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SUMMARY

This report discusses the factors affecting skin temperatures
attained by high speed missiles and presents soms methods of solution,
These have been refuced to graphical or tabular form and are set out in
order of complexity.

Graphical or algebraic solutions may be quickly obtained if steady
conditions are assumed, and for some flight cases these are reasonable
approximations %o corrssponding transient solutions. If the temperaturec
time variation is required then longer numerical integration processes
have to be performed.

Acccunt may be taken of external radiation and heat loss to the
interior if thelr effects are considered significant.

Although the emphasis of this report is on the oalculation of average
tanparatures attained by thin skins, a method of calculating tho tempera-
ture~spage-time variation through 3 dimensional bodlos has boen included
assuming steady conditions at the surface.

Numerical oxamples are inecluded for ecach section of the roport.
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1 Introduction

Vhen relative motion exists betweon air and a body, a layer of air
adjacent to the body is retardoed by viscous forces®, causing a riso in
air temperature as the surfacc of the body is approached. Heat may then
be transforred to the body ( a vhenomenon known as acrodynamic heating)
and the temperature of the body will rise to an eguilibrium valuo if the
external flow conditions aro steady.

A rough estimate of the ultimatc rise in body temporature is given
in degrees centigrade by ("1/100)2 whore uy is the speed in milos per
hour, Thus at 100 m.p.h. the tomporature rise is only about 1°C, but at
1000 m.p.h. it has incroasod to the order of 100°C, vhich illustrates why
acrodynamic hoating assumecs importance in high speed flight.

The equilibrium case is rolatively simple to calculate, but in many
casos the axtornal conditions are varying and tho flight duration is
short, so that it is nccoessary to detormine the variation of surface
temporaturo throughout tho flight. Tho wide range of flight plans,
boundary layer conditions, body geomotrios, constructions and matorials
mekes it impossible Yo prosent transiont solutions in a goneral form.

This note sets out the general problem and gives a numerical method of
solution for the average skin temperature, Graphs and Tables are included
to reduce as much as possible the labour involved in the computations.

The seguence of the calculations may be described briefly as follows.

(a) oalculation of equilibrium temperatures for a given set of
steady external conditions (e.g. the maximum speed at which the
missile may oporate), .

(b) calculation of transient tomperafures of thin skins assuming
a completely turbulent or completoly laminar boundary layer and no
changes in the body gecmotry,

(¢} calculation of transient temporaturcs of thin sking allowing
for transition from laminar to tuwrbulent flow, and for changes in
the body goometry (c.g. from nose conc or ogive to cylindrical
afterbody),

(d) ecalculations allowing for heat loss to the intorior of the
body or for sandwich type construction.

The calculations increase in complexity with the stages in this
sequence, but in genoral the temperaturcs obtained from any stago will bo
loss than thoso of the proceding stage so that in any particular problem
the caleulations necd only bo carriod as far as may be roquirod.

Tho application of this note covers speods from G to LO0O 't/ s0e
and altitudos from O to 100,000 £%. For specds and heights in grooss of
these limits refer?nce should be made to the papers of Nonweller~ and
Stalder and Jukoff %, I% is assumed in general that the missiles are
thin skinned since the problem of temperature-space~time variation
through & thick skin is extremely complicated 1f the external conditions
are unstcady. However, standard analytical sclutions are availablo for
the latter case under steady extornal conditions and a solution with
practical applications is presonted in seotion 6 and Appondix VIIL.

*xoopt at the stagnation point whore therc is pure compression, also
giving & riso in bomperature.

-7 -



2 Starnation, kinetic and equilabrium temperatures

This section covers the first stage in the celculations and for a
given speed and altitude will give upper limits to the body temperatures.
The highest estimate is given by the stagnation temperature, but lower
and more accurate estimates are given successively by the kinetic and
then the equilibrium temperatures. Needless to say, if any of these
estimates are acceptable then no further work is necessary. The deriva-
tion of the results is given ain Appendix I,

2.1 Stagnation temperature

The stagnation temperature of a2 moving fluid is that attained when
the flow is adiabatically brought to rest®., This occurs theoretically
at the stagnation point of a body, but in practice a somewhat lower tem-
perature is attained in this region,

Bearing this in mind, Pig.4 gives the rise in stagnation temperature
of air above ambient temperature plotted against speed, (A1l the curves
in Pig.4 allow for the variation in the specafic heat of air with tempera-
ture), The stagnation temperature itself is then obtained by adding to
this rise the ambient temperature for the height in question (Table I),

For example, for a speed of 2,000 ft/sec and an altitude of
33,000 £t, Fig.Lkb gives a temperature rise of 183°C and Table I gives the
ambient temperaturz to be -50,340C so that the stagnation temperature
would be approximetely 133°C,

Also plotted on Fig,La are spot values from the rough relation
mentioned in the intreoduction

Yy

2
. o
Temperature rise = <100> c

where Wy is in miles per hour,
(1 £t/sec = 0,6818 m,p.h.)

and these are gseen to be in good agreement with the stagnation tempera-~
ture rise for speeds at least up to 2,500 ft/sec, (At 2,500 ft/sec the
rough relation is 5°C high),

2.2 Kinetic temperature

This is the temperature rise experienced under zero heat transfer
conditions as the surface of the body iz approached through the boundary
layer, The fluid in contact with the surface of the body is at rest
relative to the body, but in general the full stagnation temperature rise
is not obtained because of the conflicting actions of viscosity and
thermal conductivity in the adjscent boundary layer, The percentage of
the rise obtained (relative to the static temperature outside the boundary
layer) has been shown experimentally and theoretically to be dependent on

* In practice the body will be moving through air initially at rest, but
it simplifies dascussion if we consider the motion relative to the body,
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the Prandtl number (GPH/k) of the fluid. If the Prandtl number is less
than unaty (it is approximately 0.72 for air) the kinetic temperature
rise is less than the stagnation temperature rise, the ratios being
about 0,90 for turbulent and ©.85 for laminar boundery layera, These
rises are plotted in Pig.i. .

Thus for the example of section 2.1 the final temperature to be
expected with a turbulent layer would be 115°C, while for a laminar
layer it would be 106°C,

2,3 Bqualibrium temperature

Under steady conditions and without internal cocling, the skin
temperature would eventually reach the kinetic temperature of the adja-
cent boundary layer if there was no heat transfer to and from the ckin
by radiation., In practice an eguilabrium condition will be reached when
the convective heat transfer balances the radiative heat transfer, This
is so when the mean skin temperature (TW) satisfies the eqguation,

Cpw P18 Ky (Two - Tyl - EBTWT*" a Q, cogp =0 (1)
a1
(This equation is the particular case "é.'g = 0 of the gencral heat

trans?er equation of section 3.1 below, with tne solar radiation term
added}. .

Equation (1) can be solved graphically or numerically to give an
equilibrium value of T, = T,.. Of the factors an it,

L
(a) cpw 01 8 Ky (Twe -Ty) represents the convective heat

transfer to the skin from the boundary layer,

Two 15 the kinetic temperature (°K) determined in section 2,2

is the specific heat of air at constant pressure, evaluated
at skin temperature T,. (Fig.3)

ch

0,8 is the weight density (1b/£t7) of the embient air, which can
be obtained from the relative density column of Table_I in
conjunction with the sea level value of 0,07652 Lb/ft>

L ]
u, is the flight speed (ft/sec). (Strictly speeking, uq is
the air velocity ovtside the boundary layer, but for conveni-
ence it may be taken at this stage to be the flight speed)

and  ky is the aerodynamic heat transfer coefficient, which can be
determined from Fig.7 in conjunction with Fig.6 and Table VII
(see also Appendix II).

(b) sBE%F represents the heat loss from the skin by radiation,

"1 2 C-HtUu
B is the Stefan-Boltzmann constant = 2,78 x10 5 ol
fcc.sec (%K)
and £ iz the emissivity factor. {Some values are given in Table III),



(c) aQ, cos¢ represents the heat input to the skin by direct
solar radiation, (Does not occur in a night flight).

Qs is the solar constant (at outer iimit of atmosPhere)
C.H.U.
= 6.82¥1072 5
t<,sec

(This is reduced by 6~8 per cent by the time the radiation
reaches ground level)

&g is the absorption factor for solar radiation, which differs
from the emissivity e . Thus for most polished metals &y

is about 0.} whereas £ is about C 05, Some values are given
in Table III

and ¢ is the angle between the normal to the surface and the
incident rays,

Note that direct sclar radiation only affects those parts of the
surface which can "see" the sun, 4 proportion of the incoming radiation
is reflected by the earth and any clouds which are present and this will
affect the undersurface of  the wing cr bedy. The reflection factor "Ag"
is given approximately by Kngstrgm’s formula

A, = 0,70C + 0,17 (1-¢C)

where "C" is the cloud amount. (e.g. for C = 0.5, 45 = O.44)., This will
apply over most land areas but if the ground is covered by snow and the
sky is clear, then

Ay = 0.7-0.8

From this it follows that for the "undersurface" of the wing or
body, the heat input by reflected solar radiation is given by

Ay ng Qg coS 9.

In all the above discussion of solar radiation it is assumed that
the aircraft or missile s flying above all cloud layers. If the flight
is below a cloud level then it is probably best to neglect the solar
radiation, since it will have undergone much scattering and diffuse
reflection in passing through the cloud, and a quantitative estimate of
its intensity would be vory diffacult.

2.31 Approximate estimate of equilibrium temperature

If we assume that T,. 15 not much different to T__ , then as
a first approximation the skin temperature dependent factors ( w and
kH) may be evaluated at the kinetic temperature ;o 2nd equation (1)
can be written

_ b
Two ™ Twe = & Tie (1a)
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1s constant,
T

The solution of equation (1a) to give the ratio _Tlv_e as a function
wo

of A Two3 is gilven in Fig.h.. If necessary the values of Tywe Thus
obtained may be improved by re-calculation of the value taken for A,
preferably at some level intermediate between Ty, and T..

For the example of section 2.1 {i.e. a speed of 2,000 £t/sec at
an altitude of 33,000 ft) applied to a wing of Lft chord we can thus
cbtain the following results for equilibrium temperature, if we assume
that ¢ = C. {The Reynolds number is 2.3 x 107, so the boundary layer
is assumed to be turbulent, and in day time flight the results refer to
the upper-surface. Heat transfer coefficient Ik wes taken as for a
flat plate, Fig.74 .

. Twe K
Surface condi tion WO - X
. Night time
oK Day time (@ = 0)
Polished metal & = 0,05 | 388 LO0 388
fg = O.L
Caxbonised steel & = 0.5 388 388 386
@y = 0.3
Black body g =1.0 388 388 38..5
dy = 1.0

Except for the polished metal skin in day time operation, the
effects of radiaftion are anall in this case. However at greater heights
and speeds the effects become more pronounced as is shown by the results
in Fig.13, vhich were computed for a wing of 4 £t chord and emissivity
factor 0.5 in night time oporation (2, = 0),

Flat plate values were takoen for lk; and transition was assumed
to occur bebtween 5 and 10 million Reynolds number, which corresponds to
the shaded areas in Fig.13a*, (Thus for Re > 10 million it is assumed
that the influence of the laminar layor over the forward portion of the
wing can be neglected when calculating the reductions in mean temperature.
The shadod areas then represent the rogion of prdbable values for
Reynolds numbers betweon 5 and 10 million).

The results show the benefits to be cbtained at high speeds if the
boundary layer can be kept laminar up to high Reynolds numbers and also
that for speeds less than 3,000 ft/sec and altitudes less thean 50,000 £t
it may be pemmissible to neglect the radiation loss in subsequent caloula-
tions of transient temperatures.

»For clarity in plotting, transition was taken to ocour at 7 million in
Pig.13b. -1 -



Note too that these results are for average temperature over ihe
wing chord., The local temperatures will probably be higher than the aver-
age near the leading edge and lower than average near the trailing edge,

The effect of solar radiation in day time operation is indicated by
the table above. In all cases its effect will be to increase the equili-
brium temperature,

3 Transient temperatures of a thin skin with no heat loss to the
interior of the body

In this case the heat balance at the surface of the body is mede up
as follows, (neglecting solar radiation):

1. Heat flowing into the skin from the air per square foot per
second {aerodynamic heating)

Q1
T % SpwP18W Ky (T =) (2)
(symbols are as in section 2.3)
2. Heat radiated per square foot per second from the skin to the

surrounding air

Q
-8—2- = eB TWL" (3)

(symbols as in section 2,3)

3. Heat absorbed by the skin per square foot per second
Q dar
T 7 s Peut o
AT
. = G
= (4)
where cy is specific heat of skin material C.H.U/1b °c

P,g is weight density of skin material 1b/Ft2
T is skin thickness £t
t 1s time secs,

Thus G has the dimensions C.H.U./f$° ©C, and typical values of it
for a skin thickness of one foot are glven in Table II,

The heat balance is then given by

Y = Gt
ar L
or G = ooy P Eu Ky (T ~Ty) —€B T (5)
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which (even neglecting radiation) is in general a non-linear equation of
which a general analytical solution cannot be found, so that a step by
gtep integration has to be made,

A reasonably simple method for this integration is demonstrated in
Appendices IIT, IV and V., In it °PW/G and e are taken to be constants
for each part of the missile and the gravitational acceleration (g) is
also taken to be constant with the altatude limats 0-100,000 £t, (In
fact, g varies by 1 per cent in this range).

The aecrodynamic heating term in equation (5) has purposely been left
in its present form so that the general layout of the calculations need
not be altered if wore accurate heat transfer data become available at a
future date, The sources of the present data are listed in Appendix VIII,

3.1 Completely turbulent or completely laminar boundary layers

t

Either case can be calculated by using the appropriate heat transfer
coefficients (k) from Figs.7a and 7b, in conjunction with the appropriate
kinetic temperatures (TWD from Fig 4 and Table I. A discussion of the
factors anfluencing transition is given in Appendix IX, which indicates
the present lack of quantitative data. DBearing this 1n mind, a rough guess
would be to take the layer as laminar if *he overall Reynolds number is
less than 8 million, OSince, however, the Reynolds number will in general
be changing Auring the fllght it may be thought preferable in doubtful
cases to use turbulent values throughout. {This will give higher skin
temperatures than may be obtained in practice with combined laminar and
turbulent boundary layers), Calculations including transition are considered
in section 3.2 below.

. Following the equilibrium temperature results of section 2.3 it is
probably justifiable to neglect the radiation term (equatien (3)) in
equation (5) for speeds less than 3,000 ft/sec approximately and altitudes
less than 50,00C f't approximately, but an independent check should be made
in doubtful ceses,

3,11 Wings and cylindrical afterbodies (Appendix IV for calculation
method)

For thin wings the effect of pressure gradients at the leading edge,
along the aerofoil profile and at the wing root and tip, on the behaviour
of the boundary layer is ignored in this Report and.flat _plate data used,

Por relatively thick wings reference can be made to Squires paper13
if 1t is desired to account for the chordwise variation of heat transfer,

Flat plate data can also be used for cylindrical af'terbodies whose

cross-section radii are large compared with the boundary layer thickness,
A rough guide to this 1s given by the formula

= Q_58 Re—‘I’/5 %.< 0.1 (6)

H o

where d is boundary layer thickness
r is body cross section radius

£ is body length,
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3,12 Nose cones or ogives (Appendix V for calculation method)

The caleculation for the cone or ogive is complicated by the change
in physical characteristics of the flow through the shock wave at the tip,
Before commencing the numerical integration it is necessary therefore to
obtain the values of density, temperature and velocity immediately outside
the boundary layer {Appendix V). The remainder of the calculation is very
similar to that for the flat plate or aerofoil, It should be noted that
the heat transfer coefficients for cones and ogaves differ from the flat
plate coefficient. The ogive-flat-plate heat transfer factor varies with
tip angle (see Fig,9); the cone factor is constant so that kggepe 1S
plotted with the filat plate coefficient (Pig.7).

3,13 Discussion of results of worked examples

Some exsmples of transient temperature curves have been calculated
by the methods of Appendices III, IV and V and the results are shown in
Figs.14-17, together with the relevant data and flight histories. TFour
cages are considered, in all of which a constant angle trajectory is
agsumed with constant acceleration for the first three seeronds, followed
by typical variations of velocity with time, The cases are,

A, wing skin tcmperatures for flight at sea level, (Pig.14),

B. wing skin temperatures for a L5° trajectory from a sea level
.launch (Fig.15),

C. nose cone skin temperatures for flight at sea level assuming
a turbulent boundary layer (Fig.16),

and D as for case C, but with a laminar boundary layer (Fig,17).

The variations in overall Reynolds number for the four cases are
given in Fig.18, which shows ths® only in cagse B towards the end of the
flight 1s there likely to be any appreciable length of laminar boundary
layer. Therefore turbulent boundary layer data were used throughout the
calculations and case D was added purely for ccmparison purposes.

Preliminary estimates of kanetic and equilibrium temperatures showed
that at maximum velocity {and height in case B) the reductions in tempera-
ture to be expected from radiation losses would amount to about 1°C in °
cases A and C, and about 11°C in case B (assuming turbulent boundary layers).
The radiation term was therefore neglected when performing the step by
step integration of equation (5). (In case B, Fig.15, the actual "final"
temperature of th2 skin was about 360°%K, on which the reduction to be
expected from radiation would only be about 5°C).

Various conclusions can be drawn from Figs.14-17 as follows.

Effect of altitude

The effect of altitude on skin temperature 1s shown by comparing
cases A and B (Pigs.14 and 15), A missile at sea level reaches a higher
temperature than its counterpart with a 45° trajectory although the flight
speeds in cases A and B are little different for the first 20 seconds. In
both cases an approximately steady temperature is reached after about 25
seconds.,

-1 -



Effect of heat capacity of skin

If the heat capacity of the skin is reduced by using a thinner gauge
or amaterial with a lower specific heat, the transient temperature will
increase at a more rapid rate, This is illustrated by a comparison of
case & (Fig.14) in which the maximum temperature is reached in about 25
seconds and case C (Fig.16) with a corresponding time of 9 segonds, Both
cases have similar flight histories but the more rapid .emperature rise
of the nose cone is in some part due to the increased heat transfer rate
that occurs for flow over cones. It is interesting to note that for a
skin with & low heat capacity the skin temperature curve approximates
more nearly to the kinetic temperature curve so that the temperature fall
is also more rapid as the missile decelerates,

The comparative heating effects of laminar and turbulent boundrry
layers

The considerable temperature reduction which can be obtained by
maintaining a laminar layer over as largc a range of Reynolds number as
possible during the initial period of a flight is well illustrated in
cagses C and D %Figs.16 and 17).

5.2 Case involving a change of body geometry or transition

If it 18 necessary to deal with a change of body geometry such aa a
conical or ogival nose with a ¢ylindrical afterbody then the calculation
for each section should be performed separately. The ogive calculation
will be similar to that described in the previous paragraph, The growth
of the boundary layer from the tip to the rear of the ogive is different
from its development along the cylinder and the value of ky on the
cylinder should be obtained as shown in Appendix VI, The effect of pres-
sure gradients at the ogive-cylinder junction is ignored and the cylinder
treated as a flat plate,

The procedure for calculation when ftransition is included is similar
to that for a change of body geometry and temperature solutions must be
made separately for the laminar and turbulent regions.

Both cases are considered in Appendix VI,

4. The determination of skin temperatures for a thin skin sandwich
construction or for a single thin skin with heat loss to the interior

4.t  The calculation of transient temperatures in section 3 assumes that
there is no heat loss from the inner surface of the skin, Some heat loss
to the interior obviously does occur whether the outer skin is in contact
with a supporting structure such as a second skin or whether it merely
encloses an air space in an otherwise empty shell.

4,2 Numerical method

The problem of considering this heat loss is aimplified as in the
. ‘ other transient cases if the caleculation
Airflow is based on average temperature only.

i Y " The conditions for a double skin or a
TW\\A\ R \( A ‘)\}\f_f"'x1 heated interior are therefore represen-

S ) @ ted by those shown in the sketch,
/;Eizzézizzjjjjfi:;;// ’
T
//;E/ - 15 -




Ty 18 the mean temperature of the outer skin, T is the mesn tempera-
ture of the immer skin or the interior and these mean values corresponding
to planes positioned by x4 and Xo (e.g. the mid plane of a flat-plate).

Then in the notation of para.3

1 1

Q

1% = Cpy P18 Ky (Tyo ~Ty) (7)

Q

E-z. = B TWL" (8)
aT

gsi = G'—a?“:’ ) (9)

The heat transferred from the outer skin to the inner skin or the
interior is ) .

Q, _ i (T
.éﬁ = (1,-T) £ - (10)
where i L
2
R = / S‘E=<ﬁ+f§> (11)
'S k1 ko -
1

(assuming & linear temperature gradient),

The heat balance for the outer skin is

ar
w o 4 o
= % Spw P 8W Ky (T = Ty} ~€BTG = (T ~T)

(12)

1
G1 §

Similarly the heat balance for-the interior or inner skin is

e £ = (1,-T) (13)

e X Rt

4

These simultaneous equations may be solved numerically” giving T, and T
as functions of time but the method is lengthy and is not presented here,

4.3 Approximate method

If however the varlation of T_ with time is obtained by the numeri-
cal method (Appendices III, IV and VT for a single skin with no heat loss
to the interior then an approximate estimate of the effect of such a loss
can be made. If a linear approximation to the curve of Tw against time
can be made and if it is assumed that the temperature space curve is con-
tinuous at the contact surface of the two media, then a relation between

-16 -



T; (T)t.___o’ TW
Fig.10 and is similar ain form to that of the infinitely thick slab ( Fig.11).

and E% can be establishedjo, Thais relation 1a shown an
8

The two curves in Fig.10 are for an infinitely wade plate (s = nalf
the plate thickness) and for an infimitely long cylinder (s = radius), the

time t 1n the non dimensicn group ak correspond to a period over which
s

k . .
T  may be considered linear. The evaluation of @ (a: *"-—'> is atraight
w g ECg
in the case of a sandwich skin but 1f an air interior is considered
then an equivalent coefficient of thermal conductivity ke kmust bhe used
to combine the effects of convection and conduction where <°/k is a

3

function of Grashot No, L2 EZAT (Ref.10) where N\ is the coefficient
v

of cubical expansion and AT a suitable temperature difference,

Two examples have been calculated on this basis:

(1) Case C (Fig.16) with heat transfer to the air interior of the
cone,

An approximation to the temperature time curve was made and the
decrease in skin temperature due to the internal heat loss was found to
be less than 1°C for a flight time of 50 seconds,

(2) Case C (Fag.16) with heat transfer to an inner skin of cork.

A simlar calewlation indicates that the heat lost to a cork layer
0.40" thick attached to the inside surface of the fibre-glass would
reduce the temperature of the fibre-glass by 2°C after 5 seconds and by
10°C after 50 seconds, The correspording temperature rises of the cork
are 10°C and 60°C,

5 The determination of temperature distribution in & skin of appreci-
able thickness
(Appendix VII for calculation method)

It 1s not possible to give an adequate treatment of this subject
in this note, but a relatively simple theoretical cage which has practical
applications 1s presented in Appendix VII and Fag.i141. This is the case of
a semi infinite body with a constant initial temperature whaich has aits
surface temperature suddenly altered to and maintained at a new and con~
stant value.

The semi infinite case may be applied in practice to castings, fair-
ings, nose cones etec, of finite thackness without any great error until
the temperature is such that appreciable heat transfer takes place at the
second surface, provided the initial surface temperature rise is suffici-
ently rapad (e.g. case C),

Some typical time and depth limits for a given temperature to be.
exceeded are given for different materials in table IV, The effect of
the ratio o (thermal conductlvity/SPOCifi; heat density) is such that
the depth 1imit x is proportional to («)Z whereas the time limit +
varies inversely with o ,
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AFPPENDIX T

Stagnation and kinetic temperature rises

The stagnation temperature of a moving fluid is that attained
when the flow is adiabatically brought to rest. Considering a stream
tube, then the principle of conservation of energy gives the following
relatiron between velocity and temperature

H
J dT = .
g./ cp j udu I.1

which af clo is constant gives the well known formula

1.2

The stagnation temperature rise curve in Fig.4 has been evaluated
from equation I 1, taking the integral

H
./ ¢ dar
P

T

from Ref.4

Ir Lmsta is the temperature rise for a given velocity u, then

the corresponding kKinetic temperature rises are given by

4
(Pr) /3 AT .

turbulent AT =
ag
= 0,90 ATstag when I} = 0.72
1 -
laminar AT = (P)/2 AT
r gstag
~ 0,85 sttag when E} = 0.72
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APPENDIX IT

Derivation of aerodynamic heat transfer coefficients

Throughout this Report the heat transfer coefficient

Y,

s

Ky = - ~ IT.1
Py Yy & oy (Two Tty

is used and the values given in Fig.7 are taken from the latest experi-
mental and theoretical evidence,

Fag.7 gives plots of

m n
kH (‘&,ﬂ> against Re
1
where n = 1/10 for laminsr layers
n = 2'2/5 for turbulent layers
and Re is Reynolds number (u,E &/v1)

n

T
The wvalue of kH 1s then obtained by multiplyaing kH (ﬁ) by the
T 1
appropriate power of El as given an Table VIII, The justification of
W
this procedure 18 as follows,

(a) Laminar boundary layers

It can be showm that the formula

1

= -z
CFw = 1,328 Rew I1.2

where subscript "w" denotes that density and viscosity are to be
evaluated at skin temperature 7T,,, gives skin friction estimates for a
flat plate within 5 per cent of those given by more accurate formulae

(e.g. Young,11) over the range covered by the present Report.

Accepting the relation

-2
ky = %GF (Pr) /3 . I1.3
we then obtain
1
ke = 0.827 Ref IL.4
which, since
p T
L= 1.5
w 1
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and taking

u T 0.8
N (5"1) 1I.6
Ky 1

(which gives a fair mean for the temperature ranges involved) gives

e /10 ;
1{}{@1) = 0,827 Re 2 II.7
1

which is the formula used in calculating the flat plate curve in Fig.7a

The cone curve follows from the relationS

(kﬁ)cone - j% 1.8
(kH)flat plate

(b) Turbulent boundary lavers

Recent experimental evidence (unpublished) from R.A.E. tests has
verified that the compressibility variation of ky can be represented by

a formula of the type proposed for skin friction in Ref.6. The formula
for a flat plate is

5

-1/5
kHW = 0,045 (%ew Er) I11.9
W
which in terms of free stream conditions becomes

k5 (5

1

T \2.2/5 _
) = 0.045 re~ /5 1I.10

when

. ( J.;)
Hy T

Purthermore the ratio of the zeroc heat transfer skin friction

cocfficients on cones and flat plates has been found to be 2/f3 as for
laminar layers. Heat transfer coefficients have arbitrarily been assumed
to bear the same relation, and from these formula the curves of Fig.7b
have been prodused.
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APPENDIY ITI

A method of numerical integration

The differential equation to be solved for transient conditions over
a thin skinned body is

dT ¢ eB
w o_ W - -
T ..E_ pagky w (T~ Ty) — Ty II1.1

~

If the radiation term is neglected this becomes

daT c
W o_ W -
= ek (T~ Ty) = £(4,T,) IIL.2

The method of numerical integration calculates a finite increment
AT, = (Tw)t=t1- (TW)tth-h where h is a finite increment in t,

Tt can be shown that for the mid ordinate method
- -h
('.L‘W),G:t1 © (Tg)yay o *0 |t1 5+ Ty,

R -15 hefty = b, (L) _hgl IT1.3

If the initial conditions are known (i.e, at t = 0) a small incre-
ment h in t may be choscn, the 'inner' function £, = f{t1—h, (Tw)t=t1-h}

and the ‘outer' functaion f, = f[t1—b/2, (TW)t=t1-h + 3 hfy ] can be

evaluated, and a value of TW obtained for the new value of t. This

procedure may be repeated several times to any desired value of t and a
solution found

T, = £(t) III.4

The layout of the calculations is given in Appendices IV and V,
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APPENDIX IV

Calculation of transient temperatures for a wing or
cylindrical body, using the integration method of
: Appendix II1

The method of calculation iz set out in Table ¥, and a numerical
example is given in Table IX.

The inatial condation TWt:O and the flight history 1s known but
for the sake of gencralisation a subsequent value ’l‘wn_2 at tp.2 is teken,
An increment h an t 1s chosen and a value tn 4 = t,_p + h inserted

in colum (1), The first row for each value of t is used to caleulate
the 'aznner' function 3 and the second row to calculate the 'outer' func-
tion f, (Appendax IIT). Column (3) contains the values of t and Ty to
be used in calculating the function f£(t, T,) in column (14),

The sequence of operations for the evaluation of the inner funcition
is set out below,

Column Operation

(4) Ambient temperature. Read from Table I (Fig.1) in conjunc-
tion with the flight history.

(5) Velocity. Read from flight history.

{6) Kinetic temperature rise, Read from AT~ velocity graph
(Figs. 4b, ¢ ar 4) using appropriate-eurve (laminar or
turbulenty, b

(7)) () + (6)
(8) Cpy from Fig.’

P& 18 0,0766 1b/ft>

G from Table II (The values in Table II are for a skin thick-
ness of one foot and must therefore be scaled down to the
appropriate skin thickness).

(9) (7)) = (Tpo
(10) Using (T1/Tw)n_2 read from Table VII,

(11) To reduce time and labour the heat transfer coefficient
ky (TW/T1)2'2/5 chould be plotted against time t using

the flight history graph, the Reynolds number velocity
altitude nomogram (Fig,6j and the heat transfer coefficient
Reynolds number graph (laminar or turbulent, Fig,7a or 7b);
this may then be inserted in the Tahle at each step,

(12) Read from Table I at the appropriate altitude,

(13) This column is the same as (5) and 1s repeated for conveni-
ence in obtaining columm (14).

(1) (8) < (9) x (10) x (11) x (12) x (13)
(15)  {(14) % 3n
(16)  (15) + (Tyig-s

-2 -



The value of (16) is then inserted in column (3) second row together
with the time value tn~1 - h/Z.

The outer function i1s then calculated in the second row with similar
operations to those described above, The only dafference s that columns
(15) and (16) are wnused, but instead we have

(17) (44) xh
(2 U7+ () ,

This completes one step in the integration and further steps may be
carried out until the desired time t or temperature qﬁ is reached,

o)
Where the gradient =7~ 18 changing rapidly, for example during the

dt
initial stages of a flight, the time 1ncr§ment h should be smaller than
a1,
that used during the later stages when 5 is more nearly constant,
dt

The suffices (e,g. n-2) refer to the time at which the terms are
evaluated. Thus (u ) 15 the velocity Just outside the boundary layer

1" n-2
at a time (%) where

n-2°

(t)

fl
s

n=-2 J

from the commencement of the flight,

It should be noted that in certain cases it may be more convenient
to group several columns together as one function and plet this against
time before commencing the step by step process (e.g. columns (8), (11),
(12} and (13) from Table V could be so grouped).
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APPENDIY V

. Calculation of transient skin temperatures for a
o cone or oglve

The numerical integration process is little different from that for
the flat plate described in Appendax IV except that the velocaty tempera-
ture and density outside the boundary layer nc longer have their ambient
values (see sketch above).

To simplify the tabular operations (Table VI) the fundamental equation

ar
G —d]j—: = cpwP18W ky (Tyro - Tip) v.i

has been rearranged to
ar,,

Swo - So¥Re, u, gk (Ton ~T V.2
Er 7 g He B Xy ( wo ~ Tw)

The method of calculation is set out in Table VI, As in Table V
the first row for each value of t 13 used to calculate the !'inner'
function f; and the gecond row to calculate the !outer' function f
{Appendix I}. Column (3) contains the values of t and Ty to be used
in calculating the function f£(t, T,) in column (14),

The sequence of operations for the evaluation of the 'inner' function
15 set out below:

Column Operation
(4) Read from Fig,8a in conjunction with the flight history
and Table I,
(5) Read from Fig,8c 1n conjunction with the flight history.
(6) Read from the AT ~ velocity graph (Figs.4b, Le, 44)

laminar or turbulent curve as appropriate,

) () + (6)

- 26 -



Column

(8)

(9)
(10)
(11)
(12)
(13)

(14)
(15)

(16)
(17)
(18)

Operataion

Read from Fig.8b in conjunction with the flight history
and Table I.

(5) repeated for convenience.

Read from Fig.2 in conjunction with T4,
(8) % (9) x apprgpriate length + (10)

Read from Table VII using (T1/Tw)n_2

Cone : read from cone curve in Fig.7a or 7b

Ogive: read from flat plate curve in Fig.7a or 7b and
multiply by the appropriate value of B in Fig.9,

(7) - (Tw)n_2

EE_ from Fig.3, Table II and using the appropriate length
alrea&y used in column (11},

(10) x (11) x (12) x (13) x (14) x (15)
(16)x &
(Te)poo + (17)

The value of (18& is inserted in column (3) second row together with
/2,

the time velue

n -1 =

The 'outer' function is then calculated in the second row with
similar operations to those described above, Two additional columns are
required to complete the operation,

These are

Column

(19)
(20)

Operation
(16)% n

(Tw)n_g + (19)

This oompletes one step in the integration and further steps may
be carried out until the desired time t or temperature Ty 18 reached,
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APPENDIX VI

Calculation of transient skin temperatures on a missile
with a discontinuity in the body geometry or o
boundary Jayer transition

The calculation must be performed separately for each section of
continuity to allow for the variation of ky

| Transition or
daiscontinuity o

Momentum thickness ///
. of boundary layer

N

Fd
1

s
/

IT77 7777 R 77777 a7 il did iV 777 i rY 7T 7T T FT i i iiiiiiii 77~

————
= " : X

“o *1 - . .
If the growth of 2 boundary layer in the transition reglon or near a dis-
continuity may be represented diagrammatically as shovm then the calcula-
tion for 0 < x < xp is as shown in Appendix IV or V,

The owerall skin friction coefficient Cp on a flat plate is given

by
(0 -0p)
X=X X = X
where
20 = C (x~x VIi.2
Fx—xo o)
28T = CFIT*:XO (Xr['. —»JCO) VI, 3
thus CFx—xo(x— *o) - CFXT“XO (XT"XO)
C = VI.I].
F
X=Xq (x ~xp)
Re, - Re -k Re,, ~Re
o ka-xo( x= Rey ) - Xy x (Rey, - Rex )
- = VIi.5
] X-X—T
‘ (Rex—RsxT)

The relation between Rey, and Reyx  can be obtained by identifying the
the values of 8 at X = Xp.



1

—n

0,664 Re, X VI.6

I

For a laminar layer ©

0.4
5 -1/ (T1 T
turbulent layer = 0.037 Rex—xo (x~x i 7
J:lt rx = Jgr
0.
661 o> /5 A V1.8
0.66 Rey xp = 0.037 Rey, (sp-xg) T .
0.4
2 (xp~xgy) -/ /T
2 o 5 4
. Lo ) VI,
18 RexT v RexT_xo (T“) 9
1 Oo}-'l‘
18 % Ro, . (Re, Ro )0'8(&) V.10
X xp TR T

The variation of '(Re, -Re, ) with RexT is plotted in Fig,12

[ o X

= (3)
for varying | — 1!,
- Tw

T
Far a given value of Xp or RexT and (%), Rexo can be found
from Fig.12 and I way hs evaluated from equation VI,5. The caloula-
: K=

tion then proceeds as shown in Appendix IV ar V,
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APPENDIX VII

The temperaturc distrabution through a semi-infinite slab
initaally at temperature T4 when its surface temperature
ig suddenlv raised to and maintained at a constant
value Tyq

The conduction equation for one dimensional heat flow along the x
axia with y2z planes isothermals is

2
AT 3¢ T
F =g P VII.A
3t 3 x°
where
k
@ = S VII.?2
EPs Cg

The solution to this eguation with the conditions outlined in the
heading is-
X

2/ ot
T -7 .
wo~ P _2_/ o & a7z  (Ref.9) VIL.3
TWO'Ti v A

The variation of this probability antegral with its upper limit

X is shown in Fig.11, Choosing T_, and T; from external conditions

2ot
and a from the material of the slab, TP can be evaluated from the curve
for values of x and %+, Some typical sclutions are shown in Table IV,
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APPENDIXY VIII

Sources of data used

Parameter Reference Table Figure
{from present report)

Spw ! - 3
Hg 12 I 2
v 12 I -
o3 12 I 1
TO 12 I 1
& 12 I -
£ 6 I1iT -
ks 9 II -
Cy 9 1T -
Py 8 9 1T -
T
=1 3 - 8a
To | B

o

A
LA 3 - . 8b
Po i &

Q

5
218 3 - 8c
Yo
p 5 - 9

The heat transfer cocfficients for laminar and turbulent boundary
layers on flat plates are obtained from the following: {(cf, Appendix IIT),

_2/
(kH) = % CF Pr 2

Tam
v 140
0,827 Rex—Q T,

2.2/
T 5
= ol -.j_
(k'H)‘burb = 0.0b5 Rex /5 <Tw>
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APPENDIX IX

The effect of the boundary layer character on heat
transfer

The mechanism of flow cleose to a body 1n a fluad stream i1s such
that over the fore-body the retarded layer is laminar in character and
remaths stable up to a region on the body at which a critical Reynolds
number is reached. JFor Roynolds numbers greater than Re ;4 Iinstabality
within the layer gradually destroys its laminar form and eventually it
becomes fully turbulent. The interchange of cnergy between strata in a
layer is considerably greater if at 1s turbulent and the heat transfer
rate is correspondingly higher,

Skin temperature 1s thercfore dependent on the cendition of the
boundary layer and if the effect of transition is to be included in the
calculation then some estimate of its position must be made.

The transition Reynolds number 1s affected by several factors includ-
ing the heat trarsfor conditions at the surface and the surface finish of
the body, also the prediction of transitaon from wind tunnel data is
unreliable because of the effect of free siream turbulence,

Although some theoreticel and experimental investigations of the
effect of thesc factors on the stabaility of the laminar boundary layer
have been made it 13 only possible to grve the following pointers to the
prediction of a transition Reynolds number for a particular set of condi-~
ticns, The boundary layer flow is stabilised end transition Reynolds
number increased by withdrawing heat from the fluid to the body; heat
transferred from the body to the fluid has a destabilizang effect, A
roughened surface or steps at plating Jjoints will tend to inducc an esrlier
transition. A typical transaition Reynolds number for free flight (under
zero heat transfer conditions) may be taken as 8 x 100,

- 32 -






Py = 0.0766 1b/ft”

TABLE I

Table of the standard atnosphere below 100,000 4

1116 £t/sec.

a& =
a Relative 5
n(etxi0®) | 1% | 1% Ams ooy di;sity ﬁg/;t1gec ;tﬁ/;gz_
0 15.00 | 288,00 1.0000 4.0000 1,204 1.57
1 13.02 | 266 C2 0.9966 0. 9711 1.198 1.61
2 11.04 | 28L4.04 0.9931 0.9,.28 1,191 1.65
3 ¢.06 | 282,06 0.989¢ 0.9151 1,185 1,69
L 7.08 | 280.08 0.9862 0, 8881 1.17¢9 1.73
5 5.10 | 278.10 0.9827 0.8617 1.169 1.77
6 3.12 | 276.42 0.97%2 0.8359 1.162 1.82
7 1.0 1 27410 0.9756 0,.8107 1.156 1.86
8 * =0,84 | 272.16 0.9721 0.7860 1,150 1.91
9 -2.82 | 270.18 0. 9686 0.7620 1,143 1.96
10 -4.80 | 268,20 0,9650 0.7385 1,437 2.01
11 -6,78 | 266.22 0. 961 0.7156 1,130 2,06
12 -8.76 | 26L.,2. 0.957¢ 0.6932 1.2 2.12
13 -10.74 | 262.26 0. 9543 0.6714 1.117 2.17
14 -12.72 | 260,28 0, 9507 0,6500 1,111 2,23
15 -14.70 | 288,30 0, 9,70 0,6293 1,104 2.29
16 -16.68 | 256.32 0. 89434 0. 6050 1,095 2.35
17 ~-18.66 | 254.34 0.2397 0.5892 1.088 2.41
18 -20.6L | 252,36 0.9361 0, 5699 1,082 2.8
19 -22.62 | 250,38 0,932, 0. 5511 1,075 2.55
20 ~2..60 | 2,8.L0 0.9287 0.5328 1.06¢ 2,62
21 -26.58 | 246.42 0.9250 0,5150 1,063 2.69
22 =28 56 | 2L.4d 0.9213% Q.L976 1,053 2.77
23 -30.5L | 242.46 0.9175 0.4807 1.047 2.8,
2h -32.52 | 24,0.,8 0.9138 0,4.64,2 1,040 2,93
25 ~34 50 | 238,50 0,100 0,481 1.03 3.01
26 -36.48 | 2306.52 0.5062 0.1325 1.027 3.10
27 38,546 | 234.54 0, 902}, 0.4173 1,018 3.19
28 ~0.4d | 232,56 0, 8986 0.4025 1,011 3.28
29 42.42 | 230.58 0,898 0.3881 1.005 3.38
30 3 40 | 228,60 0.8909 0.3742 0.9982 3.48
71 -46.3%38 | 226,62 0.8871 0. 35606 0.9885 3.59
32 -1,8.3%6 | 224,60 0.8832 0.3473 0.9821 3.69
33 -50.34 | 222.66 0.8793 0.3345 0.9757 3.81
3l -52,32 | 220.68 0.8754 0.3220 0.9692 3.93
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TARLE T (Contd.)

-3 -

a Relative % 105 v X 1011'
h(£tx10°) | 19 | T°C 4BS oy | demsity No/et seo. | £42/seo.
o

35 -5,.30 | 218.70 0.8714 0.3099 0.9596 4.05
36 ~56.28 | 216.72 C. 8675 0. 2981 0.953%1 L.18
37 -56.16 | 216,54 0.8671 0. 2844, 0.9531 L.37
38 -56.46 | 216,54 0.8671 0, 2740 0.9531 L.59
39 -B6.46 | 216,54 0.8671 0., 2583 0.2531 4.82
L0 ~56.46 | 216.54 0.8671 0, 24,62 0.9531 5.05
41 -56.46 | 216,54 0.8671 0.2346 0, 9531 5.30
42 -56.46 | 216.54 0,8671 0,2236 0. 9531 5.56
L3 ~56.46 | 216,58, 0.8671 0.2131 0. 9531 5.8,
Ly, -56.46 | 216,54 0.8671 0. 2031 0,9531 6.12
L5 -56.46 | 216.5L 0.8671 0,1936 0. 9531 6.43
L6 =56.4,5 | 216,54 0.8671 0.184L5 0, 29531 6.7%
L7 =56.46 | 216.5, 0.8671 0,1758 G, 9531 7.07
1.8 ~56.46 | 216,54 0, 8671 0,1676 0. 9531 7.4.2

9 -56.46 | 216,54 0. 8674 0.1557 0. 9531 7.72
50 56,46 | 216,54 0.8671 0.1522 0.8531 8.17
54 ~56.46 | 216,85, 0.8671 0.1L51 0. 9531 B8.57
52 ~B6. L6 | 216.54 0,8671 0,1383% 0. 9531 9.00
53 -56.46 | 216,54 0,8671 0.1318 0.953%1 Oy
5., -56.L6 | 246,54 0.8671 0.1256 0.9531 2.90
55 -56.46 | 216,58, 0, 8671 0.1197 0.2531 10.39
56 -56.46 | 216,58, 0, 8671 0.1141 C. 9531 10.90
57 -56.46 i 216,54 0,8671 0.1087 0.9531 11,44,
58 -56.46 | 216.5, 0.8671 0.10%6 0.8531 12.00
59 ~56.1.6 | 216.5, 0,8671 0.0988 0. 9531 12.59
60 -56.46 | 216.5, 0.8671 0.094.1 0.9531 13,21
61 -56.46 | 216.5, 0.8671 0.0897 0.9531 13.87
62 -56.46 | 216,54 0.8671 0.0855 0.9531 14.55
63 -56.L6 | 216.5L 0.8671 0.0815 0. 9531 15. 26
€l ~56.46 | 216,54 0,8671 0.0777 0.9531 16,02
65 -56.45 | 216.5, 0.8674 0,070 0.9531 16,80
66 -56.L6 | 216,58, 0.8671 £.0705 0.9531 17.63
67 -56,546 | 216,54 0,8674 0,0672 0.9531 18,50
68 ~56.46 | 216,54 0.8671 0, 0641 0.29531 19,41
69 -56.L6 | 216,54 0.8671 0.06114 0.9531 20.37
70 56,46 | 216.5. G.8671 0,0582 0. 9531 21.37
74 -56.46 | 216,54 0.8671 0.0555 0.9531 22.4.2
72 -56.46 | 216.5, 0.8671 0,0529 0.9531 23.53
73 -56.46 | 216.5. 0. 8671 0,050, 0.9531 2,69
7h -56.46 | 216,58, 0. 8671 0.04.80 0. 9531 25, 90




TBLE I (Contd, )

Relative 5 L.
3 o 0 2 - ng x 10 v % 10
h(ftx10”) T°C T°C ABS AT, detflty b/et sec. | T62/sec
75 -56.46 | 216,54 0,8671 0.0458 0, 9531 27.18
76 -56.L6 | 216,54 0.8674 0.0436 0, 9534 28.52
77 -56.46 | 216,54 0.8671 0,016 0. 9531 20,92
78 ~56.46 | 216,54 0.8671 0.03%96 0.9531 31.39
° -56.46 [ 216.5, 0.8671 0,0378 0. 9531 32.9
8O -56.46 | 216,54 0.8671 0.0360 0.,9534 31,..56
81 ~56.46 | 216 BL 0.8671 0.034.3 0.9531 36,26
82 ~56.06 | 216,54, 0,8674 0.0%27 0.9531 38,05
8% ~56,46 | 216,54 0.8671 0.0312 0, 9531 c.92
8L, ~56.46 | 216,54 0, 8671 0,0297 0, 9531 41,89
85 ~56.46 | 216,54 0, 8671 0,0283 0. 2531 43,9
86 -56.46 t 216,54 0.8671 0.0270 0, 9531 L6.12
87 -56.46 | 216,54 0.8671 0,0257 0, 9531 18,39
88 ~F6.L6 | 216, Bl Q,8671 0,02L5 0.9531 50.77
89 -56.46 | 216,54 0.8671 0,023, 0. 9531 53.27
20 56,046 | 216.5, 0.8674 0,0223 0.9531 55.89
91 ~56.4,6 | 216.5, 0.8671 0.0212 0. 9531 58.65
92 ~56.46 | 216.54 0.8671 0.0202 0. 9531 61.53
2 -56.46 | 216.54 0.8671 0.0193 C. 9531 6. 56
gl ~56.46 | 216,5L Q.8671 0,018 0.8531 67.74
e ~56.L6 | 216, 5, 0,8671 0.0175 0.9531 71.08
96 ~56,0.6 | 216.5, 0. 8671 0,0167 0.9531 7L.58
97 -56,46 | 216.54 0, 8671 0.0158 0.9531 78.25
98 -56.46 | 216,54 0.8671 0.0151 0, 9531 82.10
99 ~56.46 | 216.54 0, 8671 0,0144 0.9531 86.15
100 -56.46 | 216.54 0.,8671 0,0138 0.9531 90. 39
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TABLE IT

Material properties

! ' Thermal ,
Specific] conductivity | Weight :
Material Heat I Pe & G/ft a
Gy CHU/:SE"t2 1b/ft3
¢ sec/T4
Aluminium 0,210 | 3.38 x 1072 | 168.5 | 35.4 | 9.55 x 1074
Magnesium 0.246 | 2.55 x 107 [ 108.6 | 26.7 | 9.48 x 10~k
Steel (mild) 0,110 | 7.20 x 1072 [487.0 | 53.6 | 1.34 x 10~
Nuron Fibre Glass | 0.220 | 4.86 x 1072 [445.3 | 25.4 | 1.92 x 106
Polystyrens 0.32 1.278 x 1072 | 65.9 24,1 | 6.06 x 10~/
Polythene 0.50 [6.72 x 105! 58.6 | 29.3 | 2.30 x 10°6
Perspex 0. 35 5,05 x 1075 | 7.3 | 26.0 | 1.16 x 10=6
t -6
Glass (Crowm) 0.16 1.68 x 1074 150-162 2.0 | 7.00 x 10
-25,5 {-6.48 x 10-6
) -1 24.7 | 6.17 x 10~6
Glass (Flint 0.12 1. 10 181~284
s (Flint) 3 x ~33.7 |~3.97 x 10~6
TARLE ITI
Emrissivities and Absorptivities
N Absorptivity
Material Emmjgg;;lty 505;F %o Solar
Radiation
Aluminium Polighed 0.0L 0.05 0.4+
Oxidised .11 0,12 Q, 2%
Stesl Polished 0.07 0.40 Q4%
Carbeniged 0.52 0,53
Oxidised 0.7 0.79 0, 2
100°F 750CF
Lampblack paint 0.96 ¢.97 0.97
White paink 0.97 0.91 0,15

*Doubtful values
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TABLE IV

Temperature time space distribution throuph a

semi infinite body

T T
Timo for - Tf’ < 0.2 Depth %“thf"ﬁghout
Haterial wo = i which =2—2P <0.2
for 0 < x < 0.1 £t wo 1
(secs) for t = 60 secs (INS)
Magnesium 77 1,06
1.C.1. L
Polythense 3.39 x 10 0.05
DOW 5
Polystyrene 1.27 x 10 0.026
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T.FLE VI

Hunerical solution of the trapslent skin temperature equation for & tursulent bounuvary layer on 8 con.cadl or ozival body

(] {2 {3) (L) {5) {6) (7 8y 1 {9 ! (10) (11) (12} (13) (14) {15) (16) (17} (18) | (19}
2.2 2.2
E K Cow :
v |7, T, Ty, Ty uy AT Tuo= T AT Py Uy }pﬂg Ref, ey KW T, Two~Ti o (¢, T,,) I%hr T,+3hf  fht
!
Yo
(TV")t=3 :
2.2 2.2 '
T\ 5 T o | (T, )g*
- 2 - - 2 ; wo
Lo'(T‘"’)O (T, (ugdg BT, (Twe)o (P1g)0 (uy}g (p‘ig)o (REC’}O (Tl.v)o (kH<T1> >o o TW)O (’EG >Q Bl {(zhf)o {#nf), -
t
1 2.2 2.2 1
L:“"hla, —— —_—
(T (T« (7)), ey, Jamy, J(n,y  [@©E), [y ) ) 1) « (27N g, e [
W o v [Ty pludy AT, 3 (Tedy J(ege),  Hu), J048)y [ (Ree)y F) H\ Ty why g ), [Ty 0T B Lt
('é'hr)o s * £ z
-2} (Tl g
, 2.2 2,2 !
02 (1) | e |1 1) o [0ie) | (uydne (MY nep | (Rel) ’IT‘>5 ( N ( ‘) , ezt
- n= . Uy ) . _ g) _ Wi (KB} . K N e ky 7 (Tyro=T\ 1) 5 {t,T ' {¥h -
. (T oo 1'n-2 | '™ /n-2 n2 | uoln-z P18 | M2 FREIep | WRelin-2 1\ 7 H Ty jn-z wo hilpup \30 o (tyTylyp [ (3RE), 5 (3nt) o
n-1 2.2 .2 i
tn_-‘-hla T --5—- T _‘B‘—\ cpw 1
W i
(T et | (T, ) et (T3} gy (W In-1d AT g3t Tiodne12] P18 naga] (0 dnega (MBI ngy RePnery, T_t‘ e ) (Tyo™T )n-1é~ I’y T gy - (he} 4y
(h)pp " nets LR n-1% .
2.2 . ___:5_2 |
bnets T, 5 ) T o ‘ (T, et
- €793 4 [l dpoq HOATY o M7 Y o 1P.e) o 1lw) . Jqe) _, [ (Ree) - (K =4 {T,.,~T.) o (e, T | (&ht W -
t (T, o~ n n=t | iwoln=1 | 18/nay | Mner [¥HBneq 1P Reb e Ty, - i, - wo Twln-1 \gg - W ne :(é ) et (4ne)__
: 2 .2 |
En-hf2, = —'5— i
(T (T4 e | € @ IR Ty o |
win (T Jpaq+ (T dn—y f1Y )n__," T)n'& (Tya)nmd Pig)n-% (l-l1 )n_* (148 et (Re@n_% T_ / ky T, (TWO"TH)n_é EE_ f(t,TH)n_& Vs - (ht) .y
{3hr) =1 W | 1 e} =t :




T, T, 10
Values of (",f'") and (",f")

2.2 1 ' 2.2
(?_1 5 ( E)TG 5 ( T_1>"5‘
T‘W TW TW TW

0. 5887 0.8866 0.65 | 0.8273

0.5h573 C. 8895 ‘ 0.66 } 0.8329

0.6057 0.8923 0.67 | 0.838;4

0.6140 0.8951 0.68 | 0.8439

0.6221 0.8977 0.69 | 0.8494

0.35 | 0.6301 0. 9003 0.70 | 0.8548
0.36 | 0.6379 C. 9029 0.71 | 0.8601
0.37 | 0.6L57 0.905L, 0.72 | 0,865,
0.38 ] 0,6533 0.9078 0.73 | 0.8707
0.39 | 0.,6608 0.9104 0.7 | 0.8759
0.0 | 0,6682 0.912, 0.75 | 0.8841
0.44 | 0,6755 0, 9147 0.76 | 0.8863
0.42 § ©,6827 0.9169 0.77 | 0.891L
0.43 { 0.6898 0.9191 0.78 | 0.8984
0.44 | 0,6968 0,9212 0.79 | 0.9015
0.45 1 0.7037 0,9233 0,80 | 0.9065
0.46 | 0.7106 0.9253% 0.81 | 0.9115
Q.47 | 0.7173 | 0.9273 0.82 | 0,916l
0.48 | 0.7240 0.9292 0.83 | 0.29213
0.49 | 0.7306 0, 9311 0.8 | 0.9261
0.50 | 0.7371 0, 9330 0.85 | 0.9310
0.51 | 0.7436 0.934.9 0,86 | 0.9358
0.52 | 0,7500 0.9367 0,87 | 0.9406
0.53 | 0.7563 | 0.9385 0.88 | 0.9453
0.5, | 0.7625 0. 9402 0.82 | 0.8500
0.5% | 0,7687 0, 9420 0.90 | 0.9547
0.56 | C.7748 0. o437 0.91 | 0.9593
G.57 | 0.7809 | 0.9453 0.92 | 0.9640
0.58 | 0.7869 0. 9470 0.93 | 0.9686
0.59 [ 0.7928 0. 9486 0.9 0. 9731
0.60 | ©.7987 0, 9502 0.95 | 0.9777
0,61 | 0.8045 0.9518 0,96 | 0.9822
0,62 | 0.8103 0.9533 0.97 | 0.9867
0,63 | 0.8160 0.9548 0.98 | 0.9912
0,64 | 0.8217 Q. 9564 0.99 | 0.9956

0.65 | 6.8273 0.2578 1,00 | 1.00
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TARLE VIIT

Examplc Numerical solution (0<t<6) of tho transiont skin tomperatures of a thin acrofoil with a turbulent boundary layer (Case A)

()] (@ G) () 6) | 6] D ®) | (2) | (10) (1) JG2) Les)y | (w) [ (s) |8y b ()
Two cpw P8 T1 “2—5;2 W 2-_52 A 1
k W s Ty & % AT =T, +AT G T (’T:) Yy E;) o By f(t:TW) zhf | Tysghf hf
0
288
0.288 288 O 0 288 0.0383 0 1,0 0 1.0 | O 0 0 288
1 288.119]  ,288 ~ 1 342 5.0} 293 . 5.0 | 1.0 1.82 ~ 3h2 | 0.119 0.119
1.5 1,288,112 683 | 20 0} 308 ) 12.88 | 0.9998 1.60 683 | 0.8%2 | 0,208 |288.33
288,86 [1.25,288.33 8e, | 30.0( 318 20,67 | 0.9995 1.53 854 | 1,484 0.742
20 1,5, 288.86 1025 | 43.21 331 42,34 | 0.9987 1.455 1025 | 2.415 | 0.604 ;289.46
290.74 [1.75,289.46 1195 1 59.51 347.5 58,04 | 0.9978 1.42 1195 | 3,764 1.882
0.5 2,0, 290,74 1366 | 77.5] 365.5 74h.76 10,9958 1.38 1366 | 5.375 | 1.344 [292.08
2%4.39 |2.25,292.08 1537 | 98 | 386 93.92 | 0.9938 1.33 1557 | 7.308 3.65,
5.0 2.5, 29,.39 1708 [121 4,09 114,61 10.9904 1,31 1708 1 9.727 1 2.432 |296.82
300.56 |2.75,296.82 1878 |[145.6 | 433 6 136.78 | 0,9868 1.27 1878 (12.33 6.165 |
4.0 3.0, 300,56 2049 [172.8 | 4£60.8 160. 24 | 0,981, 1.26 2049 |15.55 7.775 |308.34
315.05 |3.5, 308.354 | 20,0 172 | 460.0 151,66 [0.9704 1.26 2040 {1449 14,49
5.0 4.0, 315.05 2030 (170 4,58 142,95 [0.9620 1. 261 2030 13,483 | 6.742 1321.79
" 327.56 |h.5, 321,79 2020 |168.L | L56.4 134,61 | 0.9514 1.263 2020 12,514 12,514
5.0, 327.56 | (|, | 2010 [167.0 | 455 Ny 127.4), | 0. 9449 1.265 ¢ -12010 (11,727 | 5.86k |333.42
6.0 338.44 [5.5, 333.42 | W [2000 [165.0 | 453 A 119.58 [0.9376 1,267 vV 12000 {10,881 110, 881
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FIG.4.q.
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