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INTROUUCTION

The importance of skin temperature on the structural design of
Wizard migsiles was realized in the early cesign stages, and work
was started during the summer of 1946 to establish information con-
cerning the feasibility of using light alloy metals. To the best of
the writers' xnowledge, the firgt investigation of this mstter was
maede by Eber in 1939. In Reference 1 he concluded that the use of
light alloy metals for the skin of the A-4 wes out of the guestion.
Experimental data on heat transfer coefficients were reported oy
the same author in 1941 (Heference 2), and subsequently used by
Kraus and Hermann (Reference 3) to calculate the temperature of a
missile in flight. Recently, several other reports have appeared
on the subject of skin temperatures. Among these are the Fort Bliss
report (Reference 4) which outlines a method of skin temperature
calculation based on Eber's data, ana the work of G. P. Wood (Ref-
erence 5) which uses subsonic heat transfer equations given in Ref-
erence 6.

Included on the Wizarc program is an investigation of the
strength of metals at temperatures likely to be encountered in
flight. This report presents the results of skin tempersture cal-
culations based on the data of Eber, snd forms s preliminary part
of the skin strength investigation. It is intended to serve the
dual purpose of providing the designer a means of meking a repid
estimate of the order of magnitude of the skin equilibrium temper-
atures likely to be encountered in the high speed flight of a
missile, and providing a point of departure for an experimental
and theoretical study of skin heating effects.

The empirical date znd the methods used have been stated in
the references above, and are included in the zpopendix of this
report for the sake of completeness.
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SUMMARY

Curves are included on Figure 2 from which a conservative
estimate of the skin temperature of a missile in steady flight may
be made. Similer curves based on subsonic data are given on Fig-
ure 3. These represent a conservative upper limit case. By treat-
ing accelerated flight as a succession of steady states, the maxi-
mum skin temperature of a rocket at various instances during its
accelerating phase can be calculated. This has been done for the
typical flight shown on Figure 4. The results are given on Figure
5.

A discussion of the factors involved in skin heating and the
assumptions made in calculating temperatures are also included.
The influence of temperature leg is noted &nd an epproximeation to
the magnitude of this effect is given. Recommendations are made
for future investigations.

Report No. UMM-3




RESTRICTED

Report No. UMM-3 DEPARTMENT OF ENGINEERING RESEARCH

UNIVERSITY OF MICHIGAN Page 3

Nu

Pr

#

SYMBOLS

Surface area in sq ft
Local speed of sound in ft per sec

Specific heat at constant pressure in Btu per 1b per degree
Fahrenheit

Specific heat at constant volume in Btu per 1lb per degree
Fehrenheit

Acceleration of gravity

Average heat transfer coefficient in Btu per sec per sq
ft per degree Fahrenheit

Local heat transfer coefficient in Btu per sec per sq ft
per degree Fahrenheit

Altitude in ft

Thermal conductivity in Btu per sec per sq ft per degree
Fahrenheit

Charecteristic length in ft

Mach Number ¥

a
Nusselt Number %}3

Prandtl Number_i%§f§

Quantity of hest in Btu

Reynolds Number J;‘-z

Temperature in degrees hankine
Boundary layer temperature
Ambient temperature

Skin temperature

Stagnation temperature
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t = Time in sec
v = Velocity in ft per sec

) c
¥ = Ratio of specific heats _P

Cy

€ = Emissivity: ratio of emissive power of surface to that of
black body

Vad = Coefficient of viscosity in slug per ft sec
F = Mass density in slug per cu ft

J - Stefan Boltzmann constant 17.3 x 10710 in Btu per hr per
sq ft per ORré

OF

Degrees Fahrenheit

OR = Degrees Rankine
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USE OF THE DESIGN CHARTS

Figure 2 of this report may be used by the designer to esti-
mate the order of magnitude of the skin equilibrium temperature.
This is the temperature to which the skin will rise if the flight
time at a given altitude and velocity is long enough for thermal
equilibrium to be reached. Because a missile in powered flight is
constantly accelerating, it will not remain at any given velocity
and altitude long enough to reach the equilibrium velue. Therefore,
the actual body temperature will lag behind the value given on the
chart. That is, the prediction is conservative as long as the body
temperature is increasing. At some point during the ascending
flight, the body temperature will reach a maximum and then start to
decrease. The skin tempersture will egein lag behind the wvalue
given on the chert. Under these conditions, the prediction is un-
conservative. However, the actual temperature will not exceed the
predicted maximum; for example, the peak shown on Figure 5.

Temperatures computed here are for a point near the nose, -
the hottest part, - of the missile, Toward the rear, the temper-
atures will be lower.

As an spproximation, in the computation of temperatures during
accelerated flight, the path may be broken up into a series of
steady flights. That is, over a short interval of time, the missile
may be thought of as flying steadily at the average altitude for
that interwval,

The velocities and altitudes of a missile, launched at 12°
from the vertical, during a typical flight are given in Figure 4.
Suppose, for example, this flight is broken up into 2-second inter-
vals and the temperature corresponding to the average velocity and
altitude during each interval is read from Figure 2. For the inter-
val from the 25th to the 27th second, the average velocity is found
to be 4460 ft per sec and the average altitude to be 48,400 ft.
Dividing the velocitv by the speed of sound at 48,400 ft (from
Figure 6), the Mach Number is found to be M = 4.58. The equilibrium
temperature is founa, from Figure 2, to be 1310 OF. Using the sub-
sonic data of Figure 3 the temperature is found to be 1390 °F., Fig-
ure 5 shows the results of this process carried out from the time of
launching to the time of burnout.
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DISCUSSION

For a missile flying at high speed, the heat transfer to
the sxin is influenced by the heating of the boundary layer. A-
mong the factors influencing the finsl temperature of the body,
the following are regerded as most important:

(a) Heat exchange between the boundary layer and the body.
(b) Radiation from the body to space.
(¢) Radiation received from the sun.

(d) Trensfer of heat from the skin to the interior of the
missile.,

(e) In the case of a burning missile, heat transferred from
the combustion chamber to the skin.

In this analysis, only the first two factors sre considered.
The heat radiated by the sun to a flat plate is about 0.11 Btu per
sq ft per sec when an atmosphere is not present (Reference 7).
This effect is smell compared to the heat exchanged between the body
and the boundary layer, and is therefore neglected in this analysis.
Also, the heat transferred to the interior of the missile hes been
ignored, because a means for its determination has not been devised.
This is & subject for future study.

If the missile is assumed to be in a state of steady flight
under the above conditions, the skin will come to equilibrium st
the temperature at which the heat radiated to space equals the
heat transferred to the skin. In view of the neglect of factor
(e), this analysis applies only to unfired missiles, or to that
part of fired missiles which can be assumed to be insulated from
combustion heat.

The quantity of heat radiated to space is given by the Stefan
Boltzmann Law, which shows it to be a function of the temperature
and the emissivity of the surface. The radiation of heat to space
tends to reduce the skin temperature. It is desirable therefore
to have the emissivity as high as possible. Because the emissivity
can be made very high by proper preparation of the surface, an
emissivity of unity has been assumed for this study.

The problem of heat transfer at high speeds between the
boundary layer and the skin is not well understood. In Reference
8, the heat transfer problem for a laminar boundary layer has been
treated. It has been generally assumed that the boundary layer on
a body moving at supersonic speed is almost completely turbulent
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because of the high Reynold's Numbers involved. If this assumption
is true the theoretical approach holds little promise at this time.

If the heat transfer coefficient (h) is dependent upon spe-
cific heat (cp), thermel conductivity (K), velocity (v), viscosity
(%), density (f), sonic speed (a), and a characteristic length (£),
it can be shown by dimensioq}ess considerations that the dimension-

less combinations influencing the heat transfer process are the

Nusselt Number Nu =-%% the Prandtl Number Pr = Cp,ag, the Reynolds
Number Re =";—V-‘g , and the Mach Number M = ¥, K
a

In Reference 2, the form of this equation is determined for the
case of the total heat transferrec to the surface of a cone and
consequently the cone angle is also involved. The dependence on
cone angle is removed by basing the Reynolds Nuwber on the free
stream values downstream of the leading shock. The equation given
is:

Nu = 0.0107 Re'°F

Prandtl's Number is not involved because its variation with temper-
ature is small. The Mach Number is involved implicitly.

It is pointed out that skin temperature calculations in other
reports follow the form of the equation given above, but they do
not agree on the value of the coefficient. In general, calculations
besed on subsonic data use a value for the coefficient that is
greater than 0.0107. At low speeds and sltitudes where the radi-
ation from the body is small, the influence of the coefficient is
negligible. For high speeds and altitudes, its influence becomes
more important. For example, at s Mach Number of six and an alti-
tude of 100,000 ft, & change of 100% in the coefficient causes a
chenge of 18% in the skin temperature. This point is illustrated
further in the appendix.

In Reference 2, Eber reports the ten Bosch relation

Nu = 0.0351 Re*%0

which was computed from measurements of the heat transfer to a
flat plate in subsonic flow. This is taken as representative of
subsonic data, and has been used as & basis of temperature cal-
culations for an upper limit case. Hesults of skin temperature
computations using this value of the Nusselt Number are graphed
on Figure 3,
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The boundary layer temperature is less than the stagnation
temperature beceuse the air is not brought to rest isentropically.,
Experiments indicate that, on the average, 907 ol the kinetic
temperature is recovered. Then, consicdering the specific heats of
zir to pbe constant, the tempersture in the poundary lszyer cen be
written:

Typ, = Tamp(l + 0.9-1§l M2)

The error introduced by considering the specific heat ratio to be

a constant increases as the range between the static and stagnation

values of the temperature increases. This subject is dGealt with

in Reference 9 where it is shovm thst at a Mach Number of six and

see level sir the true value of MLO.E is about 10% less than
Tembient

the value predicted oy the usual formula derived on the basls of

constant ¥ . This means that treating & as a constant leaas to

computed boundary layer temperatures that are too high.

Because of the uncertainty in the heat transfer coefficient
computation, the influence of variable specific heat is neglected.
Computetions teking into account the effect of molecular dissoci-
ation and veriable specific heat will be undertaken in the future
if more accurate data on heat trensfer coefficients becomes aveil-
able. At present, it is believed that for Mech Numbers less than
six and moderate cltitudes this effect will be small.

Eberts experimental eyuation for the Nusselt Humber has not
been verified outside of the range of Heynolds Numbers between
2.5 x 105 and 1.5 x 108. The flight Reynolds Numbers bssed on
a fixed length for missiles flying at altitucdes between sea level
and 100,000 ft and at Mach Numbers between two and six, have a
much greater variation than those for which Eber's data hzs been
verified. Then, if a fixed length is used, the formula must be
extrspolated.

In this report Eber's data has not been extrapolated with
regard to Reynolds Number. A1l computations are made for the
Reynolds Number 1.6 x 108. It must be realized, then, in reading
the graphs, that the temperature referred to is for that portion
of the body lying ahead of the position for which Re = 1.8 X 106,
For flight at constant Mach Number and verying altitude or constant
altitude and varying Mech Number, this would mean & quite large
variation in the characteristic length. For the typical {light
p=ths now being considered for Wizarc missiles, however, both
altitude and Mach Number increesse together. As a result, the
characterigtic length varies within fairly close limits.
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FUTURE INVESTIGATIONS

1. The flight period within the atmosphere of Vizard
missiles will generally be of insufficient duration for thermal
equilibrium to pbe reached. There ere indications that the re-
sulting temperature lag may be of real conseguence in determining
the maximum temperazture to which the sikin will rise. An approxi-
mete calculation of the lag for thne missile flight path of Figure
4 has been mede for a missile heving 1/16" mesgnesium skin. The
results ere drawn on Figure S.

The time necessary to reach equilibrium as a function of
flight perameters and skin properties for the general case will
be investigated.

2. The influence of wvariable gpecific heats and moleculer
dissociation will be studied.

3. TFor specific missiles, an sttempt will be mede to
determine thne heat loss to the interior of the missile.

4, Date is needed on the influence of lach Number and
Reynolds Number on local heat transfer coefficients for bodies
of different shapes., The possibilities of utilizing wind tunnel
and flight test techniques for the determination of loczl heat
transfer coefficients will be investigated.
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APPENDIX

Boundary layer temperature versus Mach Number is plotted
for verious altitudes on Figure 1, from the approximate expression
for the non-isentropic retardetion of air,

).
Top, = Tamo (1 + -2 Elu2)

The values of T ., used are based upon the adopted standard
atmosphere. The gemperature between 35,000 ft and 100,000 ft is
taken as 397°R. The influence of the temperature rise and Mach
Number decrease in passing through the leading shock is neglected
in the apbove equation for Tgy.

Heat Transferred Through the Boundary Layer

The rate of heat transfer between the boundary layer and the
skin is found from the expression

o
S% = hA (T, - Tgyi,) Btu per sec (1)

where the heat transfer coefficient is expressed by:

_KhNu
h =% (2)

Using the data of Eber, (Reference 2), this becomes:

h .-.; (0.0107) Re*B% (32)
For the limit case, the subsonic data of ten Bosch is used,
This leads to a heat transfer coefficient of the form:
h =%" (0.0331) Re*80 (3b)
The Reynolds Number is based upon free stream velues down-
stream of the leading shock. The thermal conductivity is based

upon the boundary layer tempersture,

After multiplying and dividing Equation %a by {c /‘}BL
and rearranging terms, the heat transfer coefficient “becomes:

B °p) (/AL
h = 0.0107[F§}BL{7JR6. 8 (42)
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Similarly, for the limit case,

o c 8L | Pav
h = 0.0331 {FE}BL{T} Fer20 (4b)

Equations 4a and 4b have been simplified by setting:

(¢}
_e} - 0.2
Pr BL

This represents an average velue from the deta in Reference 10 for
boundary layer temperatures corresponding to Mach Numbers between
zero end six, Furthermore, it has been assumed:

The exponent on the temperature is actually about .76 at low
temperetures and decreases as the temperazture rises. At Tpp/T = 8,
the exponent is .68 (Reference 10). The use of the above equation
introduces a small error on the unconservetive side.

Heat Rediated to Space

The heat radiated to space is given by the Stefan Boltzmann
Equation:

20 . g€ 41 4.
5t " 3505 ATgpin Btu per sec

where d'=-%§i% Btu per sq ft per hr per Opé4,

Setting € = 1, the equation reduces to

2Q _ 4.8 AT4 .~ Btu per sec (5)
3t IBIK skin
Eguilibrium

Under the assumptions of this analysis, the body comes to
equilibrium at the temperature for which the heat radiated to
space equals the heat absorbed. Thermal equilibrium is expressed

by equating the values ofg—% from Equations 1 and 5.

4
%ﬁg Toxin = B(TBL = Tgkin) (8)
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The solutions of Equation 6 are plotted on Figure 2 for the vzalue

of h given by Equation 4a.

plotted on Figure 3.

Influence of Errors in the Heat Transfer Coefficient on T

The solutions of 6 using h from 4b cre

skin

Probebly the most doubtful point in the calculation of skin

temperatures is the heat trensfer coefficient.
in current reports differ by a very large percentage.
given by Eber which is used in this report in the form

- [ /«BL ﬁg‘_’
h = 0.0107{-1;113}&[7-} oSl

is regarded as a rough approximation in the present application,
end though it is not possible to mtke & quantitative stetement
concerning its accuracy, it is felt that it would be unjustified

to trust the formula within limits closer than 50%.

The wvalues used
The value

In the calculations of Figure 2, the following approximetions

were used:

(a) {EE

Pr

(b)

@
/amb

- 004

T8L
Tamb

(c) P v upstream of shock eyuals Pv domnstream of shock.

These spproximations lead to errors of much smaller magnitude than

the accurecy of the heat transfer coefficient formuls.

In the absence of radiation, the equilibrium tempersture of
the skin is simply equel to the temperature of the boundary layer
and the heat transfer coefficient does not enter the problem.

At high temperatures, where radiation is important, the skin
temperature stabllizes at a value less than the boundary lsyer

temperature,

The importence of the heat transfer coefficient in

the calculation of Tskin incresses as the difference between TBL

and Tskin incresases.

The decimsl percent error in the skin

temperature &lskin cen be found approximately in terms of the

decimal percent error in heat transfer coefficient

an

by differ-
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erentiating Equation 6.

dTgkin .

oh

which is used in

This leads to the expression:

the expression

STekin _h 3Tskin ah
Tokin Lskin dh h
to give
Slsiin _| L Tokin ah
Tares T
skin Tur, = Tard h
4 -———w }+ 1
skin
- ) gL - Tskin
Using Figures 1 and 2 to find the velue of ——— it is
Tskin ’

seen that at M = 6 and an altitude of 100,000 ft, the ratio is 0.€l.

This corresponds to a value of 0.18 for the coefficient of ah,
is, &2 50% error in h under these conditions leads to an err

That
of 9%

in the value of the skin temperature.
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