

l?r=E,(l –a) +2an7iTp (25)

and for a diatomic gas that obeys the perfect gas laws,
neglect ing vibrational energy changes, as

E,= (E,+ wlT,) (1–a) +3cwzkZ’P (26)

RADIANT ENERGY EXCHANGE WITH THEBODY

Any body is constantly receiving and emitting radiant
euergy. In the steady state, a balance is soon reached where
the emitted energy is equal to the incident energy; the body
temperature adjusts itself to a value such that this equi-
librium is maintained.

In the present case, the body emits radiation at a rate
given by

R,=wTpd (27)

The body may absorb radiation by several processes.
Probably the most important is that. due to direct solar
racIiation. The mem value of the solar radiation at the top
of the earth’s atmosphere, the solar constant Jo is shown in
reference 15 to have a matium value of 93.4 foot-pounds
per second, per square foot for a plate normal to the incident
radiation. The body may also absorb radiation from con-
stit ueDK of the atmosphere and from the earth’s surface.
lfost of the atmospheric gases do not emit appreciable radi-
at ion; however, water vapor, ozone and carbon dioxide emit
strongly at certain vravelengtbs. III the interest. of simplic-
it y, radiation from the atmospheric constituents and from
the earth’s surface fl be neglected and, vihere incident
radiation is considered, it will be assumed to be due solely
to S&W radirit ion, having its previously mentioned mrutimum
value of 93.4 foot-pounds per second, per square foot. The
amount of this energy that is absorbed is then

Ri=de (28)

provided that. gray body absorption is assumed; that is, the
emissivit y is constant. for all wavelengths and temperatures.

EXEEGY EXCHAXGES OCCUEBIXG WI~N THE SODY

It is conceivable that, in a roide designed for sustained
&mbt at very high speeds, a skin-cooling system could be used
to maintain structure temperatures vrithin specified limits.
Disregarding a discussion of the possible cooI@ systems, we
may simply assume that the cooling system removes heat
at a rate Q foot-pounds per second, per square foot.

CALCULATIONS

Having outlined the processes by which energy is ex-
changed with the body, it is now possible to calculate tha
temperature of a plate moving at any speed through a
rarM.ed atmosphere.

METHOD OF CALCULATION

V7e may substitute equations (25)or (26), (27), and (28)
in equation (1) and obtain, for a monatomic gas, where
E,=E,

aE,-2ankTp+d,-w T/-Q=0 (29)

and for a diatomic gas, where Et=E~+ nER

a(Et+&Ti) —3~kTP+Q0—erTPd—Q=0 (30)

In equations (29) and (30), the value of -E, maybe taken from
equation (15) and the value of n from equation (6) for the
front side of the plate. For the rear side of the plate, equa-
tions (18) and (8) are substituted for values of El’ and n’,
respectively.

For a mixture of monatomic and diatomic gases, the inci-
dent energies of the components of the gas are added together, ___
and the re-emitted energies of the components of the gas are
added together, so that the energy equation assumes the form

zE,—zE,+cJo– eFTp4—Q=0 (31)

To determine the temperature of a plate with no cooling
except that due to radiation, the factor Q in equations (30)
and (31) is set equal to zero and the equations are solved for
values of TP.

To determine the effect of internal cooling on the plate
temperature, arbitrary values of Q are substituted into
equations (30) and (31) and the equations are again solved
for values of T,.

SCOPE OF CALCULATIONS

Calculations -were made to determine the temperature of a
plate travehng at docities of from zero to 36,000 feet per
second at altitudes of from 75 to 190 miles. A speed of
36,000 feet per second is appro.ximately the minimum speed
required to escape from the earth at these altitudes. The
plate, in the &t case, was assumed to be insulated between
the front and rear surfaces so that. the two surfaces could be
treated independently. In the second case, the front and
rem sides were assumed to be in perfect thermal cent act; that
is, the temperature of the front side of the plate was equal to
that of the rear side of the plate. In these two sets of calcu-
lations, it was aswmed that solar radiation was absent.

The above calculations were then repeated, for one altitude,
and angle of incidence (or body angle) vvith arbitrarily
assumed values of internal cooling and with solar radiation
absent.

A fourth set of calculations was made for several altitudes,
considering that the plate was uncooled and that solar
radiation was present.

In the first. four sets of calculations the values of the ‘“
accommodation coefficient. and the emissivity were assumed
to be constant at unity. This assumption simplified the
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computations and, at the same time, reasonably approxi-
mated physical conditions so that the trends of skin temper-
ature shown should be correct in order of magnitude.

A fifth and sixth set of caIcul&tions were made to show the
effect of emissivity and accommodation coefficient on skin
temperature at several altitudes and flight speeds.

The atmospheric properties used in the calculation were
taken from references 2 and 16. Reference 16 was used to
obtain the properties of the atmosphere at 75 miles; whereas
reference 2 was used for the higher altitudes. There is some
difference in the assumed atmospheric compositions between
the tables of references 2 and 16. Wa.rfielcl, in reference 16,
assumed that the composition by weight at aIl altitudes was
constant at its sea-level vahm, except for dissociation of
oxygen, The amount of dissociation was assumed to in-
crease with altitude, comp~ete dissociation occurring above
altitudes of 75 mi.k. On the other hand, Johnson and Slack
assumed sea-le.vel composition at all altitudes, neglecting
dissociation entirely, In order to compare values of skin
temperature at the several altitudes for which computations
were made, it was arbitrarily clecided to use the values of
temperature and density given by Johnson and Slack and to
assume complete dissociation of the wumed constant sea-
level percentage of oxygen. The following tabIe lists the
values of atmospheric density and temperature that were
used in the computations. —

2.iw.lo+
Iu i%! L IMXl@
125 rw L I3IX1O+

172d 1.76X104
M 16+30 L 61X10-14

1 ,. _l

DISCUSSION

INCIDENT TRANSLATIONAL ENERGY

In the computation of the incident kinetic energy due to
molecular translation, it was shown that both the number of
molecules striking unit area of the body and the resdtant
kinetic energy incident upon the body were functions of
the term .s sin 8. AI examination of the graphs of the
dimensiorikm groups x and x’, # and 4’, which govern the
number of molecules striking a section of the body and the
maegpitude of the incident translational energy, reveaI
several intores.t.ing features. With respect to the number of
molecules that strike a body on the front side, it can be seen
from figure 3 that this number increases practicallylinearly
with flight speed for a .given_plgt.c or body angle. On the
other hand, as shown in figure 4, the group x! that deter-
mines the number of molecuIes that strike the rear side of a
body, decreases rapidIy with flight speed and is practically
zero for values ofs sin 8 greater than 2.

From equations (15) and (18), it may be seen that the
total incident translatmy kinetic energy term is composed
of two parts: The first due to mass motion of the gas rela-
tive to the body and the second due to the apparent trans-
Iatery molectdar motions. In the case of the front side of
the body, the apparent molecular energy term can be seen,
from figure 5, to increase. rapidly at fhat with increasing

values ofs sin t9and then to approach a constant value of 5/2
at- values of s sin 6 greater than 2. On the rear side of tlm
same body, the molecular energy term continum to decrease
rapidly ag s sin o increases.

A simple physicaI interpretation of the trends noted
above ran be given. First, it is necessary to understand
that with a Maxwellian type of veIocity distribution, most
molecules have speeds close to the average molecular spcwd.
A very smaLI fraction has speeds much g-mater thtm the
average or much less than the average, For example, only
about two percent of the molecules in a given volume of gas
have speeds that exceed twice the average mohxwlar speed.
Thus, it should be apparent that., at high result tint speeds
(the resultant speed being the component normal to the
body Vsin 6), the relatively small spread of molcculnr spcwls
predicted by the hfaxwellian distribution becomr unimpor-
t ant in. comparison with the resultant speed. The dimen-
sionless numb er, s, the ratio of flight speed to (he most prob-
able molecular speed, which appems in free-molecule flow
calcuIations, may be shown to be related to the convwlt icmal
hlach number by a constant factor. Its signifimnre, how-
ever, is most. logically intmpretwl as describing tho relat ivc
importanm of flight speed and molecular sperd.

This diminishing importance of the spread of mohxu!rtr
velocities is the reason for the constancy of the swond term
of cquat ion (15) for values of s sin 8 greater tlmn 2. It is
intwesting to uote that the term in equation (15), which
accounik fcm the translator moleculm motions, has values
ranging&om 2kZ’ at zero velocity to (5/2)kTaL vahms of s
sin 6 of 2 and higher. This may bo compmcd with the um-
stant v’a~ue of (3/2)k T given iu the simplifiul analysis of
Stinger, The increased valuo at zero velocitiy in the prcsrnL
analysis is due to the fact that the faster-moving molcwulcs
are both more likely to collide with the body and also carry
more translational energy than do Lhe slower-speed mole-
cules. Thc increase in the term with increasing vdu~ of the
parameters sin o is due, as previously inferred, to the contri- ‘“
bution ‘of the cross-product term of the thwmal and mass

velocitiw in equation (12), the unintegrated exprcsaion for tho
translational energy. The actual diflercnco in the totrd
kinetic energy term computed by means of the simplified
theory and the more exact theory depends upon the relative
magnitudes of the terms m W/2 and #k T. For mosl of (he
cases computed in this report, the term mCs/2 lwcarnc largo
in comparison with t.h~ ~.erm #kT at flight. spcwls nbovc 8000
feet per second; consequently, little diflwem:c between the
simplided and more-exact theory would be mpccted at
flight speeds greater than 8000 feet per second.

Physically, it is clear why both the number of n-wlcculcs
striking the renr side of the body, and the translutory energy
incident upon the rear side of the body, dwrcasc with ill-
crea9ing values of s sin 0. The front, of the body acts as a
shield and prevents collisions of the rear side with all molo-
cules except those that have nbsolute velocity components
in the direction of ffight with magnitude equal to the flight
speed ox higher. Consequently, fLs the flight speed is in-
creased, we should expect that the incident energy on tho
rear of the plato would eventually approach mm.
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SKIN TEMPERATURES IS THE ABSENCE OF SOLAR BADIATfON

F@u-e 7 shows the magnitude of plate temperatures c
ulated for several altitudes in the absence of solar radiatil

‘al-
bn.

0 4 8 12 16 .20 24 28 32 38xlp
F/@’ vehci?y, E f f~sec

FItiCEE 7.—The effed of flight~etilty andangied indde~ on theteU.IpWti~of the
frontandrearafdeaofanunewdedplate. MccmrmodatlonewIYicfent,l.~, S&U mdhtion
alwnt: angle ci Incidenceindicated:emfsakity,LO;insnfatfonlwtweenfrontandrew
sfdeaofplate.

The marked effect of emitted radiation from the body in
lowering the plRte temperature is striking. For a lmge range
of flight speeds and smaI1 plate angles, the plate tempera-
t ures are act mlIy lower thau the ambient-air temperature.
The curves of temperature of the rear side of the body show
an eventual decrease with flight speed in accordance with the
discussion of the preceding paragraph. The effect upon body
temperature of perfect thermal cent act between the front
and rear sides of a flat plate is shown in figure 8. It will be

r2w !!II[ I I
Altitude 100 miles 1- . -i 8“90

— S#’ -

8CK? I I I 1

FIG~E S.-The eflect of therrnrdcontoctb?tweenfrontandmaraidesonplstetemperrdnre.
&commoWfonmef3cIcnt,l.% angleofincidenceindicated;emksklty,1.0;solar rdatfon
atoent.

noted that. the plate temperatures me considerably Ion-er thm
those calculated for the front side of an insulated plate, as
ahovm in figure 7. It would appear that the coolirqg problem
could be alIetiated by insuring thermal contact between
portions of the body inclined at positive and negati~e angles
vrith respect to the flight path. Practically, this could be
accomplisheci by boatt ailing the bocly and using a heavy
skin of high thermal conduct itity bet ween the nose section
and the boat tailed section. An alternative scheme would.
consist of employing a circulating-type cooli~m system, ab-
stracting heat from the nose section and rejecting this heat
at the boat t ailed section. It is also appm-ent that, from a
skin temperature standpoint, large posit ire body angl~
shoukl be avoidecl; the body shoulcl preferably be fiely
tapered. Fortunately, this clictate coincides with aerody-
namic requirements.

The effect of altitude on th~ temperatur~ of tho front side
of an insulated plate is also indirated in figures 7 and S. It
is apparent, that the problem of high skin temperatures
becomes of negli@ble importance above altitudes of 125
miles for flight speeds up to 36,000 feet per second and with
solar radiation absent. The condition of zmo solar radia-
tion corresponds, of course, to nocturnal flight.

INTERSAL COOLING

The effect upon body temperature of internal cooling is
shown in figure 9 for several flight speecls” and for a body
angle of 10°. It can be seen that the body tempwature
decreases rapidly above a certain critical value of rate of
internal cooling. This effect- is due to the combined actions
of emitted radiant energy and the rate of internal cooling.

-. —
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At the Iower rates of internal heat removal, the emitted
radiant energy comprises the major portion of the total
energy leaving the surface, hence changes in the rate of
internal coohng have little eflect upon the surface tempera-
ture. As the rate of internal cooIing increases, however.
and the surface temperature decreases, internal cooling
becomes the controlling factor, since th~ emitted radiant
energy is proportional to the fourth power of the surface
temperature. As the rate of internal cooling is increased, a
point is fhdly reached where its magnitude approaches the
value of the incident molecular energy and when this occurs,
the surface temperature rapidly approaches zero.

THE EFFECT OF SOLAE RATiTATTONON SKIN TEMPJ?nATURZ ‘“

The variation of plate surface temperatures tith flight
velocity in the presence of solar radiation is shown in figure
10. It can be seen that the eflect of solar radiation on the
surface temperatures becomes increasingly important as the
flight altitude is increased and that the effect is strongest at
the lower flight speeds. At attitudes greater than 100 miles,
the presence of solar radiation markedly increases the plate
surface temperature and this ellect becomes practically inde-
pendent of flight velocity. The implication is, of course,
that heat transfer by molecular energy exchange is negligible.
The strong eflect of solar radiation on skin temperature at
the higher altitud~ suggests the desirability of nocturnal
flight in order to prevent excessive skin temperatures.

THEEPFECT OF EMISSIVITY ON SKIN TEMPERATURE

The effect of the emissivity of the plate material on the
surface temperatures is shown in figure 11 for the condition
of no sokr radiation and in figure 12 for the condition of ma~-
imum solar radiation. It is “ipparent that it is desirable to

FIGUEE10.–The effwt of solar radiation on the eurfwe tcmpomtnre of an unmoled plate
Aeeommodation eoefficfent, 1.0; angle of Inoiderm Indicated; emls.vfvlty, IJJ rcer ddc of
plate fneulatd.
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utilize as high a value of skin ernissivity as possible. This
conchsion is reached because any practicable missile must
fly ovor a wide range of altitude and speed and, under all
conditions of flight speed and altitude, a high emissivity tends
to reduce skin temperature. The effect of emissivity is most
marked at the lower altitudes; at the higher altitudes the
surface temperatures become almost independent of the
emissivity. This somowhat surprising trend may be ex-
plained as follows: At altitudes of 100 miles and higher, the
magnitude of the molecular energy interchange is small in
compariso~ with the radiant energy exchange. Thus, neg-
lecting all energy exchange except that due to radiation, an
energy bahmce on the plate may be written as eJO=-EUF.
The emissivity c is seen to cancel out and the plate tempera-
ture is thus dependent only upon the magnitude of the solar
radiation J,. It should be reemphasized that these com-
putations are valid only for gray-body radiation.

TEE ZFFECT OF ACCOMMODATKJN7XIEFFICIBNT ON sKrNTEMPERATURE

The effect of the magnitude of the accommodation coef-
ficient on the plate surface temperatures is shown in figure
13. It may be noted that, as the accommodation coefficient
is lowered, implying increasing difficulty of molecular energy
exchange, the plate temperature likewise decreases. This
phe.nornenon may offer a method of cooling, as it may be
poesible to decrease the accommodation coefficient by
altering the surface characteristics of the skin.

CONCLIKIIONS

The following conelusioris can be drawn from the trends
shown in the preceding analysis:

1. With solar radiation absent, that is, for the condition
of nocturnal flight, the skin cooling problem associated with
high-speed missile flight becomes negligible at altitudes of
125 mdea and higher up to steady flight speeds of 36,000
fcwt per second.

2. The effect of solar radiation on skin temperatures
becomes increasingly important as the flight altitude is
increased. At an altitude of 150 miles and higher, solar
radiation is the predominating factor that determines skin
temperature.

3. With solar radiation present, the effect of emissivity on
skin temperatures becomes of decrehg importance as the
altitude is increased. AL altitudes of 125 miles and higher,
the skin temperature at a given flight speed is practically
independent of the emissivity and depends only on the
intensity of the solar radiation,

4. The strong effect of solar radiation on skin temperatures
at aItitudcs above 75 miles suggests the desirability of
nocturnal flight in order to minimize skin temperatures.

5. In order to maintain low skin temperatures, the angle
of inclination of the body with respect to the flight path
should be kept as small as possible. This may be done by
designing the body to be finely tapered and by flying at small
angles of attack.

6. Skin temperatures may bc reduced by insuring thermal
contact between portions of the body inclined at positive
and negative angles with respect to the flight path. As
much surface as.. possible shcmId be inclined at negative

m
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FIGWP.BL3.-Variation of plme tornwrature !xIth accommodation eoeOlcknt. &P~r radla-
tlon absen~ angle of Incldenca lndicetcd; emissiv Ity, LO;mar side C4plate [rmdatad.

angks. Practically, this maybe accomplished by boat.tailing
the body,

7. In order for a skin-cooling system to bo effective, the
rate of internal cooling must be of the same order of magni-
tude or greater than tho rate at which heat is lost naturally
by radiation from the body. Intwnal cooling rates below
the natural radiation loss rate have littlo effect on skin tem-
peratures.
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8. For a practical missile designed to fly over a wide range
of altitudes arid speeds, it is desirable to make the emkivity
of the skin as high as posdde. This conclusion, however,
is restricted to the case of skin surfaces for which the emis-
sivity is independent of the wavelength of the emitted and
absorbed radiant energy.

9. A decrease in accommodation coeilicient results in an
accompanying decrease in skin temperature. This phenom-
enon may offer a method of skin cooling Z it is possible to
lower the accommodation coefficient by altering the surface
characteristics of the skin.
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h7ATIONAL ADVISORY COWIITrEE FOR AerOnaUtiC,
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