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ABSTRACT

This report is the fourth of a series on analytical studies of aircraft
structures exposed to transient external heating. Volumes I and II are con-
cerned with the thermal analysis of the skin between supports, whereas
volume III deals with the thermal analysis of the skin and support combin-
ation. The present volume complements its predecessors by reviewing and
extending methods for the prediction of heat-transfer coefficients for external
aircraft surfaces under various fluid-flow and wall-temperature conditions.
For turbulent boundary layers, a new and simple integral expression is
presented for predicting the effect on the heat-transfer rate of variations of
the surface temperature in the fluid-flow direction. The rate at which the
surface temperature may change subject to the restriction that the equations
for steady-state heat transfer apply is determined analytically, and it is
concluded that the equations for steady-state conditions may be used over a
wide range of rates of change of surface temperature. Included also is a
brief summary of the most pertinent information concerning stability of the

laminar boundary layer.
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Re

St

NOMENCLATURE

velocity of sound

specific heat (of metal)

specific heat, at constant pressure (of fluid)
friction coefficient, local
acceleration due to gravity
heat-transfer coefficient

specific enthalpy

mechanical equivalent of heat

thermal conductivity

distance from leading edge to first stringer
Mach number = u/a

Nusselt number = hx/k

Prandtl number = cp u/k
heat-transfer rate

recovery factor

Reynolds number = pux/pu

Stanton number = h/pucp

time

temperature, absolute

velocity component parallel to surface
coordinate parallel to surface

coordinate normal to surface
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Superscript:

*

Subscripts:

r

8

w

non-dimensional dilstance normal to surface = y/5

thermal diffusivity = k/ p cp

specific-heat ratio

boundary-layer thickness (in Couette flow, the fluid thickness)
skin thickness

distance from leading edge to location of temperature discontinuity

non-dimensional temperature

v-1 2, v-1 2

T (1 + Pr > Ma®™) Ts(l + Pr 2 MaS )
_ v-1 2
Tw(o) TS (1 +Pr 5 Mas )

spacing between stringers
absolute viscosity
kinematic viscosity = u/p
density (of fluid)

density (of metal)

. 2
non-dimensional time = at/é

reference condition

recovery
stream immediately outside boundary layer

wall
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INTRODUCTION

The design of an aircraft structure exposed to external transient
heating requires information concerning expected values of stresses due
to aerodynamic loads, stresses due to restraint of thermal expansions, and
strengths of structural materials. These values depend, in part, on temper-
ature distributions arising within the aircraft structure. In previous volumes
(1, II, and III) of this series of reports are presented methods for determining
the temperature distributions within various structural configurations assuming
the heat-transfer coefficients at the external surface of the structure are known.
The present volume complements its predecessors by reviewing and extending

methods for the prediction of these heat-transfer coefficients.

In principle, the heat-transfer coefficient for a given situation can be
calculated if the initial condition, boundary conditions, and fluid-property re-
lations are known. In practice, however, this calculation is complicated

frequently by the existence of some or all of the following conditions:

1. Space and time variations of surface temperature.
2. Space and time variations of free-stream velocity, pressure,
and temperature.

3. Appreciable variations of the fluid properties.

Results of studies on the first complicating condition are presented in
Sections II and III, where a new (and more simple) integral expression for the
effect on heat-iransfer rate of variations of surface temperatures in the flow
direction is presented, and conditions under which the heat-transfer rate to
surfaces with time variations of temperature may be treated as quasi-steady

are determined. Literature relative to the second and third complicating
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conditions is reviewed briefly in Sections I and IV, whereas in Section V the
most pertinent information concerning stability of the laminar boundary layer

is summarized.

Although Section I, IV, and V are essentially reviews, the intention
of the authors is not to provide an exhaustive survey of available literature
on the subjects, but rather to call the attention of the reader to a typical
useful combination of results applicable to the design of aircraft structures
exposed to transient external heating. Obviously, many significant contri-

butions to these subjects are neither reviewed nor mentioned herein.

It is hoped that the relations presented in this report are sufficiently

simple and yet sufficiently useful to find general acceptance in the design room.
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SECTION 1

SURFACE HEATING WITH NEGLIGIBLE VARIATIONS OF
SURFACE TEMPERATURE AND PRESSURE (A Review)

Preliminary to discussing heat transfer for more complicated boundary
layers, heat-transfer under steady conditions for boundary layers on isothermal

flat plates is reviewed briefly.

Colburn (8) found in 1933 that, for turbulent flow of fluids with constant
properties, heat transfer data could be correlated with skin-friction data by

using the empirical relation

St =

where S5t is Stanton number, Cf is friction coefficient, and Pr is Prandtl
number. This equation is an expression of the analogy which Reynolds (28)
postulated to relate heat transfer and momentum transfer in shear flows,
modified empirically to describe effects of moderate deviations of the Prandtl
number from unity. For laminar flow of fluids with constant properties,
Pohlhausen (27) had derived in 1921 already the following relation between

the heat-transfer coefficient and the flow parameters

Nu = 0.332 Rel/2 ppl/3

where Nu is Nusselt number (based on local heat-transfer coefficient) and Re
is Reynolds number. Since, for laminar flow, the local friction coefficient

is related to the flow parameters by the relation

Cf 0.332
2 + Re
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Pohlhausen' s expression may be written in the form

Nu C 1

St =RePr - 2 Pr 2/3

This equation (derived for laminar flow) has exactly the same form as Colburn's

equation (obtained using turbulent-flow data); it will be called the Pohlhausen-

Colburn equation.

The equations discussed in the previous paragraph were obtained for
fluids with negligible property variations. If the free-stream temperature
differs greatly from the surface temperature, or if the free-stream Mach
number is large, then variations of fluid properties are large and must be
taken into account. Two methods are used for handling those variations -
the first involving exact computations; the second being an engineering

approximation.

In the first method, the fluid properiies are expressed to the desired
approximation as functions of temperature and pressure and the resulting
expressions are introduced into the differential equations describing heat,
mass and momentum transfer. These equations are solved then for the
appropriate boundary conditions, automatic computing machines being used
frequently to great advantage. Results are presented as tables or curves of
friction and heat-transfer coefficients as functions of Mach number, free-
stream temperature, and wall temperature. Typical works are those by
Busemann (5), Karman and Tsien (18), Crocco (11), Hantsche and Wendt
(14, 15), Brainerd and Emmons (4), Cope and Hartree (10), Van Driest
(38), Young and Janssen (40), and Moore (24). Summaries of these works
and more complete bibliographies are to be found in the texts by Schlichting
(33), Howarth (16), Shapiro (34), and Pai (26).

Engineering approximations are obtained by examining results of exact
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computations and experimental tests. These examinations indicate (a) that
the Pohlhausen-Colburn equation is a good approximation provided that all
fluid properties are evaluated at the same temperature, and (b) that the
equations for friction coefficients for fluids with negligible property varia-
tions are good approximations for fluids with large property variations
provided that fluid properties are evaluated at the appropriate reference
temperature. Methods for computing this reference temperature have been
suggested by Rubesin and Johnson (30), Young and Janssen (40), Eckert (13),
and Summer and Short (36). Since Eckert's suggestion has been compared
favorably with a relatively large number of data points (13, 19), it is preferred
over the other suggestions. Result is that the heat-transfer rate may be

calculated to good approximation using the following relations:

* * *
q = St p l.].S Cp (TI' - TW)
¢t 1
% f
St = 2 N 2
(Pr) 3
T = T +r X2 Ma®
r B 2 8
*
r = Pr 1/2 laminar flow
#
= Pr 1/3 turbulent f low
*
Cf 0. 332
— = laminar flow
* :
2 \I Re
*
= -%é,]‘ﬁ—zo—g% turbulent flow, Re < 107
P
= 0.185 turbulent flow, Re < 109
* 2,584
(log, Re )

*
T -T = 0.50(T ~T)+0.22(T ~-T)
s w S r =

WADC TR 54-579 Vol, 1V 5



where q = heat-transfer rate

P = density

u = velocity

cp = specific heat

T = absolute temperature
r = recovery factor

v = specific-heat ratio
Ma = Mach number

e

and the superscript indicates fluid properties are to be evaluated at the
reference temperature, whereas the subscripts r, s, and w refer respectively
to recovery, stream immediately outside boundary layer, and wall. If the
temperature profile in the boundary layer is such that the specific heat
varies appreciably, then it is more accurate to calculate the heat-{ransfer
rate using the relation
* 3
q = St P us(ir - iw)

the recovery enthalpy using the relation

= ity

and the reference temperature from the reference enthalpy using the relation

i-i = 0.50(1W-1s)+0.22(1r—1s)

where i = specific enthalpy
g = acceleration of gravity
J = mechanical equivalent of heat

These equations are suitable for the calculation of heat transfer to aerodynamic

surfaces with small variations (along the surface) of temperature and pressure.
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Effects of temperature and pressure variations are discussed in the following

sections of this report.
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SECTION II

SURFACE HEATING WITH A VARIATION OF SURFACE TEMPERATURE
IN THE DIRECTION OF FLUID FLOW

For aircraft structures exposed to transient external heating, the
isothermal flat plate discussed in Section I is frequently not a satisfactory
model. Strengthening members, such as spars and ribs, act as heat sinks
with the result that the rate of temperature change is smaller in the vicinity
of these members than for the remainder of the surface. In many cases,
the resulting non-uniform temperature distribution must be taken into account

when calculating heat-transfer rates in order to obtain the desired accuracy.

Available information concerning effects of non-uniform surface
temperatures on surface heating is reviewed by Tribus and Klein (37).
Particularly interesting are the resulis obtained by Rubesin (29, 31), Scesa
(32), and Eckert (12). For low-speed flow of a fluid having constant physical
properties along a flat plate having a variation of surface temperature in
the direction of fluid flow, Rubesin presents the following expression for the
local heat-transfer rate

dT (§)

alx) = hix, o) [Tw(o) - TS] ' f: hix, £ ) —3

d§

where h(x, £ ) is the heat-transfer coefficient at point x (where x > §) for
the case when Tw = Ts for x < § and Tw = const # TS forx > £ . This
equation is equally valid for both laminar and turbulent flows, Rubesin

presenting the following approximate relations for hi{x, £ )

-1/3
' 4
E(LEE_)_Z‘_ = 0.304 RellzPrlj3 [ 1-( ;g; )3/ ] laminar flow
-7/39
= 0.0288 Reo' BPP1/3 l: 1-( —E )39/4()} turbulent flow
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Although these relations are usable and sufficiently accurate as given by

Rubesin, the authors suggest that these equations be modified slightly with

the following general results:

1. Both equations modified reduce to the equations for an isothermal

plate for £ = o.

2. The second equation modified is integrated much more easily than

is this equation unmodified.

3. Both equations modified are still sufficiently accurate for

engineering applications.

Consider first the equation for laminar flow. Since this expression
should reduce, for £ = o, to the Pohlhausen relation for an isothermal plate,
it is suggested that the constant coefficient be changed slightly to read 0. 332,
giving
-1/3

h—-—————(xi( £)x = 0.332 E’,el/zPrll3 [1-(“}% )3/4]

comparing favorably with the relation given by Eckert {12, equation 138).

Two changes are suggested for the equation for turbulent flow Since
(a) —n 18 very nearly equal to unity and 5 is very nearly equal to <, and
40 £1 -1/5 39 £ 57 / 39
(b) 1 ] is much more easily integrated than [1 ( 40]
the authors considered replacing the exponents %—- and 39 by unity and 5 -
In addition, since this expression should reduce, for & = o, to the Blasius
relation for an isothermal plate, the authors felt that the constant coefficient

should be changed slightly to read 0. 0296, giving

-1/5
TA&T{E)_{ - 0.0296 Re® Bppt/3 [1-5]

An examination of the data obtained by Scesa (32) indicates that this expression

correlates the data as well as does the expression given by Rubesin.

WADC TR 54-579 Vol. IV 9



Hence, defining, the local heat-transfer coefficient as the local heat-

transfer rate divided by the local temperature difference, one obtains

h(x, o) J o g dTy ()
hix) = ——2——— T - T F —_— NS
” T, {[W(O) s +fo A A
-1/3
1-(5)3/4]
X
-1/5

[ 1- —}% ] for turbulent flow

where B( - for laminar flow

lovx
o
i
——

An expresgion for the error in calculated heat-transfer rate made by
using a uniform plate temperature equal to the leading edge temperature Tw(o)

and neglecting surface~temperature variations is obtained readily and is given

by
100
% error = T o) = T
14 — =
* F(% ) d Tw(g) dE
o d§

Note that a small value of the intégral and/or a large value of the temperature

difference Tw(o) - Ts regults in a small error. Quantitative error informaiion

is obtainable only after the surface-temperature distribution is specified.

As an example of the computations involved in the calculation of heat-
transfer coefficients using the aforementioned equations, consgider turbulent
flow over an aerodynamic surface (represented by a flat plate) exposed to
thermal radiation and having strengthening members spaced ag indicated in
Figure 1. It is assumed that tluid properties are constant and that the temper-

ature distribution is given by

I

T (E) =. T (o) for o <&E< L-A/2
W w -

= T - T (o) - 7T cos(zrréﬂg)for‘fl-i
W W W A 2
ave ave
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Substituting into the expression for the turbulent heat-transfer coefficient, one

obtains for x > £ - A

2
1
T (0)-T T (o) - T - "5
= y_____8 hid w 2r [, £ ) iy
h(x) = h(x, o) { Tw(x) - Ts + Tw(x) - TB ave fﬂ— AR [1 x] sin(2r Y ) d%’}
2

It is convenient to change to the dimensionless variable £ » the integral
reading then ‘

. ~1/5 _
1= | 27x l}- 5.] mm%? Jai—)dtg)

Integrating by parts, one obtains

1 4/5 1
l:-%{i?—)z fﬂ N [—E-] cos(g-p-i E—-—-*)d(-%-

x 2x

The function (1 - i— ) 4/5 may be expanded in a binomial series, convergent

£
even for 5 - 1. Hence,

2
5 21x 4 5 _4.1.1 &
b= 30 . [1-5 x "5 5 2 lx) ot
x  2x

4, 4 ]

Hz-1 ... (4/5~-n+1) n
so--g 22 - (g) +~—-J cosz—;’i ﬁ;ﬁ__)d(ﬁ_)

nl X X X

In this form, the integration is carried out readily, any desired accuracy being
obtained by taking a sufficient number of terms of the series. (Note that, for
many mathematical forms which —dd—Téﬂ might assume, the integration is not

easy and more elaborate techniques, such as numerical integration, might be
necessary. )

Calculations are carried out for the following numerical values:
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Flight speed = 415 mph
Altitude = 40, 000 ft.
T (0)-T = 30008

w 8
Chord length = 122,5 in.

£ = 0.12 x chord length
A = 0.05 x chord length

Calculation results are plotted in Figure 2, where the heat~transfer coefficient
for the non-uniform surface temperature divided by the heat~transfer coefficient
for a uniform surface temperature is plotted as a function of distance from the

leading edge for four values of the temperature rates (Tw(o) - TW )/(’I‘W -

. ave ave
Ts)' These results indicate that appreciable deviations from isothermal-plate

heat-transfer coefficients are realized even though no temperature discontinuities
exist. The maximum error made (for this example), if one assumes the heat-
transfer coefficient equal to the coefficient for an isothermal plate, is obtained
directly from these curves and is tabulated in Table I. Note also that the error
made by neglecting the given temperature non-uniformity is conservative for

some portions of the skin and non-conservative for other portions.

If the non-uniform temperature distribution can be replaced to satisfactory
approximation by straight-line segments, then the integral appearing in the ex-
pression for the heat-transfer coefficient is evaluated easily. The gradient
dTwldE is constant and does not enter into the integration process. E.g., for
the case of turbulent flow, the integral reduces then to a sum of terms having
the following form:

dTW(x)

- X

4 dx

X5 45 % 4/5]
ij [‘1 -=sD -

where E?_dﬂx(_x_)_ is the slope of the segment between X; and xj .

ij

The discussion in this section up to this point has been limited to low-

speed flows of fluids with constant properties. This limitation is imposed
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because the derivation of the firfst equation of this section includes a super-
position of solutions of a linear equation. For flows involving either super-
sonic speed or large temperature differences, however, fluid property var-
iations are not negligible. No simple (and yet accurate} method for taking these
variations into account is known. It is believed, however, that for most
practical applications inveolving smooth temperature variations (rather than
abrupt temperature discontinuities) the error made by evaluating fluid proper-
ties at the reference temperature described in Section I is acceptable. Note
also that, for high-speed flows, the free-stream temperature Ts would be

replaced by the recovery temperature Tr as the driving potential.

In summary, expressions for heat-transfer coefficients for plates with
non-uniform surface temperatures are presented in this section, the expression
for turbulent flows being appreciably simpler than expressions suggested
previously. Results optained in a sample calculation indicate that if non-uniform
surface-temperature distributions exist, then appreciable deviations from iso-
thermal-plate heat-transfer coefficients may pe realized even thougn no temper-
ature discontinuities exist. Errors made by neglecting tne given temperature
non-uniformity may be conservative or non-conservative, depending upon the

situation details.
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SECTION III

SURFACE HEATING WITH APPRECIABLE TIME BUT WITH-
NO SPATIAL VARIATION OF SURFACE TEMPERATURE;
PRESSURE VARIATIONS ARE NEGLIGIBLE

It is desired frequently to calculate the rate of heat transfer to a surface
having a temperature changing with time. Typical examples of such surfaces
are aerodynamic surfaces of aircraft subjected to heat radiation from nuclear
explosions and external surfaces of missiles subjected to aerodynamic heating.
If the surface temperature is changing slowly, then one may use equations for
steady-state heat transfer (e. g., the equations mentioned in Sections I and If).
The purpose of the work described in the present section is to indicate how
rapidly the surface temperature may change subject to the restriction that

these equations for steady-state neating apply to good approximation.

The simplest model embodying effects of time variations of surface
temperature is perhaps laminar constant-shear (i. e., Couette) flow, Consider,
therefore, high-speed Couette flow naving one surface fixed and the other
surface moving at constant velocity u- The most important of the time-
dependent characteristics of the system are not altered if one assumes constant
fluid properties. Hence, for simplicity, assume fluid properties are constant.
Then the velocity profile does not change with time and '

un _ X
u &

8
where u is local velocity, y is distance from the fixed surface, and § is
distance between the two surfaces. (See Figure 3.) If u is equal to the
velocity immediately outside the boundary layer, and if 6§ is equal to the
boundary~layer thickness, then the model has properties analogous to the
boundary layer on an airfoil. In particular, the heat capacity (per unit area

per degree temperature rise) and heat-transfer rate are of the same order
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of magnitude for the two systems.

Consider first a wall temperature which does not vary with time. {(Results
for this limiting case will be used in the more general study of time-dependent
wall temperature.) The temperature distribution in the fluid is described by

the following differential equation:

2 2
k%}-;g‘- +u(§§) -

where p is viscosity. Then the first term represents the variation with res-
pect to y of the heat transfer rate, whereas the second term represents the

work done on the fluid. The boundary conditions are:

y = O u = 0, T=TW

H

y 5: uo=oug, T = T

S
An especially instructive form of the differential equation is obtained if one

takes advantage of the following equalities holding for this model:

€ I (5 Ly G

Then, since fluid properties are assumed to be constant,

2 u u2
S+ s S =0

Introducing the Prandtl number
[}

c_H
Pr = B
k
and the Mach number

u

\JT gRT
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where cp = —-3 _‘}i = gpecific heat at constant pressure.
a = velocity of sound

R

H

gas constant

the differential equation becomes

2

4 l:T(1+Pr -t Maz)i] = 0
dyz 2

It is apparent now that the parameter T(1 + Pr X ; 1

important role in high-speed Couette flow, Integrating twice

Maz) plays an

_Y-1

5 Maz) = Ay+B

T(l + Pr

From boundary condition at y = o:

B =T
w
From boundary condition aty = 6:
¥ -1 2, _
A=TS(1+Pr—2——MaS) Tw

6
Hence the temperature distribution is given by the relation

T{1 + Pr —";;1 Ma?) - T,

-1
2

A A
Maz)-T 8 Us
s w

T (1 + Pr X
8

Heat-transfer rate at the stationary wall is

dT k Y-1 2
q, = -k & | y=0-7% [TW*TS(1+Pr 5 Ma_ )]
If no heat is transferred at the wall, then
Y, -1 2, .
TW=TB(1+Pr 2 Mas )"Tr

where Tr is the adiabatic wall {(recovery) temperature. Hence the heat-transfer
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rate may be written in the form

k -
a, = 3 (T, ,-TJ)= WT -T)

where h is the heat-transfer coefficient.

Consider now high-speed Couette flow with a steady velocity profile but
with a non-steady wall temperature. The temperature distribution in the

fluid is described by the following partial differential equation:

2 2
oT k 9 T 4 B (Bu
pc, oy

t 7 c 2
pp oy

where t = time and p = density. Rearranging the right-hand side of this

. equation using procedures established in the previous paragraph,

2
aT 9 -1 2
St 9% 533 [T(l +.Pr 5 Ma“)
¥ ,
where a = k/p Cp = thermal diffusivity. Since the term T Pr 72-1 Ma2

does not vary with time, the equation may also be written in the form

2
9 T+Pr Xl ma?| = & 2 T +Pr Y21 Ma?)
3t 3 oy? 3

The partial differential equation has now the form of the thermal-diffusion

equation, and solutions for the thermal-diffusion equation may be taken as
solutions for the equation describing temperature distributions in high-speed
Couette flow with non-steady wall temperatures. The boundary and initial

conditions are;

v = 5, t> 0 T+ Pr =1 Ma?) - T
=0, t> o0 T(1 + Pr 72"1 Ma?) = T,
< g < = O Y-l 2
o Sy<s, t=o: T(1 + Pr 3 Ma“) Tw(o)=_§:
T - T (o)
r W
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For convenience, introduce the dimensionless variables

¥-1
2

T {(0) - T
W I

T(1 + Pr Ma?) - T,

=) -

at/t‘.‘i2 y+ = y/é

3
it

The following partial differential equation, boundary conditions, and initial

condition result:

(L) 0 e

ar By+2

+

y = 1, T > o Q@ =o0
y+ = o, T > o o =f(']")
o_iy+ <1, 7= o e ---l--y+

Carslaw and Jaeger (6, p 86) give the solution
2 2,
nr°T

< 2_ 2 1 +7 +, + T
- : - i X
G = 2 > e T T zsinnwy+ [10(1 y )sinnwy dy +n7rfoe
1

xf{r!) dr! ]

This expression may be put into a more convenient form by integrating the

first integral directly and the second integral by parts,

® 2 2 + 2 2 T 22
- : df (!
Q:ZZen”TM en:rTf(T)_fenzr'r _'a(;TT_)"dT'
nr
(8]
1 ;

‘The series
" sin nxyt
2 ), B
4 nwT

is the Fourier Sine Series for the function 1 - y+. Therefore one obtains the
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convenient form

T 2 2
. - -t
9:(1—y)f(7)-22m- Jem T gy
) dr
The first term is a linear {quasi?steady state) temperature distribution whereas
the second term is the deviation from the linear distribution caused by the

finite heat capacity of the fluid. The heat-transfer rate is given by

k 0
alr) = -3 [TW(O)-TI‘] oyt vyt =0
k k - T -n? x (r-7")
=3 [T (r) - ] t 3 [Tw(o)-T] 2 Zjoe
1
df( 7"} '
ey dr
or
T 2 2 af{t-t)
k -n T
(t)=—g[T(t)- r:l + pc 6 22_{)e 52 X
1 ]
dT adt
s w
dt 2

The first term is a quasi-steady state heat~transfer rate whereas the second
‘term is the deviation from ‘he guasi-steady caused by the finite heat capacity
of the fluid. The relative magnitudes of these two terms are of interest; if the
magnitude of the second term is small compared with the magnitude of the first
term, then one may calculate the heat-transfer rate to good approximation

using equations derived for steady-state systems,
Suppose it is known that, at some time t = 0, the temperature distribution

in the boundary layer may be approximated closely by steady-state temperatures.

Suppose further that, at time t > o, the variation of wall temperature with time
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may be approximated closely by a linear temperature-time relation. Then

dTw/dt' is constant for o <t' <t and the heat-transfer rate is given by

k ' dTw N 2 n2 T 2 azt
= = - J— —e”
q () = = l:Tw(t) Tr] v opes o Z 5 (1-e 5
(nm)
w . W at
- 6
quasi-steady + pe b g 8 ( -2 )

t .
Where g{ -‘—:—é-) is a smooth function having as a lower limit zero, corresponding
to % = 0, and as an upper limjt 1/3, approached closely already for -&tz— = 1/3.

See Figure 4, The relative magnitudes of the two terms on the rlght—hax?d
gide of this equation could be determined now by introducing the value of the
boundary-layer thickness 6 . This procedure would be used, however, only
if the " thin skin" assumption does not hold. If the thin skin assumption holds,
then the rate of change of wall temperature is related to the heat-transfer

rate by the relation

at
qw(t) = PcA w
dt
where P = density of skin material
¢ = gpecific heat of skin material
A = thickness of skin

The heat-transfer rate is given then by the relation qw(t) = qwquaSi'Steady

i- pcpé ot
—— gl—5)
pca 8

The ratio of the heat capacities

pc. 8
—P_

pcA
appears as an important parameter in the result. In fact, one can make now
the following general statement:

If the thin skin assumption is valid, then the error made by calculating
the rate of heat transfer from the skin to the boundary layer using the
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equations for steady-state heat transfer is bounded by the relation

q pc_o

exact - 4 quasi-steady < 1 p
q — 3  pcA
exact

Since the analysis of this section is made for laminar flow, a few com-
ments concerning turbulent flow seem appropriate. The main effect of tur-
bulence on heat-transfer is to increase (in fluid not immediately adjacent to
a wall) the effective thermal conductivity and hence the effective thermal
diffusivity. Hence the general equation for the heat-transfer rate qw(t),
holding for thick skins as well as for thin skins, could be used also as a
guide for turbulent flows if the molecular thermal conductivity were replaced
by an effective (turbulent) thermal conductivity. The relation obtained for

the case of a linear variation of wall temperature with {ime is especially

interesting. Here the thermal diffusivity appears in the function q( 3_}2_ ),
whose upper limit is independent of the value of @ . Hence it is congluded

that the general statement made for a laminar boundary layer on é thin skin
is, in its present form, a useful guide also for the case of a turbulent boundary

layer on a thin skin.

The error made by using equations for steady-state conditions is small

usually, as is indicated by the following example for turbulent flow on a thin

skin:
pe, = 0. 0069 B/ft3 °R (air at 30, 000 ft altitude)
pc = 317 Blft3 °R (aluminum)
= 0. 068 ft (velocity = 1000 ft/sec, running length = 5 ft)
A = 0.0050 ft

For these numbers,

Yexact - qquasi-—steady 1 0.0069x0.068

= 0. 00
Aot 3 37x0. 0050

4

= 8.5x10
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i.e., the error made by using equations for steady-state conditions is less

than a tenth of one percent. This error is acc eptable certainly.

In summary, the rate at which the surface temperature may change
subject to the restriction that the equations for steady-state heating apply
to good approximation is examined in this section. The boundary layer is
approximated by Couette flow the heat-transfer rate is expressed as the
sum of (1) the quasi-steady rate and (2) the deviation from this quasi-steady
rate. The deviation is found to be a linear function of the heat capaéity per
unit area per unit temperature rise of the boundary layer. For many cases
of practical interest, this heat capacity is small compared with the heat
capacity of the skin with the result that the deviation from the quasi-steady

heat-transfer rate is also small.
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SECTION 1V

SURFACE HEATING WITH PRESSURE GRADIENTS
IN FLOW DIRECTION (A Review)

The surfaces of most aerodynamic components are curved rather than
flat with the resulf that the pressure, velocity, and temperature vary along
a streamline in the fluid outside the boundary layer. Such gradients in-
fluence the growth of the boundary layer, affecting thereby the magnitudes
of the friction force and heat-transfer rate. The designer of these aerodynamic
components is interested consequently in the effect of pressure gradients

(resulting from surface curvatures) on boundary-layer characteristics.

Pertinent experimental information has been obtained by Chapman and
Kester (7). They tested a cone-cylinder body at a Mach number of 2 in a
wind tunnel with flexible-plate nozzle walls in order to obtain turbulent friction
data with various pressure distributions along the cylinder. The pressure
distributions for two of the tests differed from each other by approximately
" the same amount that the pressure distributions on a 3 percent thick biconvex
airfoil differs from a constant pressure. Average friction coefficients were
determined, using conditions at the outer edge of the boundary layer averaged
over the length of the model as reference conditions. No effect of the variation
of pressure distribution on this average friction coefficient was observed. It is
concluded, therefore, that the pressure gradients realized along the surfaces
of slender air foils (excluding the region immediately adjacent to the stag-
nation point) for turbulent flow at low supersonic speeds do not alter appreciably
the friction forces from flat-plate values. Since a pressure gradient affects
the velocity profile directly‘but the temperature profile only indirectly, the

effect of a pressure gradient on the heat-transfer rate is even less than the
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effect on the shear force.

Pertinent analytical results have been reported by Morduchow and Grape
(25). They present first a method for determining the effect of a pressure
gradient on the heat-transfer rate from a compressible laminar boundary
layer to an isothermal wall, representing the velocity profile by a sixth-
degree polynomial and the stagnation-enthalpy profile by a seventh-degree
polynomial. Then, as an example of the use of their method, they present
calculated heat-transfer rates to a biconvex circular-arc airfoil of thickness
ratio 0.04. Their calculation results indicate that, if conditions immediately
behind the shock wave are taken as reference conditions, then the local
Nusselt number drops appreciably below the flat-plate value as distance from
the leading edge increases. E.g., for a Mach number of 3, the value of
Nu/ VRe for the trailing edge is 40% lower than the value of this parameter
for a point the same distance from the leading edge of a flat plate. Inspec-
tion of their calculation results indicates, however, that local conditions
(pressure, temperature, and velocity) outside the boundary layer vary appre-
ciably with distance from the leading edge and that, if one uses local condi-
tions immediately outside the boundary layer as reference conditions, then
the local Nusselt number does not differ significantly from flat-plate values,

even at the trailing edge.

In summary, the following design procedure is suggested for handling
the effects of a pressure gradient on the heat-transfer rate for a slender

airfoil at low supersonic speeds:

1. Determine local conditions outside the boundary layer, taking into
account effects of shock waves (if supersonic flow occurs) and
surface curvatures.

2. Using local conditions as reference conditions and the wetted
length from the leading edge as the characteristic distance, cal-
culate the heat-iransfer rate using equations derived for flow
over a flat plate,
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SECTION V

STABILITY OF THE LAMINAR BOUNDARY LAYER (A Review).

Since the rate of heat transfer for a turbulent boundary layer may be
several times the rate for a laminar boundary layer (see Table II), the
design of a high-speed aircraft depends upon whether the boundary layer
over a given aerodynamic surface is laminar or turbulent. Therefore, a
brief review of available information concerning the location of the point

at which a boundary layer becomes turbulent seems appropriate here.

The many experimental analytical studies on boundary layer stability
have indicated that transition to turbulent flow has its origin in either
(1) finite disturbances propagated into the boundary layer from the free
stream outside the boundary layer or from the surface over which the fluid
is flowing, or (2) infinitesional disturbances present within the boundary layer
which are amplified for certain distributions of fluid velocity and density.
Effects of the finite disturbances are dismissed with the statements that
(1) free~stream disturbances encountered in flight through the atmosphere
have usually a negligible effect on transition, and (2) surface-roughness
disturbances can be made negligible by making the surface sufficiently smooth.
Effects of fluid velocity and density profiles on the amplification {or damping)

of infinitesional disturbances are the subject of the remainder of this section.

Lees and Lin (21, 22) extended earlier calculations of criteria for flow
stability to include effects of compressibility and heat transfer in viscous
boundary layer flows. They reached the following conclusions:

1. For any vlaue of the free-stream Mach number, é the product of
density and vorticity has an extremum (i. e., if s ( pdu/dy)
vanishes) at any location within the boundary 1aye¥ where the mag-
nitude of the fluid velocity relative to the free-stream velocity is
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legs than the sound velocity outside the boundary layer (i. e.,
where (ug ~ 1) < ag), then the flow is always unstable at suffi-
ciently high Reynolds numbers. (In such a boundary layer,
inertia forces are destabilizing for all Reynolds numbers and
viscous forces are destabilizing at high Reynolds numbers. }

2. If the free stream velocity is subsonic, then the flow is always
unstable at sufficiently high Reynolds numbers. (In subsonic
boundary layers, inertia forces may be stabilizing or destabilizing.
Viscous forces are destabilizing at high Reynolds numbers and
dominate over inertia forces at sufficiently high Reynolds numbers. )

-3 If the free-stream velocity is supersonic and if —d(i— ( p%g ) does
not vanish for some (ug - u) < ag, then the flow {¢ stable ‘at all
Reynolds numbers for certain conditions (inertia forces are
stabilizing and large enough to dominate over destabilizing viscous
forces at high Reynolds numbers) and unstable at sufficiently high
Reynolds numbers for other conditions (inertia forces are stabilizing
but not large enough to dominate over destabilizing viscous forces

at high Reynolds numbers). Velocity and density distributions
necessary for complete stabilization are achieved by (1) transferring
heat at a sufficiently high rate from the boundary layer to the
aerodynamic surface, and/or (2) accelerating the main-stream

gas at a sufficiently high rate.

In applying these analytical results of Lees and Lin, it is to be kept in mind
that the calculated critical Reynolds number gives the location of the point

at which infinitesional disturbances are first amplified; complete transition

to turbulence takes time and occurs downstream of this point.

Van Driest (39), using these results of Lees and Lin as a basis, calculated
the stability of the laminar boundary layer in a compressible fluid as a function
of Mach number and wall-to-free-stream temperature ratio, but limited to the
case of no acceleration of the free stream (i. e., limited to flow along a flat
plate}). His results are summarized in Figure 5, where the minimum critical
Reynolds number is given as a function of free-stream Mach number and wall-
to-free-stream temperature ratio. Note that, for Mach numbers greater than

1 and less than 9, wall temperatures exist for which the boundary layer is stable

at all Reynolds numbers. Morduchow and Grape (25), Low (23), and Shapiro (35),
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also using the results of Lees and Lin as a basis, extended Van Drieést' s cal-
culations to include effects of pressure gradients on the stability of laminar
boundary layers in compressible fluids. Morduchow and Grape, e. g., cal-
culated for flow over a thin biconvex curcular-arc airfoil of thickness ratio
0. 04 in supersonic flow at zero angle of attack. Results indicate quantita-
tively the favorable effect of a negative pressure gradient on boundary-layer
stability, as shown in Figure 6, where wall-to-free-stream temperature
ratio required for infinite critical Reynolds number is given as a function

of Mach number immediately behind shock wave. Results emphasize the
importance of the geometry of the aerodynamic surface in affecting local
Mach numbers and free-stream temperatures (and affecting, consequently,

the boundary-layer velocity distribution and stability).

The obtaining of data which may be compared with the aforementioned
analytical results is today one of the most important fluid-mechanics problems;
several experimental studies are being conducted at present in the United States
to obtain such data. Investigators having made already significant contribu-
tions include D. Coles (9), R. Korkegi (20), and J. Jack and N. Diaconis (17).
In order to indicate the magnitude of the transition Reynolds number encountered,
the data of Coles and Korkegi are presented as Figure 7, where transition
Reynolds number is plotted as a function of Mach number for insulated flat
plates. Until the results of further studies become available, magnitudes
given in Figure T and trends indicated by Figures 5 and 6 provide guides in-
dicating the effects of free-stream Mach numbers, wall-to-free-stream
temperature ratio, and pressure gradient on the location of the point of

transition from laminar to turbulent flow.
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SUMMARY

Methods for the prediction of forced-convection heat-transfer coefficients

are reviewed and extended, keeping foremost in mind the needs of aircraft

designers dealing with speeds up to Mach number 3.

1,

Expressicns for steady-state heat transfer in boundary layers on
isothermal {lat plates, including simple engineering approximations
for the handling of the temperature-dependence of fluid properties,

are reviewed briefly.

For turbulent boundary layers, a new integral expression (more
simple than expressions suggested previously) is presented for
the effect on the heat-transfer rate of variations in the fluid-flow

direction of the surface temperature.

The rate at which the surface temperature may change subject to
the restriction that the equations for steady-state heating apply is
determined analytically for laminar boundary layers, and it is con-
cluded that the equations for steady-state conditions may be used

over a wide range of rates of change of surface temperature.

Available information on the effect of a pressure gradient on the
heat-transfer rate is reviewed, and it is concluded that, for slender
bodies, equations for flow over flat plate may be used to good

approximation if local conditions are used as reference conditions.

Effects of compressibility, heat transfer, and pressure gradient

on the stability of laminar boundary layers are reviewed briefly.
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TABLE 1

MAXIMUM ERROR MADE (For Example of Section II) IFF ONE ASSUMES
ISOTHERMAL-PLATE HEAT-TRANSFER COEFFICIENT

T, (o)-T
Curve No. w ave Max, Error
T - T, (%)
Wave

1 0.128 16

2 0.148 19

3 0.168 23

4 0.198 28
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TABLE II

COMPARISON OF TURBULENT AND LAMINAR FRICTION
COEFFICIENTS FOR SEVERAL REYNOLDS NUMBERS

Reynolds Cf Cf (jf
Number ) laminar turbulent turbulent
= 0.664 = 0.370 p.
£ .

Re (longe)z. 584 laminar

5x10° 0.00094 0. 0041 4.4

5x10° 0. 00030 0. 0027 9.0

5x107 0. 000094 0.0019 20. 2
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U.8, Naval Research Laboratory %:fn RDT ? A
Attn: Mrs, Katherine Cass, Code 1501 timore 3, Maryland
Washington 25, D.C.
; 1 Direetor
1 Chief, Bureau of Ordnance Air University Library
Department of the Navy Maxwell Air Force Base
Attn: Tech. Library, AD - 3 Alabama
Washington 25, D.C,
3 Commanding Officer and Director t %q. hUSAF 9%
U.S.Naval Radiological Defense Laboratory Aas tngton 25, D.C.
Attn: Library Branch, Code 3-222 A ten:  AFDRD-CC-3
San Francisco, California
1 Commander
1 Director Air Force Special Weapons Center
Material Laboratory (Code 960) Attn:  Technical Information &
New York Naval Shipyard . Intelligence Agency
Brooklyn 1, New YorK Kirtland Air Force Base, New Mexico
1 Commanding Officer .
U.S. Naval Air Development Center 1 Director of Tntelligence
Attn: N A D C Library Ha. u SAAFFO I N3B
Johnsville, Pa. tin: -
Washington 25, D.C.
1 Commanding Officer
U.S, Naval Air Special Weapons Facility 1 Office of Naval Research (Code 811)
Kirtland Air Forece Base Navy Department
Albuquerque, New Mexico Wasrlington 25, D.C.
1 Director 1 Commander
Ballistic Research Laboratories Tactical Air Command
Attn: TBL&WSL Attn: OKerations Analysis Directorate
Aberdeen Proving Ground, Maryland Langley Air Forece Base, Virginia
1 Chief of Research and Development 1 Commander in Chief

Department of the Army
Washington 25, D.C.-
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Strategic Air Command
Attn: Chief, Operations Analysis
Offutt Air Force Dase, Nebraska
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OTHER DEPT. DEFENSE ACTIVITIES

Director, Weapons Systems
Evaluation Group

Thru: Joint Chiefs of Staff
Mesaage Center

Room 1E 884 - Pentagon

Washington 25, D.C.

Director of Research and
Development
Headquarters, U.S.A.F,
Attn: AFDRD - AN
Washington 25, D.C.

Chief, Armed Forces Special
Weapons Project

Attn: Document Library Branch

Washington 25, D.C.

Technical Library

Hg. FC, AF S WP Sandia Base
Attn: Lt. Edwin R, Tarmer
Albugquerque, New Mexico

Director

Office of Special
Weapons Developments

Continental Army Command

Fort Bliss, Texas

Assistant for %perations Analysis
Hq., U.S. Air Force
Washingeton 25, D.C.

Bureau of Aercnautics

Gen., Rep., USN

Central District

Wright-Patterson Air Force Base, Ohio

Commander

UU.S. Naval Ordnance Laboratory
Attn: Library

White Oak, Silver Sprinrg, Maryland

Commander

U, S. ‘Air Force Academ

Attn: Department of E‘Agineering
Lowry Air Force Base, Colorado

OTHER U.S. GOVERNMENT AGENCIES

1

Los Alamos Scientific Laboratory
Attn: Dr. Harold Agnew

P.0, Box 1663

Los Alamos, New Mexico

National Advisory Comm.for Aeronautics
Attn: Eugene B. Jackson, (hief

Division of Research Information

1512 H Street, N.W.
Washington 25, D.C.

National Advisory Comm. for Aeronautics
Leangley Aeronautical Laboratory

Attn: Mr. P. Denely and Dr. John Duberg
Langley Air Force Base, Virginia
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NON-GOVT. INDIVIDUALS & ORGANIZATIONS

Prof. W. C, Hurt
University of Ca{i. fomia
Department of Fngineering
Inst, of Industrial Coop. .
Los Angeles 24, California

Massachusetts Inst. of Technology
Dept. of Aeronautical Engineerin
Attn: Dr, Enmett A. Witmer, Rm.ﬁ-i!lg
Cambridge 39, Massachusetts

Allied Besearch Associates, Inc.
Attn: Mr. Lawrence Levy,President
43 Leon Street

Boston, 15, /Massachusetts

The Rand Corporation
Attn: Dr. E. H. Plesset
1700 Main Street

Santa Monica, California

Vitro Laboratories

(Div. of the Vitro Corp. of America)
Attn: Library

200 Pleasant Valley Way

West Orange, New Jersey

Bell Aireraft Corporation

Attn: Mrts, Jasmine H. Mulecahey
P. 0. Box 1

Buffalo 5, New York

Boeing Airplane Company

Seattle Division

Attn: George C. Martin, Chief Fngineer
Seatt.le 14, Washington

Chance Vought Airecraft, Ine.

Attn: Mr. P.C. Moran, Supervisor
Engineering Office

P.0. Box 5907

Dallas, Texas

CONVAIR

A Division of General Dynamics Corp.

Attn: Dora B. Burke, Fngineering
Librarian

San Diego, California

R. H, Widmer

Assistant Chief Engineer
Douglas Aircraft Company, Inc.
2000 No. Memorial Boulevard
Tulsa, Oklahoma

Douglas Aircraft Company, Inc.
Long Beach Division

Attn: C.C. Wood, Chief Engineer
3955 Lakewood Blvd.

Long Beach California

Grummen Aireraft Engineering Corp.
Attn: Mrs. AM. Gray
Bethpage, Long Island, New York

Lockheed Aireraft Corp.
Factory “A” , Plent A-1

Attn: J. F. McBrearty - 63/3
2555 No. Hollywood Way
Burbank, California



NON-GOVERNMENT INDIVIDUALS
AND ORGANJZATIONS (Cont'd)

The Glenn L. Martin Company
Attn: Mrs. Mary R Fzzo

’ Engineering Librarian
Baltimore 3, Maryland

McDonnell Aircraft Corp.
Attn: Engineering Library - Dept. 204
P.0. Box 516

St. Louis, Missouri

North American Aviation, Inc.
Los Angeles International Airport
Attn: D. H. Mason

Engineering Technical File
Los Angeles 45, California

Northrop Aircraft, Inc.
Northrop Field

Attn: H, P. Jackson
Hawthorne, California

Mrs. Helen Stieglitz, Librarisn
Engineering Department
Republic Aviation Corp.
Farmingdale, New York

Cook Research Laboratories Division
8100 No. Monticello Ave.

Attn: Mr. R. C. Edwards, Business Mgr.
Skokie, Illinois

(%ﬁerations Research Office

e Johns Hopkins University
Attn: Library

7100 Connecticut Ave,

Chevy Chase, Maryland

Division of Research
University of Dayton
Attn: E. A. Janning, Administrator
300 College Park Avenue
Dayton 9, Chio

The Applied Physies Laboratory
Johns ﬁopkins iversity

Attn: Technical Reports Office
p621 Georgia Avenue

Silver Spring, Maryland

Beverly W. Hodges

Chief of Structural Staff
Boeing Airplane Company
Wichita Division

Wichita, Kansas

Dr. E. E. Sechler
California Institute of Technology
Pasadena, California

Professor Bruno A. Boley

Dept. of Civil Engineering and
Fngineering Mechanics

Columbia University

New York 27, New York

New York University
College of Fngineering
Attn: Prof. Fred Larndis
Dept. of Mechanical Engineering
New York gS, New York

Aerophysics Development Corporation
924 Anacapa St. )
Santa Barbara, California
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