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Corrigenda and Addenda

1
kg Y
Fig. 3(b). The straight line =—— = T should pass through
kHi W
T T
the point -‘LT.‘E = 4, -Icli{- = 0.5 instead of T-W- = 3, -lj{- = 0.5
1 Hi 9 i

e

At the end of the eixth paragraph on page 13 (concluding with the words
" ... shown in Fig, 3b"), add the sentence "An approximation to intermediate
enthalpy results for Mach numbers up to ten, 1s given by:

1/3 415
@

w

After second paragraph of section 3, page 14, add "More recent tests ]
(1957) are indicating that the curves in Fige 5 for M = 3, 4 and 5 may
overestimate the favourable effect of surface cooling. For example, for |
M = 3and ’.I.‘W = 150%C, Ry, may not exceed 6 millions instead of 13

millions as given by Fig. 5. The following numerical example should, there-—
fore, be treated with caution®.

Add the words “"when M is constant" +o the end of the last sentence on L
page 20,

Page 24, third paragraphe Add the words "as mean values of h over
the temperature ranges in question" to the end of the sentence beginning -
"E‘I‘O'm Fig' 7b we then take oaoo"o
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ROYAL, ATRCRAFT ESTABLISHMENT

Formulae and approximations for aerodynamio
heating rates in high speed flight

by

R. J. Monaghan, M.A.

SUMMARY

This note gives formulae and approximations suitable for meking pre-
liminary estimates .of aerodynamic heating rates in high speed flight. The
formulae are based on the "intermediate enthalpy" approximation which has
given good agreement with theoretical and experimental evidence. In the
general flight case they vould be used in conjunction with an analogue com-
puter or a step-by-step method of integration to predict the variations of
heat flow and skin temperature with time,

In the restricted ocase of flight at eonstant altitude and Mach number,
simple analytical methods and results are given which include the effects of
rediation and can be applied to "thick" as well as "thin" skins. In dealing

with "thiok" skins, the important parameters are g and -Iﬁ-g'- s Wwhere h 1is

8
the aerodynamic heat transfer factor, and G, 4 and ks are the heat

cepacity, thickness and thermal conductivity of the skin. If B .04 the
8

skin is approximately "thin", i.e. temperature gradients aeress its thiockness
mey he negleoted.
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1 Introduction

Several years ago RAE Report Aero 2454 by F. V. Davies and .
R. J. Monaghan® gave methods for estumating skin temperatures in high speed
flight and included data on the heat transfer coefficients, zero heat transfer
temperatures etc, necsssary for the calculations. At that time the state of
the art made it advisable to restrict the scope to calculations of mean tem—
veratures over the length of a body or wing and to uniform skins thin enough
for temperature gradients through their thickness to be neglected. In addi-
tion, no account was taken of longitudinal temperature or pressure gradients,
and the heat transfer formulae were strictly applicable only to flat plates
or cones.

Since that time additional theoretical and experimental evidence has
become available, so that much of Aero 24547 1s now dated, both in ooncept
and content. Some of this evidence has been reviewed in Ref.2, which includes
a section on the effects of temperature gradients, and more recently the
latest evidence has been summarised in Refs. 4 and 4 (the last reference
includes an approximate method for estimating the effects of pressure gradi-
ents in laminar boundary layers).

These reports could be used in conjunction with the calculation methods
of Ref.1, or with an analogue computer, tc make better estimates of heat
transfer rates and skin temperatures in high speed flight, particularly of
local rather than mean values, and of variations along thse length of the body.
However, as the ability to deal with more complicated cases incresses, so,
unfortunately, does the complexity of the calculations, and there is pro-
bably still a need for the rough appraximation which will give a general idea
of the extent of the problem in any particular case before detailed calcula~
tions are started.

The "rough approxamation" of the present report is that longitudinal
temperature and pressure gradients are neglected and “"flat plate" formulae
are used throughout. However, this approximation may not be too bad, since
mressure gradients are mostly small on the thin wings and slender bodies
appropriate to supersonic flight and temperature gradients may not have too
serious an effect except near the leading edge or nose. (As for shape,
transformations are available between flat plates and bodies_of revolution
with laminar Boundary layera16 and recent experamental work!(! has shown that
similar transformations may be epplicable with turbulent boundary layers. )

Thus the formulae and methods to be desoribed may give reasonable esti-
mates of heat flow rates, skin temperatures eto. along a body or wing, but
in particular cases it would be advisable to make more detailed calculations
in regions where temperature or pressure gradients are found to be severe.
This may involve consideration of longitudinal conduction within a skin and
structure which is by no means the uniform shell with constant thermal pro-
perties assumed in the prelimipary celculations, so that caution should be
exercised to ensure that the refinement of the aerodynamic caloulations is not
nuilified by inaccuracies in the solution of the conduction problem within
the structure, and vice versa. These difficulties are considered by
E. H. Bateman in Raf,48.

In the present paper, section 2 considers the nature of the aerodynamic
heat fransfer problem in high speed flow and goes on to give the latest for-
milae for estimating heat flow rates, local and mean, with laminar or with
turbulent boundary layers. (As mentioned above, these are strictly appli-
cable only to a flat plate.) Section 3 considers very briefly the present
state of knowledge concerning transition from laminar to turbulent flow.



Finally, section 4 considers the application of the formulae of section 2,
including local heat flow rates and how they are affected by Mach number, sur-
face temperature, altitude and Reynolds mmber, the effects of radiation and
the resulting squilibrium temperatures and lastly oonsiders the times reguired
for a skin to heat up in flight at oconstant Mach number and altitude, and gives
charts for estimating the heating rates of "thick" as well as of "thin" skins.
Numerical examples are given in section L.5. Most of the numerical results in
seotion 4 are particular to a given body station, but the methods are of
general application.

The aim of the present paper is to give formulae and methods fer use in
calculations and to show the relative importance of the various parameters
anvolved rather than to give a broad description of the problems of aerodynamic
heating. This latter need has probably been met already by Refs. 12, 18 and 19,

2 Heat transfer formulae

When dealing with heat transfer by conveotion and conduotion between a
fluid and a solid it is usuael to introduce a heat transfer factor "h", defined
by

a4 = hAT (2.1)

£4° so

and AT is a representative temperature difference between the fluid and
the solid (°C).

where g is the heat transferred per unit time per unit aree ( OF] )

Equation (2.1) is an expression of Newton'!s cooling "law", but except over
Limited ranges, h is by no means independent of temperature as was assumed
originelly. Its mein usefulness arises fram the fact that h has the same
dimensions as the factor K/Qd appearing in the formule for heat transfer by
pure conduction

k
q = EAT (2.2)

where Kk is thermal oconduotivity
and d is the length of the heat path.

Thus when dealing with the aerodynamic heating of thiock skina in section 3.4,
it is necessary to express the aerodynamic heating rates in the form of
equation (2.1).

Now in low speed flow (—té-l M2 << 1) the temperature difference AT in

equation (2.1) is taken to be that existing between the stream outside the
boundary layer (temperafure T,) and the surface of the body (temperature T.),
i.e.

g = h(T, -1T.) (2.3)

if heat is flowing from the airstream to the body. By definition, T, 1is
independent of T, {or q)*. Thie is illustrated in Fig.4e which si’mws
temperature distributions across the boundery layer corresponding to several
valuss of Ty.

% This is 80 since, as far as Ehe air is gonoverned, the effects of the heat
transfer to the body are felt only withiit the boundary layer. This layer
will, however, thicken or thin dependihg on the direotion and amount of the
heat flow, note Fig.1. 5
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becomes more compliceted. Fig.lb shows some typical temperature distributions
for this case. If no heat is being transferred to the body, then the surface
1s at a temperature (Ty,) which is near to the stagnation or total temperature
of the airstream, When heat is flowing into the body the temperatures within
the boundary layer are everywhere less then Ty, but it is convenient to use
this temperature Ty, in forming the temperature difference AT, i.e. to put

In high speed flow (%hen Chy? i not negllgible> the ploture

qQ = h (TWO - TW) . (2.’-'!-)

This procedure has scme thecretical support and obviously satisfies the
requirement that q + 0 as Ty =+ Ty, but the nature of the curves in
Fig.1b may help to illustrate both that (Tyo~Tw) in high speed flow has not
the seme physical significance as (Ty-Ty) in low speed flow ard also that h
may now be dependent on T, and on M (the latber influences the magnitude
of the temperature peaks within the boundary layer). Indeed recent theoretical
solutions for heat transfer with a laminar boundary layer have shown that it
also becomes necessary to replace Ty, in equation (2.4) by an "effective”
temperature which is equal to Ty, only at small rates of heat transfer.
Thus equation (2.4} should not be regerded as being more than a convenient
expresslon for ‘q.

The zero heat trensfer temperature T, is related to T4 and My by

P
_wo X 2 .
5 = 1+ o U, (2.5)

1

where 1y i1s tempsrature recovery factor. The values of r are considered
in sections 2.1 ard 2,2 below.

The heat transfer factor h is dimensional and it varies considerably
with £light conditions (of. Figs7), s0 in aerodynamic work it is more con—
vendient to use the non~dimensional heat transfer coefficient ky, defined by

iy = hLo (2.6)
P14 P
whers Py and u are the density and velocity in the stream outside the
bourdary layer
and o is the speoifio heat of air at constant pressure*

P (assumed oonstant in this instanoce),

Part of the benefit of using ke ds that it is closely linked with the skin
friotion coefficient op by

1_%—- = 8 (207)
e 3

where s is the "Reynolds analogy factor" which in approximation depends only
on the physical properties of the fluid through the Prandtl number ¢, whers

¥ For ky %o be non-Gimensional it is‘essential for p and e, to be

, ‘ . U
expressed in oons.sistent wnitse Thus if p is }% then op is "_-1%}"65

(= 0o24), but if p is ~E%%§§ then o, i ;ggggaa' (= 7.73).
-6 -



c = 2o (2.8)

where p is viscosity.

Thus kg and op will show the same variation with Reynolds number.

(Strictly speaking, Xy 1is a funotion of Peclet mmber Pe rather than of
Reynolds number Re, where

However i1t is easily shown that

LK
Pe = ole singe Re = -9-1-1—-

and henoe it 1s permissible to speak of its "variation with Reynolds number".)

Up to this stage it has been assumed that the specific heat of air (o_)
is constant, which is a goed approximation to reality up to temperatures e.gourﬂ
LOO®K. Recent developments in boundary layer analysis have removed this
restriotion (and also the restriction that o 4is oonstant) and the resulting
offects are discussed in seotion 2.1 below.

2,1 Heat transfer with laminar bourdary layers, allowing for the variation
of all the physical properties of air

E. R. G. Eckert has given a good sumnaryl" of the various stages of refine-
ment in the solution of the equations for the laminar boundary layer on a flat
rlate with zero temperature and pressure gradlent along its length, gu.lminat:mg
in the numerical solutions of Young and Janssern’, Klunker and MoLean®, and
Van Driest7, which allowed for the unrestricted variation of all the physical
properties of adr.

If the spsoific heat of air {a_) varies, then temperature is no longer a
realistic quantity for insertion in heat transfer formulae. By their very
nature we should think instead of the heat oontent or enthalpy "a" of the air
in the boundary layer, where

T
i = 2e
i foPdI (2.9)
o

and Fig.2a shows the relationship between enthalpy and temperature (values
taken from Keenan and Kayea) over the range of temperatures appropriate to the
present paper.

Corresponding to equation (2.5) for zero heat transfer temperature Tos
we now have

iwo x~1 .
-i;—- = 1+ 5 M'l (2.10)

for the zero heat transfer enthalpy i,,, whers r is now the enthalpy
recovery factor. Alteration of equation (2.1.1.) for h is not so straight~
forward since it is dimensional, but we may define a new quantity h' given by

q = h! (iWo - iw) (2.14)

-7 =
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and with this definition equation (2.€) becomes

Ky = =05« . {2.12)

This may appear to be a highly inconvenient alteration since in the end
we are interested in skin temperatures, etc, which will involve transforming
back from enthalpy to temperature, and even before that stage is reached it
18 neosasary to make use of the physical properties of air and these are tabu-
lated against temperature. Indeed in the lower temperature range there might
appear to be no virtue in thinking in terms of enthalpy rather than tempera-
ture (of. Fig.2a). However, the justifioation for the change rests on the
fact that once 2t is made it is possible Yo apply the subseguent formulae
without further alteration at least up to Mach numbers when the air inside
the boundary layer becomes dissociated (see Ref.4) and possibly beyond this
stage 1f correct assumptions can be made sbout the physical properties of the
air in its dissociated state.

The numerical solutions?*€s7 referred to sbove cover a wide range of Mach
runbers and temperatures and Eckert has shownd that a close approximetion to
them can be cbtained in the majority of cases if the physioal properties of
air appearing in the well known "incompressible" flow formulae for heat
transfer etc, are evaluated at a temperature corresponding to an “intermediate"
enthalpy i* which is given by the simple formula

3% o iy o+ 0u5(4 ~3,) + 0.22(3 ~1,) (2443)

where subscripts 1, w and wo refer to conditions in the stream outside
the boundary layer, at the wall (body surface) and at the wall under zero

heat transfer conditions. 14 and i will be known and iy, is given by
equation (2.10)

!

Ywo

T = 1+I"]Z—1M12 (2.10)
4

where the enthalpy recovery factor r is given appruximately by the Pohlhausen
formula

1

r o (&) (2014)

and Prandtl number ¢ is evaluated at T correspending to 1* from
equation (2.13). The particular variation of Prandtl number wath temperature
now in favour i1s given in the NBS-NACA tables? and is reproduced in Fig.Zh.
(Alternatively r may be read from the graphs of Ref.7, for example, if these
are available, )

Zero heat transfer and “"effective" enthalpies

The enthalpy for zero heat trensfer is obtained from equations (2.1C) and
(2.1%4) in combination with equation (2.13) with 4y = lyg. When iy # i
these same equations would indicate a different value of (dg,~iq)e  The
significance of this variation of (i  -iq) with 1, appears when evaluating
the heat transfer rate from the heat fer oceffiocient h' through

q = h'(iwo~viw) (2.11)

.-8...



since :p.E + i,, implies (through equations (2¢13), (2.10) and (2.14)) that
iyo Do longer re’ains the value which it had under zero heat transfer condi~
tions iy = iy, To avoid confusion it might be better to call the value of
izo in equation {2,11) an "effective” or a "potential" enthalpy and replace
imo bY i.pp (say) in equations (2.10), (2.11), (2.13) and (2.14). The alter-
native is %o retain iy, and forget pre-ccnceived notions sbout its constancy.
This avoids multiplicity of symbols end 1s sdopted in the remainder of this
paper.

-y

Local Heat Transfer Coefficients .

In incompressible flow, the Reynolds analogy factor is given approximately
by

a 8 (2‘7)

S

f
2 :
n o /3 (2.15)

and for local skin friotion we have

1
Q = 0.661]- Raxz

£
so that loocal heat transfer coeffiocien% is given by

/3 no
kHi = 0.332 o Roxz . (2‘16)

Following Eckert!s procedure we then have

-2/3 -3
X = 0,332 (%) (reX) (2.17)
in compressible flow, where
b3 h!
BT
p Yy
.k h
R W
' X
= 'E"" (2018) *
“1
(sinoe statio pressure p is oonstant aoross the boundary layer, the equation v

P
of state gaves inf— ’
.
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Likewise

p,ﬂl X
Re; 3 l
u
.
! P pX
T
= RexT—l . % . . (2019)
i)
Hence, subshituting from equations (2.18) and (2.19) in {2.17) we obtain
2 L s
~=/3 1 T1 % N2 o
3 LR - S W
ky = 0.332 _(0-1) Re, (T" . “1) (0,1> (2.20)

and comparing this with equation (2.16) we see that for the same free stream
temporature (defining oy) and Reynolds number, we have

. 213 %
.EHi_i - (;i;) (.T..j.({t. (2.21)

for the ratio of the coefficients in compressible and in inoompressible flow.

X
HH- should be evaluated from Sutherland's formula
3/2
-2 / | 1b
1070 = 9,800 x 10 <T+110.4) (ft so) (2.22a)
giving

x T
B, (%X_) -;—-1———- . (2.22b)
M 1 ™ 140eh

Ty T

. Fige3a shows the effeots of Mach number and surfaoce temperature on
laminar heat transfer coefficient as given by these equations, for flight in

the stratosphere when Ty = 216.5°K. In this case oy = 0.733 (Fag.2b)
and hence

¥ ,1 1
— e 0 — - ) * \'”_—
l:Hj" = 0014-08 Rexa -

H

(Ref.1 considers the effects of Shanges in ambient temperature and in par-
ticular the differenoes which’ may" occur between wind-tunnels and f£light. )

Since in the airaraft case thers is the possibility of sustained flight
at a given Mach number, there is an interest in how the heat transfer

- 40 =



coeffioient will vary as the surface warms up, so tho plot in Fig.3 is of lines
of constent Mach number against Tw/Ty. The full line gives the Limiting,,
values under zero heat transfer conditicns and the appropriate values of WO/T.t
are indicated on this Line by M =1, 2 ... etc.

It is interesting to nobe that the total variation of kﬁ/]qii up to

¥ « 5 and zero heat transfer 1s only 14 per eent. (The vertical scale has
been kept the same as in the corresponding plot, Fig.3b, for the turbulent

boundary layer to make it easier to compare the relative effects of compressi-
bility in the two cases. )

Mean Heat Transfer Coefficients

The ocompressibility veriation given by equation (2.22) does not involve
Reynolds nwrber, so it (and Pig.3s) applies equally to mean heat iransfer
coeffiolents, i.e. to coefficients based on the overall amount of heat being
transferred between stations 0 and x, as distinct from the local heat transfer
at the station x. In this case the "incompressible" flow formula is

..2/ 3 1

gﬂi = 0,66k Re;? . (2.23)

2,11 SBimaifioance of the "intermediate" enthalpy, 1%

The oonstants in the formula for intermediate enthalpy
x s s
1% a4y 4 Oo5(4 1) + 0.22(1W° 1w) (2413)

are empirioel and were chosen by Eokegt)"' to give the best fit with the numeri-
cal results for skin friction, eto.2s0s7

The analysis in Ref.1 has shown, however, that this intermediate enthalpy
18 close to the mean enthalpy (1) taken with respeot to velocity (u) across the
boundary layer, the latter being given by

1= 45+ 0.54(iw-i1) + O.16(iwo—i1) (2.24)
for values of ¢ between 0.75 and 0.70.

For zero heat transfer conditions (iy = iy,) there is little difference
between the two formulae, but the emphasis alters when heat is being trans~
ferred. To check the significance of this the numerical results of Refs. 5-7
were re-analysed in Ref.1 on the basis of mean enthalpy and an equally good
correlation was obtained (as compared with the correlation on the basis of
intermediate enthalpy).

The significance of this analogy arises when considering bHurbulent boun-
dary layers in section 2.2 below.

2.2 Heat transfer formulae for turbulent boundary layers in compressible flow

In view of the success of the intermediate enthalpy method with laminar
boundary layers and also because of its apparent relation to mean enthalpy with
respeot to velocity, it socemed worthwhile to make an estimate of the mean
enthalpy of a turbulent boundary layer. Thas was done in Ref.1, and gave

(i)turb = i+ 00 54(4, -1,) + 0.16(iw°-i1) (2.25)

- 11 =



when r and e (equations (2.10) and (2.7)) were given the values
r = 0.89
and 8 = 122
both of which are derived from experimental results,

The constants in equation (2.25) are identical with those in equation
(2.24) and this may go some way towards explaining why application of the
intermediate enthalpy formula (equation (2.13)) to the turbulent boundary
layer has been successful in correlating experimental resultsi

Either intermediate or mean enthalpies give good correlations of the
numerous experimental skin frioction and heat transfer results now available
for turbulent boundary layers up to M = 8 under conditions olose to zero
heat transfer. Only a few results are available under conditions of large
heat transfer, and these do not agree amongst themselves. (For further dis-
cussion see Ref,1.) PFurther experimental programmes on the effect of “W/Ty
are under way in the United States and in this country it is hoped %o make
similar measurements in the Hypersonic Wind Punnel at the R.A.E. Meanwhile
it seems likely that the effects of Tw/Ty may not be larger than would be
given by the intermediate enthalpy method, and for this reason it is
sugpested as being the most suiltable for use in design calculations.

The application is similar to that already degcoribed in the case of
laminar boundary layers. The factors f and s must be ¢btained from
experimontal results. From these Seiff!0 has shown that the meen value of
8 18 1.22 and no consistent variations with M or TW/T.] could be
discovered. Hence, from the Prandtl-Schlichting type formula for local skin
friction®* ‘

0.288 (log,, Rex)-z.w (2.26)

y
i

we obtain

=

=2.45
\ 0,176 (1og10 Rex) '. (2.27)

which in compressible flow becomes

% x, 2o kD
Ky = 0.176 (log,, Re,) (2.28)

with density and viscosity evaluated at the temperature corresponding to the
intermediate enthalpy

1= gy 4 0u5(4-1,) 0.22(d, -1,) « (2.13)

Concerning recovery factor, the vast majority of experimental results
have been obtained in wind tunnels and have been analysed in terms of tem-
perature recovery factor rp (equation (2.5)). These results indicate that
rp may vary with Reynolds number as shown in Fig.4. No systematic effect
of Mach number was noticed among the results collected in Ref.2, but when

* The various formulae for turbulent skin fraction in incompressible flow are
considered in Ref.1 and equation (2.26) was chosen as the most suitable apd
convenient for application.

- 12 -



conbined with Brevoort and Rashis Jc'e:sulte:l'l in Pig.4 2t seems possible that
differences ascribed to change in model (flat plate to bodies of revolution) in
Ref.. may have been a Mach number effect in disguise. However, the accuracy of
measurement of zero heat transfer conditions is insufficient to allow such a
conclusion to be drawn from the amount of evidence available.

On the other hand the results give a definite indication of a reduction in
temperature recovery factorsf‘rom 0.89-0,90 thggugh 0.88 to 0.87 as Reynolds
number is increased from 10° through 107 to 10°,

In extending these results to the flight case, we shall make the arbitrary
assumption that temperature is replaced by enthalpy and that the enthalpy
recovery factors r of equation (2.10) will be given by the curves of Fig.l4.
(Under wind tumnel conditions of low temperature there would be little differ-
ence between tempersture and enthalpy recovery factors, of.Fig.2.)

In addition to a variation of », it is found that equation (2.28) implies
2 small Reynolds number effect on KH/ky. (see Ref.1). Therefore in plotting

kH/k:H 1t is necessary to specify the assoc:.ated Reynolds number and I’ig.3b

shows the variation of kH/kﬁ with M and TW/T1 for Reyx = 10{ and
= 0.88,

This variation is much larger than was found for laminar boundary layers in
Fjg. 3&.

Farlier work et the R.A.E. had suggested that °f/oll or kH/kH for

turbulent beundary layers was a function only of the temperature rat:.o TW/ Ty
and would not be affected by Mach rmumber. This seemed to be supported by the
correlations of Ref.2, but since that time, further experimental results have
become available and it begins to appear that the variations may be more as
shown in Fig.3b. ﬁ‘.r'om the designer's point of view this 1s all to the good.
Dependence only on /T would give the solad line labelled "zero heat
tranafer" under all cond:.tions, but it now seems that this would progressively
overestimate the heating at low valuss of W/T as Mach number is increased.
It is possible that the reduced values shown 1n Fig.3 may still be over-
estimates, since the N.0.L. tumnel wall results quoted in Ref.1 stayed close to
the limiting value for zero heat transfer at the Mach number in question as
W/T1 was reduced. Further experimental results are obviously required:
meanwhile (as mentioned sbove) it seems likely that the variations wath Tw/Ty
at given Mach number may not exceed those shown in F:Lg.jb Qs appmowismaton ©
I U B MWF] M&wf«aﬁ\. L»&Lm-«-—(hh-luré;ﬁ—- w.....; .

x5 @ G

has been added for comparison, since this is used as a limiting case in the
applications of section Ll

Finally the overall heat transfer between station O and station x will be
given by the mean heat transfer coefficient

X = 0.28 (1o Re")'z'6 (2.29)
kg = 0.28 Ulogyg Rey '

with densaty and viscosity evaluated as before at the temperature corresponding
to the intermediate enthalpy

% = iy + 0e5(d i) + 0.22(3, ~i) - (2.13)
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2.3 Heatbt transfer by radiation

In addition to an inwards flow of heat by conveotion as considered above,
the surface will also be losing heat by radiation to its surroundings of
magnitude

T 4
= 2.78 W) G0 (2.30)
Ly & (1000 ot2 so

where & is emissivity factor (values in Ref.3)

end T is %K.

I:It will also be reoeiving back heat by radiation from the surrounding air
of amount
r b
o
278 eqq (?5‘06)

whers e, dis the gas emissivity. This is usually taken 4o be small: values

-3 _CHU

ft2 80

of the order of 3 x 190

have been quoteda:l

Heat will also be reoeived by solar radzation to surfaces exposed to the
sun's rays (and also by reflection from the earth or clouds, see Ref.3) and

this would have a maximm value of 7 x 1070 20— , but it can be reduced
£t" =so

very considerably by suitable choice of surface finish.

3 Trangition {rom laminar to turbulent flow

So far, formulae have been given for hsat transfer with fully laminar or
with fully turbulent boundary layers and it is of interest to know how far
back a laminar boundary layer may extend on & body or wing. Appendix I lists
various factors which will influence transition position but in most cases it
:;-; not possible at present to give more than a qualitative answer as to their

fects.

However it is beginning to appear that the ourves presented in Ref.2 for
the gquantitative effects of Mach number and heat transfer may not be over-
optimistic and Fig,5 shows the combined effect of these two factors (ocurves
derived from Figs. 27 and 31 of Ref.2). The curves give possible transition
Reynolds numbers on a smooth surface, uninfluenced by pressure gradients,
roughness or shook waves, and show the marked effect which surface temperature
(hea‘t tra.ns:f‘er) can have, The curves for M =4 and M =5 are lesa defi-
nite than those for M = 2 and M = 3 and so they are given as broken lines.

The transition Reynelds nurbers can be translated into distances from
nose or lesding edge when the flight conditions are known and Fig.6 (Fig.1a of
Ref.1) gives Reynolds number per foot run in terms of Mach number end altitude.
Thus M = 4 at 60,000 £t gives Lo = 3 x 10° (Pig.6) so that a surface tem~
perature of 2509, giving Rep = 18 x 106 (Pig.5), would give 6 £t of laminar
boundary layer.
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These figures could be improved by favoursble pressure gradients but might
be much reduced by roughness, so it would be unwise to place too much reliance
on them until actual flight experience is available.

4 Applications of the heat transfer formulae

Section 2 has given the present ideas about the most suitable and con-
venient formulae for use in calowlations of aerodynamioc heating end it might be
wise to oloss the paper at this stage and refer to Ref.3 for details of cal-
culation procedures, since all applications are bound to be particular in some v
respect and their results may not agree with those of other applications whioch
at first sight appear closely similar. Howsver, even partioular applications
are helpful in giving an 2dea of the megnitudes involved and it is in this
spirit that much of the following seotion is presented.

Where necessary, the standard atmosphere as given in Ref.3 has been used,
and the results throughout are strictly appliceble only to a flat plate.

el Zsro conveotive heat %ransfer or "recovery" temperatures

Aerodynamic heating rates would become zero at the surface temperatures
given in the following table (and plotted later on as the solid lines in Fig.11).
The turbulent valuss correspond to a recovery factor of 0.88, appropriate to
Rey = 107 (Figel).

¥, 1 {2 3| 4|5 )
Altitude: O f£t, Ty = 15°C . .
Two [Lam:i nar 64 | 206 | 428 725 | 1086
oQ Turbulent 66 | 2161 k56| 774 | 1160
Altitude: 25,000 £3, Ty = =34.5%
oo [Laminar 6 124 313| 565 | 878
og Turbulent 71132 336| 607 | 637
Altitude: 36,000 £t to 100,000, T, = -56.5°0
Too [La.mitmr ~20 { 88| 260|493 | 780
oC Turbulent ~18 1 95| 282 | 532 | 83

These show a considersble effect of altitude, caused by changes in the
ambient temperature T4. It should be emphasised that the tempsratures quoted
are the maxima Yo which any struoture could be subjected. In practioce radia-
tion awsy from the surface (and internal cooling if present) would hold the
surface temperatures down to the equilibrium temperatures sonsidsred in section
4«3 and the reduotion can be large at the higher altitudes.

(The temperatures quoted in the asbove table are lower than those given by
Refs. 3 or 12. This is because of the improved values of recovery factor used

in the present paper. )
4.2 Local heat transfer factors “h"

These factors are defined by

q = h(TWO - TW) (204)
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and the values of T,, quoted in section 4.1. They have been obtained from
the formulae of section 3, giving

g = B - i) (2.11)
and the relation
h = h! M . (4e)
WO w

4a24 Effect of M, TW/’.I‘.1 and altitude at given Re,

Fig.7 gives values of the local heat transfer factor b in terms of

5 5~ for Re, = 107 and over ranges of Mach mmber, surface ltempera-
ft" so °C

ture and e.ljc.:,tude.

Altitude is seen to have the most pronounced effeot, there being an 11
to 1 variation between 50,000 ft and 100,000 ft. There is a slightly greater
veriation with Mach mumber for laminar than for turbulent boundary layers,
but on the other hand tue positions are reversed as regards effeots of sur-
face temperature.

Comparison of Figs. 7a and 7b shows that there is considerable benefit
to be gained from maintaining a laminar boundary layer to this Reynolds
nurber, there being a factor of about & between corresponding laminar end
turbulent values, Effects of variations in Reynolds number are considered
in section 4.22 below.

Two general points should be made about Fig.7. First, the comparison
18 at constant Reynolds number and comparison with Fig.6 will show that for
the same Mach nurber this corresponds to different distances back along the
body at different altitudes. If the values were for given X rather than
Rey, the variation with Mach number at given altitude would be reduced,
particularly in the case of the laminar boundary layer. Second, all the
altitudes are within the stratosphere for which an ambient temperature of
~56.5°C was assumed. Variation in ambient temperature would require the
plot to be against W/T1 rather than Ty.

The marked effect of altitude is illustrated Purther by Fig.8, which
compares the value of h at any altitude_ to that at 50,000 ft and the same
Reynolds number, Mach number, and ratio -~¥/T4. Under these conditions the
variation in the stratosphers (full line) is equ::.valent to the variation of
air density. In the troposphere the variation also includes the speed of
sound and with a laminar boundary layer should also include small variations
in recovery factor due to changes in temperature level. The last named item
was neglected in preparing Fig.8 and hence this portion of the curve is
shown as a broken lins.

4,22 Effect of variation in Reynolds number

The effect on h of variations in Reynolds number at constant Mach
mmber, altitufle and surface temperature 1s illustrated by Fig.9. The con-
ditions taken correspond to the case taken by N. J. Hoff in his paper to the
3rd Anglo-American Aeronautical Conferencel’ (for which he assumed a value of

90 2CHU 5 for a turbulent boundary layer, this value being based on an
17 hr ¢
incompressible flow formula for h).
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Surface semperatures (uniform) of 15°C and 250°C are assumed in Fig.9 to
show the effect of this parameter. Also the laminar curves are continued to the
point where transition would ocour from Fig,5: +this is much later at the lower
tempsrature.

Ths turbulent heat transfer factors are well below Hoff''s wvalue of

CHY . This is ocaused by the effects of compressibility.

90 e g————
£5° e %

With a laminar boundary layer the variation of h with x (or Rey) is
simply

LR

h ~ =%

(4e1)

end thus high values would be reached near a sharp leading edge, x = O.  (The
variation of equation (4.1) would no longer apply in the neighbourhood of &
blunt leading edge. )

With & turbulent boundary layer the variation is more somplex. Approximate
values are given in the following teble, where n is the index in an assumed
variation

1
n o~ (4e2)

iTha Ya%ues of n are given to Lhe nearest 0.5 and are based on equation
2.28).

Values of n

T, | Incompressible 160°C 760°C
Re, | 106-107 [107-108 | 106-107 |107-198 |106-107 | 107~108
M
¢ (ine.) 6 7 - - -
3 - - 5.5 65 -
5 - - 5.5 6e5 5

Le3 Heat flow rates "q" and influence of radiation

Fige10 shows the actual heat flow rates "g" which would he experienced in
flight at 50,000 £t at the station corresponding %o Rey = 10/.  These are
given in terms of X%/£42 at different surface temperatures and Mach numbers
and represent the heating loads that would have to be applied at this station
during structural tests in a laboratory.

The solid lines give the aerodynamic heating rates inwards to the body both
for laminar boundary layers (Fig.10a) and for turbulent boundary layers
EFJ.g.‘IO‘b). Values read from these curves would vary with Reynolds number

distanos along body) as discussed in section 4.22 and illustrated in Fige9 and
would vary with altitude in accordance with Fig.8. Thus there would be about

a 10:11 factor in either direction in going from 50,000 ft to sea level (increass
in gq) or to 100,000 £% (decrease in q).

The broken lines give the amount of heat whach sould be rediated away from
the surface, assuming two values of surface emissivity factor, & = 0.9 and
€ = 0.1.  This heat loss ia independent of altdtude.

-17 -
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For a given surface temperature and Mach number, the net flow of heat
into the surface will be given by the difference betwsen the aerodynamic heat
anput (solid lines) and radiative heat loss (broken lines). Inspection shows
the benefit of a high surfaee emissivity, partioularly since the surface tem-
peraturs will be stabilised when the net heat input becomes zero and this
equilibrium temperature can be considerably less than the zero heat transfer
‘bemperature.

(Since Pige10 is an illustration confined to one altitude, the benefits
of high emissivity are not very apparent if the boundary layer is turkulent.
However, they become more noticeeble as the altitude is inareased, because of
the substantial decrease in aercdynamic heating rate as mentioned above.
Illustrations of this effect are given in Ref.q.)

4e31 Eguilibrium temperatures

Values are given in Fig.11 of the equilibrium temperatures (Tye) reached
when the aercdynamic heat input is balanced by the radiative heat loss,
Fige11a is for a laminar boundary layer, Fig.i1h is for a tu.§bu.lent boundary
layer, and both give local valuss corrcsponding to Rey = »  (Thus
different values would be reached at other stations along the body beoause
of varistions in heat transfer coefficient, and the variations would be
greater for laminar than for turbulent boundery layers.)

The solid lines give the zero heat transfer temperatures disoussed in
seotion 4.1. These inorease rapidly with Mach number and would correspond to
the very worst case of zero emissivity.

The broken lines correspond to the very good case of & = 0.9 and show
substantial reductions in temperature partioularly at the higher altitudes.
For example at M = 5 and 100,000 f£t, nero heat transfer and eguilibeium
temperatures are as given in the following table (for Re, = 107).

Laminar | Turbulent

=
~

2]

i}

0) ©o 780 834
0.9) °¢ 170 355

=
@
~
o
n

i

L]

The importanoce of a high emissivity is emphasised by the fact that the
corbination of a turbulent boundary layer and high emissivity mey well give
a lower equilibrium temperature than a laminar boundary layer and low
emissivity.

The question as %o the Mach numbor at which emissivity bscomes importany
cannot be answered directly since Fig.11 will show that it dis also necessary
to specify an altituds., The dotted line across Fig.11a and Fig.11b gives
equilibrium temperatures corresponding to the Mach number-altitude relation
of a constant equivalent air speed (constant dynemic head) of 660 knots.

In this case one might say that emissivity effects begin to be noticeable
at Mach numbers above 2. However, this conolusion would be altersd by
taking a different E,A.S. or a different gtation on the body.

4.32 Heat ftransfer factors relative to equilibrium temperature

Oontinuing oonsideration of the case Rey = 107, it is interesting to
deduoe heat transfer factors relative to equilibrium rather than to zero heat
transfer temp:reture, since it is these which.will determine the time taken
for the skin to heat up to the equilibrium temperature, Taking e = C.9,
we define
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h - q'net

. (4e2)
net © T T

whare Lot is the difference between convection and radlation and can be
cbtained from curves such as in Fig.10.

Values of h % appropriate to Figs. 10 and 11 are given in Fig.12.
These are intendeaeonly to give an illustration of the megnitudes involved and .
1t will be moticed that the values do not extend right up to the eppropriate
equilibrium temperatures as would be given by Fig.11. This restricted range
was dictated solely by considerations of convenisence and economy in computing
time, since reference to Fig,10 will indicate that increased accuracy would
beccme necessary if deriving values close to the equilibriaum temperature.

Comparing the values of hnet in Pigs12 with those of h in Fig.7 shows
that the two are of similar magnitude, but altitude has less effsot on hnet
than i% hod on bk (the values of h oy Peooms relatively larger as altitude
is inoreased). Also the effeot of surface Yemperature 2.8 reversed in most
casos! hnB " increases with TW, particularly at the higher altitudes.

1% should be emphasised thet Fige12 is included only as an illustration
and variations from it might ccour if either Reynolds number or emissivity
factor were albered.

*)

L.y Time taken to reach equilibrium conditions

The heat transfer coefficients and faotors discussed in the previous sec-
tions ean be used in combination with a lknown skin material and thiclkmess and a
known f£light plan to compute the variation of skin temperaturs with time. The
basic equation for a skin thin enough for the temperature across it 4o be sen-
sibly uniform (and neglecting intermal cooling) is

aT, T, .
Gxp = b (TWO—T Y= 2.78 ¢ (‘1"6“6"5) (4 3)
where t  is time
and G is the heat capacity of the skin

(= ps0,d vhere p  is the density, o, is the specifio heat and & 1is the
thickness of the skin).

An alternative expression would be

G = Buey (Tye = Ty () *
with valuss of hnet derived as in section L. 3.

If temperature gradients across the skin are significant then the right hand
sides of equations (4e3) and (4eL) beoome the boundary conditions of a pure con-
duction problsm.

In'either case there is ,no general solution which will cover all flight

plans, so the equations have to be solved in individual oases either by a step-
by-step numerical integration (Ref.3) or by means of an analogue computer.
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However, analytical solutions are available if the variation of h da
restricted and radiamtion is neglected (altermetively radistion can be included
and the variation of hy.¢" is restricted). The commonest of these is to take
h constant which is roughly the case for conatant altitude and Mach number
(see Fig,7 or 12) and this has been a popular essumption when considering the
effects of aerodynamic heating, This assumption of constent eltitude end Mach
number may be reasonables over considsrable portions of a given flight plan,
but unfortunately it is necessaxry to specify how the alrcraft reached this
altitude and Mach number before the initial skin temperature conditions can
be postulated. It is highly artificial to assume that the whole surface of
the aircraf't will be at uniform temperature at the beginning of the cruise
{as is ususlly done) and likewise the effects of nom~uniform temperature dis-
tribution? should be included when caloulating its subsequent history, parti-
cularly for stations near the leading edge or nose where the temperature
gradients may be large,

However, vwhen this is done, tme should also take into account the fact
that the structure is by no meens the uniform shell assumed in squations 4.3
and 4.4, s0 that the complications multiply themselves end in the end one is
forced to the conclusion that there may be samething to be said for the arti-
ficial approach, provided one recognises that it is artificial and applies it
only to gain general lmpressioms of what may heppen. This is the philosophy
of the present section,

The two mein assumptions used throughout are that the flight is

(a} &t constant Mach number
and (b) at constant altitude,

The effects of assuming h = const are considered below end this is
followed by consideration of "thin" and of "thick" skins, In ell cases there
is the further assumption of -

(c) no heat flow from the skin into the interior of the body.

Analysis by Davieal¥ of the reletive magnitudes of external and intemal
heat transfer coefficients, acssuming the skin end structure to be 2 uniform
shell, has indicated that this last assumption should not lead to over-serious
errors, provided there is na forced cooling of the inner wall,

4,41 Aerodynemic heating of thin skins, BEffect of assuning
h = constant

Pig,3 shows that if M is constent then ky is a function only of
Tw/T4. If the altitude remains conatant then the seme cen be said of h
(cf, equation (2.6) and Fig.7 or 12).

This veriation of h with T_ 4is larger for turbulent than for laminar

boundary layers, so the following giscussion is confined to the turbulent
case,

Pig,3 shows that the turbulent variation of h (ky) with Ty
according to the intermediste enthalpy formula lies between

h = h, = constant (4. 5)
(where h, is the value under zero heat trensfer oonditions) and the line
1
o \Z.
ro- () (4. 6)

o} TW

e M & conilint.



Substatution of these relations in equation (4.3) and neglectang the radi-

ation term yields the following solutions for tne variation of skin temperature
with time:

b T
0 W

el t = [— 10g('1’w0- T_)] (4e7)
S

if h0 = const, where Ti is the wvalue of Tw at t =0, and

h %— = Tw
0 v - =1 (I T\
o) @]
WO wo
3
%
T =
h Wo
if T =2 o .
hO (T'W )
T B
The variations of 7 with < ¢ given by equations (47) and (4.8),

wo
sssuming ¥y = O are shown in Fig.13. (If T # 0 thﬁn heatung times <¢an

stall be read from Fig.13 by subtracting the value of =2 corresponding to

G
T, ho
T from the finsl value of — % .)
WO G

As might be expected, heating 1s more rapid 1f h follows the variation
given by equation (4.6) instead of remaining constant ai its zero heat transfer
value, but percentagewise the difference in times to reach & gaiven skin tempera-

T
ture decreases as 'fﬂ- tends to wnaty. This 1s 1llustrated further by Fig.15
WO
which gives a plot of

- Tw h

T
b against ?g te

- T,
WO i
There is a single curve for the case h. = const (equation (4.7)) but when h
veries (equation (4.8)) there are individual curves for indavidual values of
T,

i

Two

These two faigures (13 and 45) give an adea of the errors introduced by
taking h = const and 1t should be emphasised that the true veriations may be
somewners about half way between the extremes given by equations (4.7) and
(448)s In practice therefore and at least in preliminery calculations it may
be sufficiently accurate to use mean values of h taken off curves such as in
Fags. 7 and 12%,

*# This applies to estimates of times taken to reach a given temperature. If
individual heat flow rates are being considered (for estimating temperature
gradients etc) is would be preferable to use the values of h appropriate
to the temperature of the surface at the time in question.

-2 -



-l

»)

A corollary of this result i1s that if ftests are being planned wherein
aerodynamic heating rates are to be deduced from measured variations of skin
temperature with time and it is desared to be able to differentiate between
various "theoretioal" estimates then 1t would be preferable to choose a skin
material of large heat capecity so that No/G is small and hence the time
scale is extendsd as much as possible.

L.42 Effects of skin thickness and thermal properties h = constant

A solution is given in Ref.415 for the linear flow of heat in a solid
bounded by two parallel plenes, where one faoce is heated (and h is constant)
and the other face is insulated (assumption (o) sbove). For simplicity we
shall assume that the solid (skin) is at uniform temperature throughout.

Then apart from distance intc the skin, the solution depends on the two
parameters

k t
8

2

Psosd

The sclutions in section 4.41 for thin skins dependsd on the parameter
h ] I

G t = t

which is the product of the two parameters listed above, 80 in considering
the extension of the results of section hel] to include "thick” skins it is
convenient to replot the results of Ref.15 in terms of

h hd
"G_" t and ks .

This separates tha effects of heat capacity G and thermel conductivaty k.

Pig.14 illustrates the effect of L2 by plotting =— against 2+

k T G
nd 5 WO
for valuses of % ©f zerc and unity. The former carresponds to the ideal

s
"thin" skin of Fig.13 since there will be no temperature differential across
ite In the latter case 1t 1s necessary to specafy position across the skin
and curves are given for the outer surface, the inner surface and the mean
temperature.

The results in Fig.14 illustrate the following general trends whach
accompany an increase in -Ili—d- while keeping % constant.
)

1. Both the mean temperature and the inner surface temperature rise more

slowly then would be predicted by the "thin skin analysis" of section keld.

2+ Initially the outer surface temperature rises more rapidly but later it
lags behind the results from the "thin skin snalysis". (This is & con-
sequence of the fact that initially the aerodypamic heat flows swamp the
capability of the thermal conductivity to take heat away from the surface,
but as the surface temperature rises the aerodynamic heat flow deoreases
and the heat is able to get away from the surface more easily.)
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. The definition of a "thin" skin and the suitability of the analysis in
section 441 therefore depends on the value of the parameter hd/ké. Fig.16

T -7
gives plots of ‘EEE“:ﬂf* against % t for a range of values of %% . Fig.16e
WO i 8

considers mean temperature, Fig.16b inner surface temperature and Fig.16c outer
surface temperature, and the trends are as discussed above, Finally Fig.17

gives a cross~plot in terms of hd and shows how the times {o & given tempera-

. nd kg
ture ratio vary as T is increased.
S

Arbitrarily one might say that a skin could be considered "thin" if
hd

T < 0.1. The physical thiclmess will therefore depend beth on h and on ks'
8

However if heating times are worked out on the basis of the "thin skn analysis",
then the curves of Fig.17 might be used to correct for skin thickness.

Alternatively, the answers may be obtained directly from Fig.16.

Fig.17a displays the interesting feature thai if mean temperatures are
considered, then if

€ 0.3

the values of the time parameter t increase linearly with %g , at least

s
up *o W = 2., according to ‘

ky

oIy

= 140357 . (4.9)

In practice 1t would be unusual to be able to vary the thermal conductivity
of the skin while keeping 1ts thermal cepacity constant. The more usual situa-

tion 1s that of varying the skin thickness and this affects both % t and ~§g«
8
Increasing the skin thickness decreases h and hence increases the tune to a

G
given mean temperature, ard the foregoing results show that this time will be
increased still further by the increase in %Q . The same applies to inmner
5
surface temperaturs, but the outer surface may not slways show $his happy
trend, 1.e. 1n the early stages of the heating, an increase in skin thickness
will not give a commensurate increase in time to a given temperature.

L5 Numerical examples

The use of the foregoing solutions can be illustrated by some numerical
examples.

In these we shall assume that an aircraft arrives at an altitude of
75,000 £ with a skin ‘emperature of 15°C and 18 travelling at M = 5. The
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vroblem 1s to determine the subsequent variations in skin temperature at a
station 5% feet from the nose ( corresponding to Rey = 107 Flg.6), neglecting
effects of temperature gradients and pressure gradients a.nd using "flat plate
formulae".

In the first case the skin is taken to be 1/10 inch thiok and have the
' thermal properties of mild steel*. PFor comparison, results are then given
for a transparency of fused silica of the same thiclmess and in both cases
the effects of radiation are considered (assuming & = 0.9, which assumes a
suitable surface finish on the steel and is the value quoted for polished
glass at low temperahmes) Finally the effects of skin thlc}mess are
11lustrated by increasing the thickness of the fused silica to % inch.

»)

In all cases we assume a turbulent boundary layer. The zero heat
transfer tempereture (Fig.11b) is then

T = 834%

WO
and the equilibrium temperature with g = 0.9 isa

o .
Toe = 490°C (Fig.11b)

From Fig.7b we then take

¥)
o]

h =
wo TW
) 3 CHU
=~ 3.3 x 10 5
£ se¢ O
end from Fig.12b
qnet

net Twe —-%

-3
= 7 x 10
P W PO Y VI o%{m&a;*_mw;;hw:fm

The final general result is that the maximum heat input during the cruise will
odour at its start when T, = 15°C, and from Pigs. 10 and 8 this is

= 5.11- h——
Inax P t2
= 2,85 -S|
(Larger, valdea thgﬁ'i‘é:]@s nﬁy "o 151
. 75,000 ft.)4 va e -
(W Pl |

% The choice of- gﬁj_g?&m wistpurely a matter ot conven:.ence since the
thermal -prope Wﬁ%;%: i e (Ehﬂé&sﬂy ﬂava:.]able. ﬁ,In the examples. to follow it

will be assimid that these proper't:.es “do ndt’ 'vary with temperature.
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Case 1. 1/10" mild steel

The thermal properties are assumed to bej

G = 4b -f:THU-o—- per inch thickness
c

and
k = 8.65 x 1070 T Ane
££" ac 70O
henos
h _ -2 1 net -2 1
_15; = 3.82 % 10 T and ___ks = 8.1 x 10 Py

and these show that under the present flight conditions a gteel skin up to
1 inch thick could still be regarded as thin (assuming “/k, < 0.1 as the
eriterion).

Fig.18 shows the veriation of skin temperature with time, obtained from

Fig.i€a with 2= = 0, and
8
b
ko A net A
G’ - Ool{l{- min G‘ - 0'933 min .

In either case Fig.17 indicates that the corrections for finite skin thickness
would be nsgligible.

Considering the effects of radiation, Fig.18 shows that these become
important around 300°0, and the equilibrium temperature is reached in about
5 minules. Negleoting radiation (e = O) the skin temperature is still rising

T =T

after 6 minutes. It would reach 800°C 1n 7 minutes and 826°C (-i—""-‘?—-;mf-aoag)
wo i

in 10% minutes.

The times shown in Fig.18 would vary direotly with thickness if the skin
thickness were changed (at least up to 1 inch thickness).

Pinally the meximum temperature gradient through the skin would be at the
surface at £t =0 and is

Q
- £
k = 3:5 in .

If the cruising altitude were ohanged, then the times to a given tempera-
ture neglecting radiation would vary inversely as the change in h given in
Fig.B provided the new value of 53/k  was less then 0.1. For example at
50,000 £t the 1/10" skin would reach 800%C in sbout 2 minutes. Obviously skin
thicknegs can be altered as well as altitude provided the conductivity condi-
tion M/k ¢ 0.1 is satiafied.

The results with radiation are partioular to 75,000 £t since I, varies
with altitude, end h .. does not follow the same variation as h.
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Case 2, 1/40" fused silica

In this case we shall take

¢ = 228 —Z—  per inch thickness
£t* %
~3 QHU in.
and ks = 2.7% % 10 —
£t s0 0

so that by comparison with mild steel, the heat capacity is about halved and
there is a factor of about 30 on the conductivaity.

h
h 1 net 4
'E-s' = 1,20 T and ks m 2456 in

so that effeocts of skin thickness will be more marked.

For a thickness of 1/10",

n .4
B 5421 epa 225 o 0,256
kB ks

of which the former is just above the value O.1, and Fig.18b shows the
resulting variations in outer surface, inner surface and mean temperatures.
The combination of scales (the same as in Fig.18a) does not show up very well
the variations in temperature across the skin, but in fact %here is 40°-609C
difference between the outer and inner surfaces in the early stages of the
oruise, However, later on these differences are much reduced and the waria-
tion becomes essentially that of a thin skin. By comparison with an ideal

thin skin (%3 = 0) the times to a given mean temperature in the later stages

would be greater by about 4 per cent in the case neglecting radiation (from
equation (4.9)).

Considering mean temperatures and negleoting radiation, 800°C is reached
in just under 4 minutes and 826°C in 5% minutes. These reduotions, compared
with steel, are primerily the effect of reduced heat capacity. Including
radiation, the equilibrium temperature is reached in about 3 minutes.

The maximmm tempsrature gradient through tlge skin st111 occurs at the
surface at ¢ = 0, but now has the wvalue 10 -l% .

These results can not be generalised to other thicknesses and altitudes
because of the relatively large value of B/k.

Case 3. I fused silica

In this case

o B

which is well above the value 0.1, and Fig.19 compares the heating rates of
1/10" and 3" fused silica, neglecting radiation (to avoid confusion of curves).
The differences in temperature across the M ai1ica are comparatively large.
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For example, after 5 minutes the outer, mean and inner temperatures are 505,
430 and 390°C respectively. An alternative comparison 1s the time taken to
reach a given temperature. The 1/10 in. silica rcaches 600°C in sbout 1%
minutes, whereas *he outer surface and mean values for the % in. silica do no#
reach this temperature until 7.3 and 8.8 minutes respectively.

These increases in time compered with the 1/10 in. silica arc not entirely
an effect of increased heat capacity. This alone would give a factor of 5 on
time and result in the dotted line labelled "thin skan approximation'. (Note
that the thin skin approximation crosses the outer surface curve at about
7 minutes. This is the effect noted in Fig.1l.) According to this approxi-
mation a temperature of 826°C would be reached in 26% minutes, whereas the more
accurate value allowing for conductivaity effects would be about 32 minutes.

These three examples may help t¢ illustrate the roles played by heat
transfer coefficient, heat capacity and thermal conductivity. It should be
emphasised in conclusion that the numerical wvelues are mostly particular to the
altitude, speed, body station end initial conditions chosen.

List of symbols

OP specific heat of air at constant pressure
oy specifioc heat of skin materisal

d skin thicknesa

G = pd, heat cepacity of skin material per unit surface area

h Nowtonian heat transfer factor = — e
T =0
WO W

h'! modified heat transfer factor = oy q_- -
wo ~ W

T

i enthalpy (: f t.'.‘P dT)
o

T  ‘temperature (degrees sbsolute)

k thermal conductivity of air

k thermal conductivity of skin material

q heat flow per unit time per unit surface area
r enthalpy recovery factor

X temperature recovery factor

B "Reynolds analogy factor" <= -}k-ﬂ--)
2

u velooity
x distance from leading edge or noae

M Mach number
- 27 -
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List of symbols (Contd)

ratio of speoifio_ heats of air
emisaivity factor (radaation)
viscosity of air

density of air

density of skin material

o L
Prandtl number (:u —%—)

local skin friction coeffiocarent

b
P %%

heat $ransfer cceffiocient (a or

Reynolds number <—_-. M)
B

Superseript

- 28 ~
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x  refers to intermediaste temperature (enthalpy)
Suffixes

1 corditions in stream outside boundary laver

w  surface of body (thin skin)

wo  zero convective heat transfer corditions

ws  equilibrium conditions (allowing for radiation)
s1 outer surface of skin (thick skin)

82  imnel Sufthos~of: skif(Hik aliny " <
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APPENDIX L

Factors influencing transition

L.

" Item Favourable Effect Unfavourable Effect
1+ Mach Number Posaibly for MsLh~5 | In vange 4 <M< 3k
: (zero heat transfer (Note Fig.31, Ref,2)
conditions)
2. Heat Transfer For heat flow from | For heat flow from body to

airstream to body

ETW < Two)
Note Fig.27,Ref.2)

airstream (T > Two)
(Note Fig.27,Ref.2)

3. Pressure Gradients | If favourable (and | If adverse. (Transition
1f combined with 2 | may occur soon after the
may have very pro- | start of an adverse pres—
nounced effect, sure gradient. )

Note G.M. Low.
NACA TN 3103)
Ly Roughness Never. Relevant parameter may be
. k/5. & dincreases with M
‘ ' 30 the problem may becoms
easier as speeds increase.
¢ 5e Shock waves - Almost certain to cause
striking boundary transition. (Ref. N,P.L.
layer work on shock~wave
boundary layer inter—
action.ig
6. Incidence Wings Should not be noticed by boundary layer
on straight wings.
Bodies Forward movement of transition on lee-

ward side.

Backward movement of transition on wind-

ward sidee.

(See Davies, RAE Tech Note Aero

to be issued. )

|

Wind tunnel test results may be affected by twmnel turbulence, and there has

also been reported an effect of ambient pressure {increased pressure giving
inoreased transition Reynolds number), but a consistent correlation has yet

to be made of this latter effeot.

-3 -
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FIGI8(a & b) EFFECTS OF HEAT CAPACITY AND
RADIATION ON LOCAL HEATING RATES.

M= 5, ALTITUDE=75000 FT, Re, = 10’
TURBULENT BOUNDARY LAYER,
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FIG. 19. EFFECTS OF SKIN THICKNESS ON LOCAL HEATING RATES OF
FUSED SILICA.

M=5, ALTITUDE = 75,000 FT, Re, = 107
TURBULENT BOUNDARY LAYER.
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