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A STUDY OF SKIN TEMPERATURES OF CONICAL BODIES
IN SUPERSORIC FLIGHT

By Wilber B. Huston, Calvin N. Werfleld, ard Anna Z. Stone
SUMMARY

A comparison is made between the time history of skin temperature
measured on the nose of a V-2 and the bemperature computed uaing Eber's
experimental relatlion for heat-transfer coefficlents for comical bodles
under supersonic conditions. The agreement cbtalined is felt to Justify
the use of Eber's reletion in the celculation of skin temperatures under
flight conditions. A goneral mothod developed for meking such skin-
temperature calculations is used to compuie the veriation of skin
temperature with time for a wilde range of values of the pertinent
paramstera. The results show thal by proper selection of the basilc
paramoters the increase of skin temperature during a limited time of
flight can be held to structurally permissible valuess. Methods are
glven for takling into account, when necessary, the effects of solar
heating and the radiation exchanged between the akin and atmosphers.
Time histories of skin temperature are computed for remresentative
flight plans of a typical supsrsonic alrplans.

INTRODUCTION

Because of the high stagnetion and boundary-layer temperatures
agsoclated with supersonic speeds, the effecis of esercdynamic hsating
have been of considerable concern to the deslgners of superscnic
alrborne structures. Values of skin temperature under steady-state
conditions were calculated In reference l. This report showed the
necessity of allowing for the variable specific bheat of alr in stagnation
temperature calculations and by allowing for radistion showed thet
skin temperatures could be lower than boundary-leyer temperetures. The
skin-temperature velues calculeted were high, however, from a structural
or from an operatlionsl stendpolnt, and the results were based on an
extension of subsonlic heatetransfer coefflcients to a supsrsonic wedgs-
shaped airfoll. For this exiension no experimesntal verification 1s
yet available.

Experimental information on asrodynamic heating effects under
supersonic condltlons has been fragmentary. During the course of a
series of V-2 flights at White Sands, New Mexico, the Naval Research
Leboratory has, however, made e number of moasuremsnts of the variation
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of skin tempereture with time. The data obtained on March 7, 1947 on
the conical warhead of missile number 21 are of particular interest
since these date can be compered with the results of calculations based
on an experimental reletion for supersonic heat-transfer coefficient
for conlcal bodies glven in refersnce 2.

Since the results of reference 2 are in such a form that they
could be used In general calcuwlatlions of the variation of skin tempera-
ture with time, such a comparison ls of particular interest, especially
if it indicatea that the results of reference 2 can be extended to
flight conditions.

It is ths purpose of the present report to show the order of
agreement between the time history of skin temperatures measured on
the V-2 and the time history of temperatures calculated by use of the
results of reference 2. A general method of making such calculations
i1s given which makes 1t posslble to calculate the time history of skin
temperature for a wide variety of structural and flight-path parameters.
The equations given are sufficlently gensral that the effects of solar
radlation can be investigated as well as the redlatlion received from
space and the ambient atmosphere.

SYMBOLS
A area, £t2
c solar constent, 0.1192 Btu/ft? sec
c specific heat of skin material, Btu/lb °F

specific heat of air at constant pressure, Btu/lb °F

Fg  skin factor (equal to crtw), Btu/ft® OF
scoeleration due to gravity, 32.1740 ft/sec?

h heat-transfer coefficient, Btu/ft2 sec °F

bq enthalpy per unit mass of air corresyonding to total temperature,
Btu/lb

hy enthz.lplbper unlt mass of alr corresponding to amblent temperature,
Btu

H altitude, £t

J mechanical equivalent of heat, 778.27 £t-1b/Btu
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K

k

Nu

tempsrature recovery factor

thermal conductivity of air, Bitu/rt sec (OF/ft)

characteristic Ilength, ft

Nusselt mumber (hl/k)

Prendtl mmber (cpug/k)

pressure of ambient atmosphere, 1b/ft°
rressure of standard atmosphere at sea level
quantity of heat, 3Btu

Reynolds number (Vie/u)

enbient atmbspheric temperature, °F abs.
boundary-layer temperature, ©F abs.
equilibrium skin temperature, °F abs.

mean skin temperature over time interval At,

tempsrature of standard stmosphere at sea level

(2116.229 1b/rt?)

CF abs.

(518.4° F &bs.)

potential temperature, a fictitious tempsrature defined in

equation (B2), °©F abs.
skin temperature, CF abs.
total or staegnation temperature, COF abs.
tims, sec
velocity, ft/sec
welght, 1b
specific weight of skin material, 1b/rt3
total apex angle of cone, radians
aedisbatic exponent
sky radiation factor (See appendix A.)
emissivity

density of atmosphere, slugs/ft3
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Po density of the standard atmosphere at sea level (0.002378 slug/ft3)

o Stefan-Boltzmann rediatlion constant 0.47594 x 10742 B:uu
ft2 sec F abs

T skin thickness, £t (or in.)

" viscosity of air, Ilb-sec/ftZ

b  viscosity of air at sea-level conditions (3.7250 x 1077 lb-sec/ft?)

Q

thermal lag constant, sec

BASIS FOR SKIN-TEMPERATURE CALCULATIONS

Heat-balance equation.- Given the initlal conditions end the
specified flight peth, the skin temperature can be evaluated as a
function of time by means of the following differential equation which
is derived in appendlix Al

s _ h(Tp - Tg) + t:'cx(&'mlL - Tsh) + €C

dt oTW

(1)

Equation (1) takes into account the heat gained or lost by thermal
conductivity in the boundery layer, the exchenge of radiant energy
between the skin end the surrounding atmosphere, and the heat gained
from the sun. The physical properties of the skin meterial are taken
into account in the product cT w which in the rest of this report will
be called the skin factor Fg. The equation applles to a thin skin
wnder the assumption that there is no conductlion or radlation of

heat to other parts of the structwre.

Equation (1) is a nonlinear differential equation for which
the explicit integral is not uwseful, but which cen be inlegrated by
numericel methods. TUsing average values of the various guantitles
over successive time intervals At, the relation between skin
temperature and time cen be expressed in the following equation:

C. e - el
Ts, = Ty *+{h(Tp - Ig) +ea[@rAh+§>-Tsl‘ r%’ (2)
J

The subscript 1 is used to dsnote the start of the interval and
subscript 2, the end of the interval. The bar is used to denote
average values in the time intervel AL.
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In ordsr to mske use of equations (1) and (2}, it is necessary
to know the value of heat-trensfer coefficient h and boundary-
layer temperature Tp. Methods for determining these factors, based
on experiments at supersonic speeds, have been glven in reference 2,
end are utilized in the present report.

Heat~transfer cosfficient.~- The value of h +to be used in

equations (1) or (2) may be determined from reference 2 in which
it was shown that heat—trasnefer date could be correlated on the basis
of nondimensional parameters and a shape factor by means of the egquation

Fu = (0.0071 + 0.025% pO+2)r,0-8 (3)

This equatlon correlates wind-tunnel experiments on a series
of conical models with epex angle B of 10° to 120° covering a
Mach number renge of 1.2 to 3.1 and a Reynolds number rangs of
2 x 10° to 2 x 105. In computing the value of Nu and R, the
conductivity and coefficlent of viscosity were based on the boundary-
layer temperature, the density uwsed was the density in the free stream
ahead of the model, and the cherecterlstic length was the total length
of the conical model as measured along the surface (length of gsnera.trix),
and the value of heat-transfer coefficient was the averags valve for
the entire surface. The Prandtl number was taken as consiant and ignored
in determining equation (3), and only experimental datae for which the
shock wave was attached to the model were included.

In the extension of eguation (3} to the calculation of skin
temperatures in fiight, 1t is necessary to select a temperature
which characterizes conditions within the boundery layer, and elso
a cheracteristlc Jength, in order to evaluate h. The experimental
data of reference 2 were cbtalned under transient conditions which
differed from equilibrium by, at most, 36° F. The characterilstic
temperature used as appropriate to such conditions is the boundery -
layer temperature or stagnation temperature sultebly corrected by the
recovery factor K. Under flight conditlons with a finite thickness
of structurel material, the skin temperature cen be as much &s
several thousend degrees less than the boundary-layer btemperature Tgp.
The skin temperature will modify the temperature of the alr in the
Immediate vicinity of the skin and consequently the heat-transfer
capacity of the boundery layer. Thero ls, therefore, a question as to
whether the value of h should be based on T, on Tg, or perhaps
on soms Intermsdiate temperature.

For skin temperature calculations in which conduction of heat
along the thin skin may be neglected, as in equation (1), the local
value of heat-transfer cosfficient at any particular point is nseded.
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In the extension of equation (3) to flight conditions it hes been
somewhet arbitrarily assumed that eguetion (3) can be used to obtain a
local value of h I1f the characteristic length is taken as the
distance of the perticular point from the vertex of the conical body,
measured along the surface. The selection of the proper characteristic
length is alsc & part of the gquostion of the range of Reynolds number
over which eguation (3) may be considered velid. In the calculations
of the present report, equation (3) has been used regardless of the
value of Re. In the absence of other experimental supersonic heat-
transfer date, the validity of the assumptions about a cheracteristic
temperature, charsascteristic length, and Reynolds number mey be tested
by comparison with the results of flight tests.

. For convenience in calculation of the valus of the heat~transfer
coefficient, equation (3) may be rewritten in the following form,

- (0.0071 + 0.0154 s°-5> L 0.8 (T2 o'.8 »
1052 & upo

In the evaluation of equation (4), the values of p and k
corresponding to values of Tp 1less than 2400° F abs. may be based
on table 3 of reference 3. For values of Tg greater than 2L400° F abs.,
approximate values for pu and k may be determined using the assumption
that the Prandtl number cppg/k is equal to 0.65 at high temperatures

end that
~0+69
dio= 5‘) (5)
Q

Equation (5) is a tentative approximation based on extrapolation of the
data in reference 3 and should be used only In the ebsence of experimental
data on the viscoslty of ailr at high temperatures.

Value of pfo, for pressure altitudes from sea level to 65,000 feet
may be teken from tables of the NACA standard atmosphere (reference k);
values of p/po for altitudes above 65,000 feoet corresponding to the
tentative standexrd atmosphere may be found in teble V of reference 5.
For any particular configuretion (B and 1 specified) when the relatimn-
ship between pressure, temperature, and altitude is known (from
moasuremsnts or from teables of the standerd atmosphere), the value of
the heat -transfer coefficilent h can be computed when altituds and
velocity (or Mach number) are specified.

Boundery-layer temperature.- The bc_:_um_ia.zv—layer 'bem;p_era‘ture Tg
may be evaluated from the equation
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=TA+K<TT‘¥£D (6)
4

Values of the temperature recovery factor K \.for conical bodles In
gupersonic flow are glven in figure 1.

The stagnation temperature Ty correspori;ding to any spscifiled
values of velocity and ambient btemperature is 'glven by the following
relation for adisbatic campresslible flow &t constant total ensrgy

[TT o} . ’
v av
¢, 4T + —_— =0 (n
Ty P v J8

If the range of temperature change is such that cP may be
considered constant, equation (7) cen be integrated directly, end the
result of the integration can be expreossed as

TT=TAG+7'11@ (8)

Although this expression 1s a convenlent one, values of Tgp given by
equation {8) are too large at high valuss of M. Equation (7) mey, howsver,
be conveniently eveluated by use of teble 1 of reference 3 which gives
values of the function
j\ T
c, 4T
noo T

for the entha.lpy or total heat of alr over z range of temperature T
from 300° F abs. to 6500° F ebs. In using this iable, the stagnetion
temperature may be obtained from the relatlon

¥2
ho = hy by (9)

Values of Tq from equation (9) are campered with those given by
equation (8) with ¥ = 1.4 in table I. At & Mach nurber of € and

= 392.4° F &bs., the stagnation temperature is 732° F less than the
ve.lu.e given by equation (8) with 7 = 1.h.

Skin factor.- Since the thicknsss, speciflic heat, and specific
weight of the skin material enter the differential equation for skin
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temperature as the product of the three quantities, the results of an
integration of equation (2) for a particuler valus of Fg will apply

to any structural material of high thermal conductivity and of sufficient
thickness to give the specified valus of Fg. Velues of ¢ and w for
geveral commonly used alrcraft structural meterials are glven in

table II. The values of ¢ for wrought iron and stainless steel are
average values for which the temperature renge l1s not specifically
given in reference 6. In view of the large temperature variation of the
gpecific heat of iron, allowance mey sometimes need to be made for the
chenge of Fs with temperature when calculations are specifically
concerned with iron or steel. (See reference T.) Values of Fy corre-
sponding to variocus thicknesses of alrcraft structural materials (a.nd,
for iron and steel to various temperatures) are shovm in figure 2.

. CALCULATION OF SKIR TEMPERATURE

The application of equations (1) or (2) to the determination of
skin temperature requires that certain baslc parameters and Ilnitial
conditions be specifled. These baslc paramsters which characterize
the flight plen and the structure are,

Mach number
altitude

1 length

g cone angle

€ emissivity

Fg

In addition, when skin temperature is to be calculated as a function of
time, the initlal skin temperature must be specified.

akin factor

Time-history calculetions.- The variation of skin temperature
with tims while an airplans or missile follows & particular flight
rath in which elther speed or eltitude or both vary ls often of considerable
interest. Calculations of such a time history are easlly performed,
using equation (2) in which average values of h, Ty, &, and T, are
used.. For preliminary deslign purposes, to determine ths rangs of skin
temperatures expected and to determine the relative importance of the
variocus basic paramsters In limliting the temperature to structurally
posaible values during a flight of limited duration, 1t 1s convenlent to
use a hypothetical £light plan correspondling to the step function

.
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frequantly used in the analysis of transient phenomena. In this
hypothetlcal flight plan 1t is assumed that the altitude is constant,
that the velus of M 1s reached instentaneously at t = 0, and that
the initlal skin tempsrature 1s equal to the temperature of the ambient
atmosphere. Time-history calculations using this flight plan are
particulerly simple; an outline of the method and an example are given
in appendix B.

Equilibrium skin temperature.- The equllibrium skin temperature Tg
1s the skin temperature which would be reached after a sufficlent lapse
of time under steady flight conditlons at constant altitude. The valus
of Tg is independent of Fg and may be aporoximately equal to Ty, or
very much lesa, depending on the value of h and the Importance of the
rediation terms. Equation (1) defines the value of T, since in the

ar
limit a8 > o, &—t§ = 0 and eguation (1) reduces to

[TB+‘f"@rA‘++§>‘|-€fTel‘—Te=o (10)

For any speclifled condlitions the term in the brackets 1s a constant
which, once determined, is one of the two constents in an equation of
the type aX + X - b = 0. The positive real root of equation (10)
may generelly be located guickly by trial and error or by Newbton's
mothod of approximation as given in a nunmber of standard methematical
works.

RESULTS AND DISCUSSION

Validity of skin-temperature calculatlons.- Skin temperatures
have been mpasured at two points on the conlcal warheasd of V-2 misslle
number 21 (reference 8). These flight measurements can be used as an
index of the applicability of equation (3) to flight and of the kind
of errors to be expected when equations (1) and {3) are used for skin-
tempereture calculations under £iight conditions.

Based on date supplied by the Naval Research Laboratory, the values
of skin temperature measured on both the forward aluminum-slloy sectlon
and the rear steel section of thée warhead of missile number 21 are
given in teble ITTI along with the radsr-tracking data, the pressure
and temperature of the ambient atmosphere, and the pertinent structural
details. The values of pressure were determined from Instruments
located in the missile; the amblent temperature up to 50,000 feet was
determined from radiosonde date, and temperetures above 50,000 feet
are as reported in reference 8. ,
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The time history of skin tempereture for the aluminum-alloy and
the steel sections has been calculated by the methods outlined in the
present report. For the aluminum section, a value of skin factor of 0.3k
was used, corresponding to a thickness of 0.105 inch. This value
was gelected since the dimensions of the temperature gage attached to
the inslde of the skin were so large in comperison with the skin thickness
that it was Judged that the temperatures measured were more nserly
representative of the inoreased thickness at the gage station. Because
of the much greater heat capacity of the steel sectlon, no correction
was maede for the local increase at the gage statlon, but the variation
with temperature of the skin factor for steel, as shown in Figure 2,
was allowed for in meking the calculations. To allow for radiation,
a valus of ¢ = 0.9 was used as representative of the emlsaivity of
the lacquer finish of ‘the nose section. Since the effects of solar
heating were found to be nsgligible, no attempt was mads to allow for
them.

1]

The measured skin temperatures for this V-2 misslile are shown
in figure 3(a). Some of ths flight-path date are shown in figure 3(b)
which, for purposes of comparison, also shows the skin temperatures
measured on the slumimum section. Also shown in figure 3(a) are two
calculated time historles of skin temperature for both the aluminum-
alloy eand the steel sections. For the solid line in each case the
valus of h was based on Ty, -for the dotted lins the value of h
was based on Tg.

The precision of the mpasured skin temperatures is given as 18° F.
(See teble IITI.} Considering both the aluminum-alloy and the steel
sections, the agreement between measured and celculated skin temperetures
is better for the calculations in which h is based on Tg. The
measured temperatures lie between the calculated temperatures In the .
case of the aluminum-elloy sectlon but are greaier than elther of the
sets of celculated temperatures in the case of the steel section.

In order to make the calculations shown in figure 3{a)}, equation (3)
has been used whether or not the valus of Rg based on Tp fell in the
range of the experiments of reference 2, that is, 2 X 10° Tto 2 x 10°.
Although at 100 seconds the valus of Ry for the aluminum section hed

fallen to 106, during thet portion of the flight in which significant
asrodynamic heating effects occurred, 10 to 70 seconds, the valus of Rg

for both the aluminum and steel sections fell in the rangs 107 to

2 X 101*, valuss which do not differ from the range of the experiments
of reference 2 by more than a factor of 10. In view of the agreement
obtained it is felt that the following remarks are Justified.

1. The experimental relation for heat-transfer coefficlents for
conicel bodies under supersonic conditions,

Nu = (0.0071 + 0.0154p0°7) B,O-8

glven by Eber in reference 2 nay be extended to flight conditions.
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2. Satisfactory agreement between msasured skin temperatures and
temperatures calculeted on the basls of Eber’'s equation has been
obtained in the case of ome flight over a Mach number rangs up to 4.8
and altitudes up to 250,000 feet.

3. In the extension of Eber's equation to flight conditions
better agresmsnt between measured and calculated skin temperatures in
the case of V-2 missile number 21 was cbtainsd when the boundary -
layer temperature was used as the characteristic temperature than was
obtained when the skin temperature was used, but one experiment is
probably not enocugh to make a finsl concluslion about the best cholce
of temperature.

k. In the absence of further experimentael data the characteriletic
length to be ussd in Eber's relstion mey be teken as the distence of
the point under consideration from the vertex of the conical body,
measured along the surfece of the coms.

Rangs of skin temperature.- In view of the agreemsnt between
meesured skin temperstures on V-2 missile nmumber 21 and the temperatures
calculated by use of equation (2) and equation (3} with h based
on Ty, a geries of general caslculations has been mede. These calculatlons
are deslgned to illustrate the range of skin temperatures which can
be encountered in the design or operation of supersonic airborne conical
structures and to 1llustrate the relative slgnificance of ths six basic
parameters in determining skin temperature. The following velues of
the hasic parameters weres selected for investligation.

Fg

B M ) )

(£t) (Btﬁ‘D (£t) € (dog)
£12 B

0 1 Q.05 C.1 (8] i5

35,000 2 2 5 0.05 30

80,000 3 -5 1.0 .2 45

150,000 5 1.0 2.0 5 60

250,000 8 1.5 5.0 1.0 90

Time histories of skin temperature and equilibrium skin tomperaturss
wors computed. The time-history calculations are for the convenient
assumed flight plan in which the altitude remalns constant, the valus
of M 1s reached instantensously &t t = 0, and the Initlal skin
temperature 1s equal to Tp. In order to simplify the presentation and
to reduce the number of calcuwlatlonas, the Intermediate underlined values
of the basic perameters wsre selected as representative. Esach parameter
was investigated for the five values given, while the other filve pa.ramters
were held at the underlined repressntative valuss.
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The results of the time-history calculations are glven in figure U,
which shows the chenge in the time history of skin temperature for the
various values of the basic parameters. The solid lines, marked day
conditions, include the maximum effect of solar heating. For the
dotted lines, representing night conditions, the value of C was
taken as zero in evaluating equation (2).

Since the times of flight of most supersonic missiles and airplanes
is likely to be brief, figure 4 shows that the skin temperature rise
during a limited time of flight, with the proper selection of basic
perameters, mey be held to structurally permissible values. In
rartiocular, the value of Tg which will be reached in any specified
time at any specified Mach number is smaller at high altitudes, smaller
for large values of Fg and 1, and smaller for low veluss of B.

For night conditions, lncreasing the value of € will alweys result
in lower values of Tg. For day conditions, however, solar radiation
can rdésult 1n more raplid heeting so long as the valus of Tg 1s less
than about 700° F ebs. The effect 1is small however, and after the skin
temperature has risen high enough so that the net rediation exchange
results in a cooling of the surface, an appreciable reduction of skin
temperatures can be achleved by employing a surface emissivity that
approaches a value of 1.0. (See fig. 4(d).)

Since the rate of increase of Tg may become very small es Tg
approaches its final or equilibrium value To, +the time histories of
skin temperature shown in figure 4 have not been extended beyond the
tims at which the initial temperature difference has fallen to about
10 percent of 1its initial value. The valus of Te¢ is shown, however,
in figure 5 for the same combinstions of the basic paremeters as were
uged in figure 4. The values for both day and night conditions i1llustrate
the maximm effect of solar heating, which 18 seen to be small in all
cages except at very high altitudes. For comparison, the value of Ty
1s also shown in figure 5. Values of Ty were computed using equations (6)
and (9) and reference (3); values of Tg woere computed using equation (10).

Skin temperatures for a typlcal supersoconic alrplans.- In order
to illustrate the magnitude of aerodynemic heating effects for
practicable flight conditlons, the time history of skin temperature has
been computed for three representative flight plans for a typical
supersonic alrplene. The results, shown in figure 6, are for a point
1 foot back from the apex on a conical noss of total included engle 8
equal to 30°. Representative values of € = 0.2 and Fg = 0.2 fi;‘;F
have been chosen. This latter value 1s applicable to 0.03h4-inch-
thick stainless steel, or 0.06l-inch-thick 24S-T.
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Flight plan A (fig. 6(2)) is a high-altitude run, followed by &
constant-speed glide to lowsr altitudes. The skin temperature does
not exceed 546° F abs. (86° F). Flight plen B {Ffig. 6(b)) is a run of
2 minutes duratlion at high speed and constant altitude. Because of the
long time spent at high speeds, the skin temperature rises to 847° F abs.
(387° F). The pesk in temperature closely follows the peak in speed.
Flight plen ¢ (fig. 6(c)) 1s a short burst of speed to meximm Mach
number, with full power, and a longltudinal acceleration of approxi-
mately 2.8g. Because of the high speeds involved, the temperature
rise 1s very rapld, and continues for approximetely 20 seconds after
the power 18 cut off. At thls time the value of T hes fallen below

the value of Tg. The maximm temperature roached is 830° F &bs.
(370° F). Although the skin temperatures reached in the high-altituds
run, plan A, are not excesslive from a structural standpoint, the skin
temperatures reached in plans B and C are excessive. Calculations
for plan C indicate that an increase in skin factor from 0.2 to 0.5
would result 1n a decrease In maximum skin temperature of approxi-
metely 140° F to & valus of 690° F abs. (230° F).

CORCLUSIONS

1. The experimsntal relation for heat~transfer coefflclents for
conlcal bodles under supersonlc conditlons

Nu = (0.007L + 0.015480-5)Rg0-8

given by Eber in reference 2 may be extended to flight conditions.

2. Satisfactory agresment between measured skin temperatures
and temperatures calculated on the basis of Eber's equation has been
cbtained in the case of one flight over & Mach number range up to 4.8
end altlitudes up to 250,000 feet.

3. In the extension of Eber's eguation to flight conditions, better
agreement between mpasured and calculated skin toempsratures in the
cage of V-2 missile number 21 was obtained when the boundary-lasyer
temperature was used ae the characterlstic temperature than weaas
obtained when the skin temperature was used, but one experiment 1s
probably not snough to make a final conclusion about the best cholce
of temperature.

k., In the absence of further experimental data the characteristic
longth to be used in Iber's relation may be taken as the distance of
the point under consideration from the vertex of the conical body,
measured along the surface of the cone. .
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5. The skln temperatures which will be reached on supersonic
missiles or airplanes may be very much less than elther the equilibrlium
skin temperature or the boundary-layer temperature, at high altitudes,
and also at low altitudes if the flight duration is short.-

6. By proper selsctlon of the beasic paremeters, the askin-temperature
rise during & limited time of flight mey be held to structurally
permissible values.

T. Low values of skin temperature, and low rates of Increase of
skin temperature at any glven flight velocity are asscclated with

(a) High altitude

(b) High veluss for the skin of the product - specific heat X
thiclmess X specific welght

(c) High velues of emissivity
(d) Small cons angle
(e) Larger distences back of the noss.

8. The effect of soler heating on the skin temperature of supersonic
airborne structures is small at altltudes below 150,000 feet.

9. The radiation received from space and ths outer atmosphere
other then soler rediation, may ususlly be neglected in the calculation
of skin temperatures for supersonic airborme structures.

Langley Memorlal Asromnsutical Laboratory
National Advisory Committee for Aeronautics

Langlsy Field, Va.
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APPENDIX A

DERIVATION OF THE DIFFERENTTIAYL, EQUATION

FOR SKIN TEMPERATURE

The quantity of heat transferred in unit time through a fluid
film ig glven as

g = hA('I{B - T@ at . (A1)
The heat lost by redlation 1s given by

dQ = Auﬂsh at (a2)

and the radlant heat sbsorbed from space and the outer atmosphere is
given by :

aqQ = Aeo&TAl‘ at (a3)

Equation (A3) is based on measuremonts made on the ground at different
angles to, the zenith reported in reference 9 where 1t 1s shown that the
radlent ensrgy received from space and the atmosphere can be correlated
with the local anmbient atmospheric temperature if the atmosphere is teken
as a black body of temperature T, and emissivity 5. The quantity B
varies linsarly with the sgquare root of the proportion of the total
atmosphere included in the path of the measuroments. Since the proportion
of the totel atmosphere &bove any point to the proportion gbove a
point at sea level is given by the ratic p/p,, & has been teken as

proportional to Vp/po in the present report. Although this extension
to high altitudes of measurements meds on the ground is admittedly =sn
approximation, the valldity of which must awelt experlmental confirmation,
the epoproximatlion 1s conslidered a beltter omse than would be the case

1f some nominal black-body te rature woere adopted for the atmosphere.
The veriation of © with )p/po is shown in figure 7, as adapted

from reference 9.

The equation

dQ =€ AC dt (ak)
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can be used to represent the maximum amount of radlent heat absorbed

from the sun when the surface of the skin is perpsendiculer to rays

of the sun. The value of the solar constant C is glven in reference 10

as 1.9% celfem?® min (0.1192 Btu/ft2 sec). Since the molar constant is
defined as the average totel energy received from the sun per wnit arese
per unit time at the top of the earth's atmosphere, corrected to +the

sun's mean distance from the center of the earth, eguation (Ak)

nsglects the effects of season and the variation of atmospheric

absorption with altitude. The emissivity € 18 also used in equation (A%)
lnstead of the absorptlivity for solar radiastion. While the absorptivity
of some materlals of alrecraft construction is higher than their
emisaivity, equation (Alk) is felt to be a velid approximation for the
maximum effect of solar radlation particulerly for the renge 0.2< ¢ <1.0,
A more complete consideration of the effects of solar radiation,
particularly as to the influence of selective ahbsorption and emission

on surface temperature, is beyond the scope of the present report. A

brief discussion will be found in reference 11.

The heat reguired to ralse the temperature of & body is
4Q = oW aT (45)

It 1s agsumed that (a) the heat transferred tc the interior of
the cone can be noglected since the skin is backed by air only, (b)
that radlation lossea to other parts of the structure are negligible,
(c) that radiastion from the inmer surface is balenced by radiation from
the opposite sids of the cone, (d) that the thermel conduction of heat
eway from the point under comsideration due to a temperature gradient
along the sirface 1s negligible, and (e) that the skin is sufficlently
thin that no temperature gradient exists in the skin perpendiculer to
the surfeace, due to the flow of heat at the external swrface. Under
these assumptions, for the portion of a come perpendicular to the solar
radiation, the following equetion, combining equetions (A5), (Al),
(a3), (ab), end (A2), would hold

oW g—{g dt = 1A(Tp - Tg) at + AcodTx* dt + A€C &t - AcoTg* at  (a6)

Since the weight of the section of skin of area A can be exprossed as

W = ATw (A7)
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and since in equation (A6) 4T = dTg, the followlng basic differential
equation for skin temperature is obteined

arg  n(Ts - Tg) + coory - Y +ec

dt cTw

(1)

Thisg equation 1s given in a convenlent gensrel form in order to
permit a dsfinite evaluation of the contribution to dTg/dt of the
convection, radiation, and solar terms. In casges of practical Interest,
a brief study will shorw which of the terms in equation (1) may be
omitted without the introduction of significant errors.
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APPENDIX B
NUMERICAL CALCULATIONS WITH THE HEAT BATANCE EQUATION

Rumericel integration.- In the step-by-step numerical integration
of equation (1) it has been found convenisnt to rearrange the terms as
follows:

N
aTy T, - BTg® - Tg
s > Sl ° S -
it e (B1)
where
~
B = %" (°F abs.) >
T = Y L Y oF abe.) S (B2)
p =Tp + BTy +3 ) (°F abs. 2
F
9=f(sec)
Y,

The magnitude of B 18 a measuwre of the relative significance of

the radiation and conduction terms. The quantity '.I‘P which may be
termed the potential temperature is a fictitious temperature resulting
from all of the heating terms in equation (1). The gquentity @ is
the time constant of the thermal system and is a measure of the time
required for an initial temperature difference to fall to 1l/e times its
original value (when radiation may be ignored).

Numerical integration over successive time lntervals 4, 1-,2 ees by,
tp4+1 when neither the speed nor altitude 1s chenging 1s a simple

iterative arithmetic process which can be guickly cerried out. For
£light paths in which altitude or speed vary with time, the process is
essentia.ill:ly no more complicated once the average velues of Ty, &
end ©T,' have been determined for each time interval. For such ’

verying flight pathe, equation (3) wouwld be written

' O At
Ts, = Tsy * @p - BTy TD 3 (B3)
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where
-y
- - ~ (o= b [
TP=TB+B@A +D
- F
5=
h
TS]_+T32
Typ = >

Although the temperature Tg o which will be reachsd at the end of

the time intervel At 1is not ¥mown in a step-by-stepr integration, =
reasonable value may be assumsd. The value of Ty corresponding to
this assumptlon 1s then used to calculate a valus TS2 , @and this first

calculated value is compared with the agsumed valus. If there is a
difference between the two values, rapid convergence will gensrall;
cbtained 1f a new assumed Tg, 1s used which lies midway between the
assumed value and the first calculated value. Two or three iterations
of this type willl gensrally glive assumed and computed values of TS2

which agree within O.2°.F, a velus which is Judged to be sufficlently
close to prevent serious accumulative errors.

Approximate integrel esolution.- Equation (Bl) can be integrated
approximately by analogy with the integrel of the besic equation for
heat flow, generally known as Newton's law. The application of this
law to thermal probleme and,lIn particular, to thermometers has been
given by a number of authors. (See, for example, reference 12.) The
temperature of & thin sheet of skin Initlally at temperature T; which
is plunged Into a bath of temperature Ty, from which it is insulated
by & layer with heat-transfer coefficient h, 1s glven as a function
of time by the equation

T4 “ax 1t
L =f == o2 | at (B4)
™ BT J, Fs/b 0
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The solution of equation (B4) is

T - T

B -z

—— =00 (B5)
TB - Tl

If the term Tp - BTII' in equation (Bl) can be considsred a constant

over a small time interval At, then an integral of equation (Bl)
can be written as

(Tp B, ) - Tp A
(o o) 1y ¢ (6)

where, as before, Ty is the mean velue of T over the time interval At.
Equation (B6) may be rewritten in a form suitable for step-by-step
Integration as

Ty = @p - BTHBG. - e e) + Tye T (87)

Since Tm over the time interval At is not known, T; can be used
as a first assumption for Tp, and the resultant value of T, wused
to malke a better assumptlon. In view of the sssumptlions used in the
derivation of equation (B7), values of At/ should not exceed 0.25.
A semple celculatlon using equation (B6) is given in teble IV. For
& rapld approximation, the iterative process may be elimineted and the
value of T, cbtalned by assuming that Tp = Ty may be used as the

value of- Ty for the next time intervel.
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TABLE I

COMPARISON OF STAGNATION TEMPERATURES CCOMPUTED
BY USING CONSTANT AND VARIABLE SPECIFIC HEAT OF AIR

TA = 392.L|- TA = 518-h-
M Ty Ty Ty T
y = 1.4 equation (9) y = 1.4 equation (9)
1 470 470 622 622
2 T06 TO05 933 929
3 1098 1087 1451 1418
L 1647 1600 2177 2060
5 2352 2210 3110 o84k
6 31ke2 2860 Los1 3770
7 ho32 3760 5599 k830
8 5hio 680 7154 60k0

Temperatures in °F &bs. '
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TABLE IT

THERMAL. FPROPERTTIES OF MATERIATS

Specific heat and specific welght’
tori o W
Matorial (Btu/1b °F) (3b/et3)
AJvminum
Pure 0.226{0-100° C) 168.5
248 T .226(0-100° ©) 172.2
Wrought iron 1138 483.6
Stainleas stesl .lle hoo.5
Magnesium .249(0-100° C) 108.6
Specific heat of iron®
T T c
(°c) (°F abs.) (Btu/1v °F)
0 Lop 0.1055
200 852 1282
400 1212 1509
600 1572 -1737

1Data from reference 6.
2pata teken from teble entitled "Specific Heat -
Variation with Temperature” of reference 7.
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TABLE IIT

SKIN-TEMPERATURE MEASUREMENIS
V-2 MISSILE NUMBER 21 FIRED MARCH 7, 1947
DATA SUPPLIED BY NAVAL RESEARCH LABORATORY

Eain;.cifizzr Altitude | Velocity P Tp | Tazuminum | Tsteel
(sec) (i) (m/soc) | (mm He.) | (%K) | () (°c)
0 l.2 0 | 645 280 22 30
10 1.7 109 | 600 279 22 30
20 3.5 260 | k80 267 22 30
25 5.0 348 {410 261 22 30
30 7.0 438 | 300 ohb 25 30
35 9.4 530 | 210 228 35 31
ko 12.3 646 | 120 218 45 40
b5 15.9 810 | 76 ° 215 62 55
47.5 18.0 900 52 215 T7 65
50 20.4 395 33 215 87 5
52.5 23.0 1090 23 215 97 84
55 25.9 1200 4.5 216 108 92
57.5 29.0 1305 9.6 216 118 98
60 32.4 1k20 5.8 217 1ok 105
65 39.9 1540 2.3 270 135 116
T0 k7.5 1490 95 315 142 122
75 54 .8 1440 10 320 147 122
8 61.8 1390 .18 | 299 156 125

100 87.5 1200 003 | 200 160 | -===--
+.5 10 10

Cone angle, B, 26°.

Thickness of 35 aluminum-alloy section, 0.091 inch.

Thickness of Spec. 4855, grade M steel section, 0.109 inch.

Size of temperature gage, 0.0L4 inch X 0.6 inch X 3.5 inch approximately.
Location of gage on alvminum-~-alloy section, 1 = 1.5 feet.

Location of gage on steel section, 1 = 2.6 fest,

Surfece finieh, orange lacquer.



TABIR IV
SAMPLE TIME-HISTORY CALCULATICN

M=13 Ty « 1451° B nbs. 8 = 326.2 am0
H = 150,000 £% h = 3.8 x 107 Btu/rtPeec °F abs. At = 60 oo
§ = 309 ~10 -3 o
l=l.f.t B:E.,‘,’ﬂll-xll) Ol'u.'ba. 9-0-11h025
e=02 8. * = 10.8 x 21010 oF abs.* At
By = 0.2 Btufts® °F A e @ = 0.0520%
Ty - 573.5° Fobe. at t a0 T]; w 1571° ¥ abs. At
" l-e [ 0-107?6
L o8
TE-G.-oe (rp-m.3+o6 Y
s 0,10776 (1'.9 - M,D + 0.8g22hm, (27)
(1] (2 {3) () {s) {6) {n (8) {9 (10)
t | | omo| T T b fr -t T
” _
9—’—5—‘—3 G |(5) x |usan - (6) | 0.9z x (3] 0.10776 x (1) | (8) + (9)
ol s lsms | sms |oaomsxit® | e | 15039 11,7 162.1 673.8
573.8 623.6 15122 37.9 1493.1 511.7 160.9 672.6
573.5 83,0 1718 37.8 1493.2 511.7 160.9 6.6
60 | 6712.6 | 6TR.6 672.8 20466 5.0 1%79.8 600.1 159.5 759.6
&70.6 6.1 26896 65.8 Ik63.2 600.1 157.9 758.0
&7e.6 720.3 26056 67.3 1863.7 600.1 157.7 7.8
120 | ™7.8
goo {1075.6 |1079.6 | 1073.6 [ 1.338% 335.1 119%.9 959, 7 18,9 1088.4
10736 mg.l 1.3711 3123.3 ug?{.'( 959,7 128.0 1087.1
1075.6 | 1086 |1.3686 3.7 1168.3 59,7 128.0 1087.7
660 (1087.7

NACA
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L0
A, deg
120 v o
X .9 8 = 2 £
zo Wl\_
|
° /0 w——
e - o
8
1.0 1.5 2.0 2.5 3.0 3.5
M
Figure /.-Temperature recovery facfor H= -77—_—‘-’1———77&—
74

as a function of Mach number and cone
angle . Data From reference 2 .
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during ascending portion of flight path V-2 missile Mo. 21.
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