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NQENCLATURE .

Principal Symbols used throughout this Thesis

SYBOL

k Thermal conductivity of the material

t thickness of the conducting material

3 co-efficient of emissivity

- ‘Stefan - Boltzmann Constant - 5.67%107C W/m2. %%
.7 Temperature

x Distance from the leading eé.ge

x, Constant - 0.,004191m
Q Convective Heat Input

Qo Ganvecti&e heat input constant

L Length of' conducting surface

R Junction resistence to heat flow

1 Length of constituent material of composite leading edge
A Variation ‘of temperature with distance from leading edge
Subscriptbs

1 refers to copper portion of leading edge, chapter IIT

2 " " stainless stesl portion of leading edge

values of parameters at x = Q
L b v " "~ x =L

iv

UNITS

W/mQK



 SUBNARY, .

It has already been shown that by takiné into consideration
the conducting power of the leading edge material, nose temperatures
are substantially reduced compared to the case where aerodyneamic
heating is balanced by radiation elone, The leading edge is envisaged
as a " conducting plate " and the heat transfer equations formulated.
This investigation is cchcerned with two particular methods of
reducing leading edge temperatures by increasing the conducting
power of the leading edge.

- The first involwves manufacturing a leading edge consisting
of a basic structural material on to which is bonded a nose aof highly
 conducting material. The main problem which arises is that a themmsl
resistance may be set up across the interface of the two structural
materials and it dis possible that the reduction gained in nose
temperature will be offset by this thermal registance. Steady state
heat éransfer equations are set up to allow for the variation in
material properties. Experimentation is carried out to determine

the junction thermal resistence, which cannot be obtained analytically,
and to investigate the accuracy of the results predicted by the
solution of the heat transfer equations. Modeis of simple shapes,

are manufactured from copper and stainless steel to represent the
leading edge and are subjected to simulated aerodynamic heating,

The object of the other part of the investigation is to

£ind the material distribution for a leading edge such that it has
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e minimun nose temﬁerature for the amount of material available
and & linear temperature distribution over its lengf;h. Previous
investigations have been concermed mainly with relatively simple
-J.eading edge shapes. By taking the temperature distributicn as
linear a stress free leading edge is obtained and the analysis
of the thickness distribution is considerably simplified since
the heat ftransfer equation becomes directly integrable. A model
was manufactured on the basis of the analysis and subjected to
simulated aerodynemic heating to provide a comparison with the

predicted results.

—



CHAYTER T

INTRODUCTION

The effects of aerodynamic. heating on the structural

:integrit;} of high supersonic aircraft are well known. In particuiar
the parts of the aircraft situated at the forward position, such as -
the nose and leading edge, are subjected to the most severe heating
and become the most critical parts in the design of such aircraft.

Temperatures at these regions under aerodynamic heating may easily
exceed the limits of the maximum temperature tolerxable to any
_available structural materials if provision is not made for removal
of the absorbed heat. These limits must include considerations for
the preservation of sitrength and rigidity of the aircraft structure
at ail time during flight. Considerations of the temperature limits
may even be extended to cover thermal fatigue if that should become
one of the design requirements. &s far as the design problem caused
by aérod.ynamic heaj;:i.ng is concerned, the forward parts of & high
speed‘ vehicle require special attention. The present investvigation
is directed towards the heating of the leading edge, with the
cbject of alleviating the leading edge tenperature of an aircraft
flying at hypersonic. speed.

One metho;i of heat dissipation ig by radiation from the

surface of the aircraft. Radiation equilibrium Leumperature is

defined as the temperature, at which heat input to, is in

equilibriwn with heat dissipation by radiation from, the surface.
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At the leading edge, which usuvally suffers fram the highest heat.
input rate, the radiation equilibrium temperature can reach an
_unbelievably high value, whereas away from the leading edge, radiatsion
equilibriun temperatures are relatively low not to cause any immediate
concern, | This is due to the fact that the heat input rate dovmstream
from the leading edge is relé;tively low, compered. to those at the
leading edge , But the existence of radiation equilibrium temperatures
in the wicinity of a leading edge is very doubtful, for if it were
true there would aldo exist in this region a very high temperature
gradient along the skin. The presence of a {emperature gradient in
_& golid material will inevitably dnduce conductive heat flow in the
material unless the material is a pexfect insulator which we know
does nat exist in practice. Heat {low by conduction from higher to
lower temperature levels must render some help towards reducivg
the nose temperature at the leading edge, for the higher the
temperature gradient, the more ef:f‘ec“;ive.will be the conducticn of
heat lf‘rom the nose downstream. It is evident, therefore, to accept
the presence of sufficient conducting material at the leading cdge
as heing a ficticious heat pump for the alleviation of nose tamperature.
The power of such a heat punp may be loocked upon ag being in direct
proportion to the product of the themal conductivity and the voluue
of material employed in this region,
Ydeally we prefer a large volume of highly conducting material
to be situa_ted. at the nose. Often, however, thoc nose gpace of a

leading edge 1s rather restricted to allow a large quantity of



3

i

ma.terial to be concentrated there; there is also the unnecessary
weight penalty to be borne in mind. If the shape of the leading
edge and hence the volume of space available is already specified,
en inerease in the material conducting power can only be realised
by an in‘creaée in thermal conductivity of the material. One possible
method. of achieving this is by inserting rods of highly conducting
material, in a chordwise direction, in the leading edge structure.
These rods will provide channels for heat flow downstream, away
from the nose. Problems, however, arise 1n constructing such a
systems The thermal expansions of the two materials at the working

temperature may differ, which may, either, introduce thermal stress

in this already highly heated and highly streined region or,
create unneceszarily high thermal contact resistance between the
—réds and the main body to deprive them of their potential as heatl
channels; the spacing of the rods would be important, since, the
wider the spacing the greater would be the variation in temperature
along the leading edge; the rods would have to be manufactured to
very accurate limits since they would probably be inserted into

the leading edge after its construction. Taking these drawbacks

into consideration it would appear more practical (and simpler,\ ta
construct a leading edge on to which was bonded a nose of a highly
condueting material; however, it is possible that a thermal resistance
would he set up at the Jjoint of the two materials., The problem

which avises is whether the thermal resistance produced at the Jjoint

will offset the advantege of having & highly conducting nose.
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Ancther aspect of this investigation concerns the shape
of the leading edge. Previous investigations have, in the main, been
_ limited to the analysis of, and experimentation with, leading edge

shapes, which are uucomplicated to manufacture, such as slabs,
trapezoidals and wedges; the investigations concerning these simple
shapes are discussed, in more detail, -in Chapter 2.

" If the cross - sechional area, and consequently the volume
of material at the leéé.:ing edge, are specified it should be possible,
by verying the thickness distribution of the material, to render the
nose temperature a minimum for that specified area and heat inputbe

_An addition, the thickness distribution of the material could be
arranged in such & way as to provide a prescyibed temperature
variation over the leading edge. We have investigated the evaluation
of a thickness distribution of a leading edge which would have a
linear tenperature distribution and mimimum nose temperature for a
prescribed quantity of leading edge material and heat input.

A telx;.perature distribution with uniform gradient was chosen since it
produces zero thermal stresses, and also considerably simplifies

the analysis of the thickness distribution. Despite experimental
limitations, and problem of manufacture, a leading edge, which
fulfills the above conditions, was constructed and tested, to provide

a comparison with the theoretical analysis.



SURVEY OF PREVIOUS WORK.

Ergvious investigations, which have bee&/ﬁoncerned with
reducing leading edge temperatures during high speéd flight, have
tended to ignore the material properties of the leading edge.
These investigations have assumed that the values of leading edge

temperatures are clese to radiation equilibrium values and that any

means of reducing temperatures is by employing artificial coclinge

5.

One particular property which is likely to be a significant temperature

reducing factor, is the conducting power of the leading edge material;

by considering this and other factors, such as the shape of the
leading edge, it may be possible to design a leading edge whose nose
;emperature is reduced to a level which is acceptable to presently
known materials, and consequently does not require cooling. |

It is convenient at this point, to mention briefly scme
possible cooling methods. The heat sink method requires a sufficient
amount of material at the leading edge to absorb the heat input;
however the amount of material which could be added is limited by
the space available and the welght consideration for the vehicls.
Mass transfer cooling involves injecting high specific heat gas ox
liquid into the boundary layer through openings in the surface of
the leading edge structure. The development of the boundary layer
and consequently the heat transfer rate to the body is grestly

affected by the introduction of this foreign fluid; in addition, heat



may be absorbed by & change of phase of the coolant, e.g. sublimation
or evaporation, The disadvantages of mass transfer ~coling are that
the system requires pumps, coolant storage tenks, pressure regulators, etc,
The construction and maintenance of a porous leading edge surface
would present serious difficuities. 1f the wehicle depended molely
on mass transfer ceooling as % method of heat removal then the
system wﬁﬁld have to be very reliable. Ablation cooling is the
process of gradual loss of material at the suwrface of a wehicle
exposed to severe rates of heating. The material either melts,
vaporises or decomposes chemically, and in so doing absorbs heat,
-and then flows &wa; into the boundary layer. Gasses are normally
produced during ablation and, once produced, they force their way
into the boundary layer and cause a blockage of heat transfer,

An attractive feature of ablation as a means of heat removal is
that the rate of melting or wvaporisation adjuste itself
avtomatically to the rate at which heat is being transferred %o

the surface., The heat pipe 1 is a structure which, by virtue of its
internal construction, is capeble of transferring heat at high
rates over appreciable distances while repalning relatively
isothermal and without the need for external pumping. It is.
énvisaged that the heat pipe would form an integral part of the
leading edge and would extend into the adjacent portion of the
downstream wing structure. Heat would be transported through the

heat pipe from the leading edge to the dowrstream section and

then radiated throuvgh the surface to the enviromment,
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We, will, in the main, be concerned only with investigations
which have considered the effects of leading edge design, without
cooling, and, in particular, those which deal with the conducting
ability of the leading edge material.

Nonweiler : wes one of the first to recognize the potential
available for reducing leadiﬁg edge temperatures hy employing
condueting materials at the critical parts of high speed vehicles,
More recently 3 the same author has discussed the problems involved
in designing manned high speed vehicles. These are the effect on the

occupant of acceleration and retardation and the temperature of the

environment. We are concerned only with the temperatuwre aspects.

Nonweilesr, by considering e very simple representation of a

manned vehicle, produces figures for leading edge bemperatures

and also the uvnemmal stresses involved. The leading edge temperatures
are found to he just beyond the range of known materials, but this
problem could be significantly reduced for only a slight reduction
in témperatures. Somé suggestions on how to achieve this reduction
are made e.go by adding a projection of conducting material to the
leading edgee.

Naysmith and Woodley b have produced radiation equilivrium
temperatures for aireraft at varying hypersonic speeds and varying
altitudes. These temperatures can be taken as maximum possible
surface temperatures, since they are calculated on the basis of zero
heat conduction in the body and the aerodynamic he&t‘input to the

surface is bhalanced exacltly by radiation emitted from the surface.
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As can be seen from the figures produced, the equilibrium
temperatures at the leading edge are extremely high. Obviously,

_ in prectice, the body could not be a perfect insulator and heat
conduction exists in the materioel where there is a 1\empera‘cure gradient,
Capey 2 investigated the effect of material themal

conduc;tion, ag well as radiaéion, on the leading edges of vehicles

in high s:;peed flight. The variation of surface temperature with distance

from the leading edge is calculated for two cases; firstly, the

leading edge is assumed to be a perfect insulator and secondly, the

leading edge is constructed of & conducting material or contains an

_insert of oonduct:’uig material, Some consideration is also given to the

shape of" the leading edge, relating the variation of skin temperature

‘with leading edge nose radius. The results for the insulated case

are selected from the results produced by Naysmith and Woodley.

Tor the conducting le«;a.dj_ng edge the heat conduction equation is

solved by a finite differences method. It i assumed that there is no

tempeérature variation novmal to the surface of each finite element,

The temperature distribution is obtained by equating to zern the

total heat input into cach gegment, which is composed of aerodynamic,

radiative and conductive terms. |
The conclusions of this report were that a leading edge

constructed of non - conducting material would suffer severely high

surface equilibrium. temperatures, whereas a leading edge of conducting

materisl, subjected to the same heat input rates would have cousiderably

reduced nose tLemperatures,.
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Nonweiler, Wong and Aggarwal 6,7 investigated the effect
of material thermal conduction on the leading edge heating of a high
speed aircraft wing. 4n aircraft wing can be a very complex structure
and when it is subjected to aerodynamic heating diffiiculties arise in
calculating the temperature distribution preduced. To overcome these
difficulties Nonweiler, Wong and Aggarwal envisaged the leading edge
of the wing as a conducting plate and then put foward a suitable
theory. Mathematicai analyses were then carried out, for simple
representations of a leading edge, with the aid of a digital computer.
The flow at the leading edge is taken to be laminar and aerodynamic

heating originating from the boundary layer is assumed proportional

=Y

to x = 2 where x is the distance from the leading edge. Similarity
relations are also produced which show how experimentation at
iaboratory rectricted temperature Jevels pan be scaled up to provide
information of practical value. The theoretical results gained fram
the conducting plate theory are compared experimentally with three
simple shapes of leading edge - a slab, wedge and trapezoidal,

In these eyperiments aerodynamic heating is simulated by rediation
provided by the combination of an electric filament heater ani a

8,9 which is specially designed to give a radiation

reflector
iﬁtensity distribution proportional to x %. Very good agreement was
shown to exist between theoretical and experimental results,

The conclusion reasched by Nonweiler, Wong and Aggarwal

wasg, in agreement with Capey, that heat conducticn at the leading

edge pleyed a predominant role in reducing nose temperatures.
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Aggacwal i0 reproduces the results of rc,srence 6 in
greater detail, 4n, in detail, explanation of the method of overcoming
the singularity in the laminar heat transfer expression at the leading
edge is given. This problem was discussed briefly in reference 6.

The heat input distribution, from the boundary ZLayeX to the leading
edge, is taken as being proportional to x z 3 &8, is obvious, the
heating rates at the nose i.e. where x = O would become infinite.
Consequently it would be impogsible to produce experimental resulis
for comparison with theoretical results. The problem is overcome

by the introduction of a constant X3 which is small in comparison

with the length of the experimental model; the heat input

Nj=

distribution now becomes proporticnal to (x + xo) « A can be seen

the heating rates at the leading edge are now finite without causing
's:i.gnif‘icant change in the heat input expression. Experimental support

for the choice of value X is provided. Three different analytical methods
of solving the equation obtained from the conducting plate theory,

have been studied, one of which was extended to deal with the
two-dimensional case. A solution of the heat conduclion equation.

for a plane delta wing shape was obtained. The effects of varying

the span and sweep -~ back angle on the temperature distribution and,

in particular, the magnitude of nese temperature are examined.

.An account of the development of 'a simple wire heater, to simulate

aerodynamic heating over the delta wing model, is given.
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The present investigation is a continuation of work done
in references 6 and 10. Further methods of reducing nose temperatures
~and of controlling the temperature distribution of the leading edge
are examined. The basic theoretical and experimental procedures, laid
down in references & and 10 are modified, where necessary, to cover
the new topics of interest and to provide comparisons.

“One of the conclusions axrived at in reference 10 was that
if the thickness distribution of the leading edge was linear then the
noge thickness, without teking into account the thickness wariation,
alone virtually determined the temperature distribution of the
w}eading edge. During the present investigation this conclusion was
found to be not entirely correct.

The effects of nose thickness on the temperature distribution
can be taken as an indication of the wolume of material present at
the leading edge, but this assumption is not Justifiable where the
linear variation in thickness is large, such as a trapezoidal or
Wedge; The theoretical results for the nine models tested in Chapter IV
of reference 10 were re -~ calculated allowing foxr the variation in
thickness. Results for three of the models are shown in Figures 2, 1 - 3,
The results showed no great differences between experimental results
or the theoretical results calculated on the basis of nose thickness
only, until models with large variations of thickness, such as
wedges were encountered. Results for wedges showed greater agreement
with experiment than the comparative theoretical results which did

not allow for the variation in leading edge thickness. These results
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therefore Invalidate the conclusion arrived at in reference 10,
All theoretical results produced in this investigation
are caleculated on the basis that the thickness variation of the
Jeading edge is teken into comsideration. It is important that the
effect on the nose temperature is due to the amount of the material
concentrating at the nose and not due to the dimensional thickness

of the nose alone.
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CHARPER TITT. -

Theoretical and Experdmental Investipation of a Lieading Rdee

with a Hizhly Conducting lese,

5.1 Introduction

It has already been proved 6, 10 that the conducting power

of the material situated at the leading edge is predominant in
reducing the nose temperature, Further reduction of nose Lemperature
could be achieved by increasing the conducting power of the material;
this could be effected either by increasing the amount of material
or by increasing the themmal conductivity of the material, This

part of the investigation considers the latter method,

The thermal conducting ability of the leadiaz edge is
increaséd by bonding a nose strip of highly conducting material
on to the basic structural material to form.a composite leading edge,
The main problem which arises is that a thermal resistance may be set
up across the interface of the two structural materials and it is
possible that the reduction gainedl in nose température will be
offset by this thermal resistance,

A theoretical analysis of the camposite leading edge was
carried out using as a basis the conducting plate theory of
reference 6. The formulation of the heat conduction equation for the
composite leading edge had to be modified slightly compared to the

general equation produced for the analysis of simple shaves without

16.



any discontinuities. This was caused by the variat.on in waterial
properties, such as emissivity, acrocs the junction of the materials.

v . Bxperimentation for this investigation was carried out on
models similar, in dimensions, to those in references 6 and 10, but
fabricated with a nose of copper bonded on to a body of stainless
steel. The e'xlmrjments were conducted using the apparatus described
in reference 10, and needed no modifications,.

3,2 Theoretical Analysis of the Camposite Leading REdee, B

It is convenient; for simplioity ol analysis, to envisage

the leading edge region as ' a conducting plate.' The derivation
_of the heat conduction equation is based on the mathematical
assumption that the thickness of the conducting plate is vanishingly
small, If k is the thermal conductivity of the material, and + the
thickness, then the product kt remains finite while the rotio 1'?/ls:
tends to zero. One of the important implications of this assumption
is that within the body heat transfer nommal to the surface can be
j.gnofedo Hence the dimensionality of the heat conduction eguation
is reduced by one.

3.2.1 Derivetion of the Heat conduction Bauation.

The modes of heat transier, which are present when a
hypersonic leading edge is subjected to aerodynemlc heating are:i-
1) Convective heat transfer from the boundary layer, Q = £(x).

2) Heat radiated away from the surface - Eo-’.l'fz ”, where & is the
emissivity of the surface and ¢ the Stefan - Boltzmann constant.
3) Heat transferred inside the body by the conducting powex of

the material,



Since we are conceraned with the temperature distribution and the
temperature variation across the junction, we will take the heat
conduction equation to be one -~ dimensicnal, x, origin at the nose,
is measured in the chordwise direction. The heat conduction equation

can then be defined as

al k.

r
L) = et - 4) 3o1

Themnal conduction plays a predoninant rcle in moderatihg
temperatures only over a particular length of the leading edge,
ﬁeyond this length, btemperatures tend to the radiation equilibriun
valuess This length has been termed the 'conduction length'.
istimates of the size of the 'conduction length' were made in
hreferences 8 and 10. For practical considerations, the conducticn
length is liable to be substantially less than the length of model
subjected o heating, Hence it is convenient to regard the conducting
plate as being of bounded extent and length, L; equation 3.1 will
then be sclved for the independent veriable x/L.

It should be stated at this point that the product kt
and the co-efficient £ can bobth be functions of temperature (T)
and position (x).

Bguation 3.1 yields two well-known solutions in the extreme.

For kt(x) tending to zero then

1
e )Y

i.e. the temperature is everywhere equal to the radiation equilibrium



value. The other extreme wherc kt(x) tends to ir.inity yields
the solution
- f@ Q) edx o
A 5o3
/ o £ o L4
which is a constant temperature throughoul, and corresponds to a plate
of infinite conductivity.
Bquation 3.1 was solved in references 6 and 10 subject to
the boundary conditioms that there is no longitudinal heat conduction

at the nose (x = o) and the tail (x = L). These can be written as

l"f!
kel %3; = 0 ab oz = 0, 3l

We have adopted the same convention in this investigation,
Throughout this analysis the convective heat input is

assumed proporticnal to (x xo)w%. Reference 10 provides detsiled

enalysis of the reasoning behind the use of, and choice of wvalue

of', xo. Consequently we can now define the convective heat input as

£y

Q@ = Q /(xmex )

<

Wy

3¢5

where Qo is a constant.

We can now revwrite equation 3.1 more fully as

, . N
%( kt%) = EoTt - A,/ (wwx, )® 3.6
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Agparwal 10 pormulated an squation, identical to 3.6
but in non~dimensional terms; in addition, Aggerwal solved the heat.
conduction equation by three different methods. The method, on which
we base our solution of the conduction equation forxr the cowposite
leading edge.is a finite differcnce method in which the interval
x(0,L) divided into N equsl intervals and the subsequent N+1
finite difference algebraic equations are solved iteratively by an
explicit method, namely Gaussian elimination.
Appendix & provides a thorough derivation of the algebraic finite

difference equations for the heat conduction equation.

P20, Modification of the heat conduction equation to deal with

the varistion of thermal propertics of the conposite materials,

Figure 3.,2.2 is a representation of a conducting plate which

corresponds to a leading edge with e highly conducting nose. The shape

of the conducting plate as shovn in figure 3%.2.2 is of no importance

Gopper atadinless Bteel Ploure 30202
e > %
., oy
1 >

Conuider the copper portion i.e. where 0(3%<:11 and writing in the

form of equation 3.1 we get

%‘ﬁq( 6 %,‘) = epT - aly) Se1

where subsceipt 1 refers to copper and we define the convectiive
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heat input as

4
i ] ol 1? N
(b(""‘) QC} / ( x-'l N ..5?'.'.0 I ::?llb.&.ﬂ
Yor o< x2< l,s again applying equation 3.1 we get
o8 . 81 i >”_ .
3352( kb T } o= € 20'?.5) - {.:,2‘) 309
e
where subscript 2 refers to stainless steel and again we define
. / =
(al(?:rﬁ) = QG‘/ vy “!‘“& R )= 32.10

If the junction has negligible resistance to heat flow, then the
temperatures on either side of the junction will be the same and

the following equations will apply

an . (. T 3ol
( li1 6:};,: }x,i = 1,1 - ( 1‘2‘ éi:i.‘z 23‘:2 = O
which gives us
T -l = T > - 5012
Ry = 3.,‘ Ho w 0 .

However if the junction has created a reésistance to heat flow then
the temperature will Junp from materinl 1 to 2 across the joint so
that at My = .‘L% we have T =7 4 and sinilarly at Xy = O we have

T = ‘.[‘2. If we let R be the junction resistance, we then have

. Q\;E s, :j ] w N 5«1.7)
(‘lif; dax, ‘}121 =1, " I?;{ By = To.
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It is obvicus thet if junction resistance, R, tenas to zero then

T, and Tz will become identical, e can express R as

1
T " '.ER ]
R = ( N .Q;;B“ j 915
1 duxy -:}:.,i w= j“i
T, « %
. 2 .
[ R = ( ;‘im jq.‘i &
Lk vl W &
2 dx, My = QO

from which we obtain the expression

sy
<

—
~j

" i .
a7 -’1( A
( " }- e = k' - ~ iy (}'»-. s
3.2 = l{z ébc1 &1 = l’l

This would appear to be the same equation as 3.11, however the
numerical values involved would be different since one equation assumes
negligible resistance to heat flow across the junction, whilst the
other does note.
The boundary conditions for the solution of the heat conduction

equation, of a composite leading edge, now became!~

- 4
9-'{; '.2*.':1 = S %xj:., = QO 3318
it
et o, = 0 &L (f};'l;& 3a19

’ i T TR L dixy %y = g
dmr\ : . .
& » 020
ot 2:2:0"?{-3“(3;;)%::0 ' g
b



where from equation 3,13 we can write

cl’.[f,i
[t - 0 — - ooz
Ly = Ty=RE e ). oy 5021
1 1
e AUer mae e ar ]
apd finelly et Xy = .1? s == = Q %022

2 e

" The finite difference equations obtained in Appendix A
for the general beat conduction equation (3.1) are solved, usjngj
Gausgian elimination, hy & digital computer prog::aﬁ.

Appendix B shows how this program had to be altered o accancdate

_ the composite leading edge.

%0243 Discussion of Theoretical Results.

Figures 3¢2+3%. 1=3 show theoretically calculated temperature
distributions for three models which are representative of the type
of models used to verify the general theory of conducting plates
in references 6 and 10, The highly conducting nose is taken to be
of cépper and the main body of stainless steel. The reasons for thisg
are outlined in section 3¢3.2. The models were s bjiected to a
convective heat input constant Q_=7500 W/ 5/2 and X _=0¢004191me
The temperature distributions are caleoulated on the basis of zero
resistance to heat flow across the junction of the materials.
Congeguently the results can be viewed as being the best possible
since a themal resistance at the Jjoint would produce a jump in
temperature across it and a higher nose fhomperature,

The advantage of using a highly conducting nose are obvious

from figures 3.2.3%. 1«3. The benefits gained for a slab, Trapezoidal
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and wedge are respectively 3.6, 4.8 and 10,5% redi, ticn in nose
temperature compared to a leading edge of all stainless steel.The
less material there is present at the nose then the more significant
becomes the effect of the increased thermal conductivity of the
leading edge. This suggests that a sharp leading edee, of a highly
condnceting material or composite material, could be constructed to
produce the same nose bemperature ag a thicker leading edge of lower
conductivity material. The figures for an all copper leading edge

are produced for comparison with the all stainless steel and couposite
leading edges.

B An investigation was carried out to find if the advantages
gained by employing a highly conducting nose varied with heat dinput.
The percentage reduction in nose temperature, based on an all stainless
>aﬁeel leading edge, was calculated for increasing values of Qoo

The results for a typilcal example are shown in Figure 3eZ.3e4.

It should be noted that the vertical axis is sizeably enlarged and
that over a range of Q between 1,000 to 20,000 v/ */ the percentage
reduction in nose temperaturae varies between ) and 5% but never
exceeding 5%. If very fine limits of nose temperature were to he
observed then a mawimum reduction in nose bemperature relative to
convective heat input is available. Results for other shapes of models
show very similar trends, {the only varying velue being the maximum

reduction in nose temperature.
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33 Eyxverimental Aanalvsis of the Camposite Leading Edge.

e purpose of the experimental analysis is to determine

the Junction thermal resistance which camnot be obtained analytically
and to investigate the accuracy of the results predicted by the
thecretical #n&lysis. Models are manufactured to represent the
leading edge and are subjected to simulated acrodynamic hesating.

The heat flux, which Ampinges on one surface of the model, corresponds
approximately to x £ and is produced by the combination of an ¥
electric filament and specially desipgned reflector 9. Agparwal 10
verified the general theory of conducting plates by testing several
models which consisted of slabs, trapezoidals and wedges of varying
.”dﬁnensionso The apparatus use@vin reference 10 required no mwodification
to test the models prepared for this investigation.

551 Simulation of Aerodyvnanic Heatine-

The required heating distribution is provided by an
electrically heated element as a source of infra - red radiation
combined with a reflector.Sinha 8,9 designéd and constructed a
reflector which produces a heat distribubion approximately to
x 2 on a given irradiated plane. The reflector consists of seven
curved surfaces which blend smoothly together to form a quasi-
continuous profile.
| The source of heat is a wire coiled round a ceramic
(alumina) tube which is reinforced by the insertion of a tungsten

rod through its centre to prevent sagging at high temperatures.

Heating received by the model is due largely to the reflected



radiation and a very small percentage of direct radiation from
the elanent.

The similarity laws derived in reference 9 permit us o
carry out scaled experiments provided we select the parameters
accordingly. The value of the heat input parameter, Qo" should be as
high as possible so as not to restrict the use of materials Yo those
with low co-efficients of thermal conductivity. In addition a higher
value of Q‘o produces higher values of temperature everywhere witll';m
the model and reduces the effect of background temperature upon
the temperature distribution. In the experimental invesbigation

H‘the value of C,),o is directly proportional to the power dissipated

in the heater filament. Aggarwal increased the power output capability
of the filament compared to that of reference 8 and 9 by using
tantalum instead of tungsten for the filament wire.

Aggarval 1o also thoroughly investigated the performance
of the reflector using a .rac'liometer 1 which was specially designed
to measure the thermal radiation intensity over the model. The‘reflector

!
was designed to simulate an x 2

heat distribution over the model.
Aggarwal :f‘omm“fl that very close to the leading edge the reflector
could only produce finite and very limited rates of heat flux, but
that over the range xo< x< L the reflector reproduced the required
distribution quite well, X, being very small compared to the length

of the model. In practical terms it means that the nose of the model

was placed a% X = X, instead of X = 0.
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3e362 Test Models, .

K

The size of the models are limited by the apparatus
avallable; with the equipment available at present we can test
models of planform area 003048 x 0.1524 m. The length, L, being
fixed at 0.1524 m. The materials chosen for the composite leading
edge were stainless steel for the main body end copper for the
highly conducting nose. The particular {ype of stainless steel
chosen wag F.C.B, Staybrifte also designated A.L.3.Le « 347,

This type was chosen since it produced appreciable temperature
difference from nose to tail during the experimental investigation
of reference 10. Its co-efficient of thermal conductivity is given
~ ‘by the manufacturers = (Pirth Vickers Stainless Steel Ltd.) as

k = 15.9(1 + 0.00039 x T © G) W/n® K. Copper was chosen as the
‘ma.terial for the conducting nose due to its avallability and the
fact that its value of themmal conductivity is approximately twenty
five times that of F.C.B, Staybrite. It can therefore be safely
agssumed that the nose is 'highly conducting! as compared to the

main bedy of the leading edges The co-efficient of thermal. conductivity
for copper was taken as k = 402.31(1 - 0.00016 x 7°C) %W/m°K and was
obtained from Touloukian 13 .

Four models of trapezoidal section and linear variation
of thickness were tested in all. The details regarding the dimensicns
of the four models are given in Table 3.%.2, Due to machining

difficulties at the copper nose, L is not always exactly 0.1524 m.

& typical test medel is shown in figure 3e¢3026



Table 32302

Test Models.

Kodel No. Material Description
Copper Nose a = 0,0508 cm
b = 1.27 m
1 with Stainless Wedge 11 = 3,025 am
12 = M .14-55 cm
Steel Body
a = 0,025} an
B o= 1.27 on
2 " Wedge 1 1 = 3,947 om
12 = 11 Py l|.93 cm
a = 063175 an
» b = 1.27 o
3 " Trapezoidal 1, = 3,81 cm
: 1é = 11.43 on
a = 043175 cm
b = 1,27 o
L. " Trapezoidal 11 = 3,782 com
1) = 11.3638 om

320
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56503 Method of Bonding Copper Nose fo Stainless Stesl Body.

The bonding process is by brazing the two materials

together as shown in Figure 3.3.2. The parts were roughly mechined

to size, with the contacting surfaces machined to a good mating fit.
The surfaces ’were both 33 cmse. long, one belng approximately O.4 oms.
wide -and the other 0,635 cms. The brazing process was carvied mg,t

by R.A.B. Farnborough. Copper - silver cubectlc was used as the filler
metal, the application of which regquires the plating of one juné:?ﬁion
surface with gilver and the other with copper. The operation is
carried out in a non - corrosive enviromment to avoid crevice agryosion
at the junction. The copper surface of the nose piece was thus
“elec:tropla’ced with 0.007 cms.,- thickness of silver and the stainless
steel surface with a gimilar thickness of copper. The model was then
Vsupporiﬁ;ed in o simple metal Jjig, holding the brazing surfaces roughly
in a horizontal plane by means of two vertical arms xising from a
base plate and bolted to both pieces at the end, the copper piece
being at the top. The assembly was then heated in a vaccuunm to a
temperature of 800°¢ soaked for 20 minutes and then cooled quickly
in an atmosphere of argon at low pressure,

The result of the brazing was proved very satisfactory;

no failure wags found in severe bending even after immersion in watexr
for several days. Ingpection alsc showed apparent fusion along the

whole length of the joint.

w



350l Treatment of the Model Surface exposed to Radiation.

The top surface only of the model is exposed to thermal
radiation. It should pessess a high value of surface absorptivity in
order to obtain as much as possible of the limited heating available,
To minimise 'i;he effects of background radiation it is necessary to
maximise the absolute measurements of btemperature recorded on the

model during the experiment, This would require that while we use a
high value of surface absorptivity, the top surface sghould have a

low emissivity. In practice however, it would he desirable for the
surface of the wing to have a high value of surface emisgivity to
take full advantage of radiation cooling under equilibrium conditions.

A study was therefore undertaken to investigate the effects
of various surface conditions on the variation of surface emissivity
’wj.th temperature for the materials used in :he experiment. An apparatus
had previously been developed 1'4, using an indirect heating method, to
measure the total hemispherical emissivity of solid materials.
Generally the total hemispherical emittance can be taken to be equal
to the normal total emittence.

Based on the results of the investigation the surface of
the model was shat -~ blasted with very fine grain shot and then evenly
blackened by camphor soobs. After this treatment the surface emf"Lssivity
of the stainless steel was found to follow approximetely the walues
given by € = 0.675(1 - 0.000181 x 7°C¢) and that of copper as

€ = 0.826(1 « 0,000365 x 2°G).




3,306 Apparatus and Experimental Procedure,

The models are subjected to heating inside a vaccuum
chamber. The purpose of carrying oubt the model tests in vaccuum
is to avoid convective heat transfer so that healt input tc, end
heat dissipation from, the model will be by thermmal radiation
alone. Heat transfer by na:l;u;'t:al convection 15 becomes insignificant
if the working pressure inside the vaccuun chember is maintained‘
below 1 m;/mz., The e:qoerhnénts are in fact conducted at pressures"‘:
of the oxder of 2 mN/m_z.

The inside walls of the vaccuun chamber are painted
. black using an enamel paint which is claimed to have an abzorptivity
of 0.9, Any thermal radiation being reflected from the walls of the
chamber is thus reduced to a minimum. Further, the vaccuumn chamber
walls are water cooled so that the background radiation can be
meintained at a low level,

Apart from the top surface of the model which is shot -
blasfecl and blackened; the rest of the surfaces are highly polished
using dismond powder. Additional shielding against radiation heat
logs is provided by placing & highly ref'leo’c:iné gurfece parallel
and close to the bottom polished foce of the model. The experimental
seb~up is shown in Figure 3.35.5.1.

Heat loss by conduction from the model is reduced by
resting it on four pointed ceramic pins, placed near the four corners.
Heat translfer to the ceramic supports throagh four pin - points can

thus be ignored. These pins are mounted on jacks which are used to
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ad;justvthe height of the model from a reference surface inside

the vaccuum chamber; with the help of this avrangement it is possible
to set the top surface of the model precisely in {the irvadiated plane.
In addition extra care is taken to ensure that the line of the leading
edge is in thé correct position.

Temperature measurements are taken at the middle section
of the model, where one - dimensional conditions are expected to
prevail, by means of thermocouples embedded into the meterial or.ivhere
the thiclkness is insufficient by spot - welding the thermocouples on
to the surface. The two methods give the same results. The
thermocouples are made from 4O S W G{0.012 cam. diameter) Fureksa -

\ consbanton wire; the wire dlameter is small to reduce heat loss by
conduetion. In all eighteen themmocouples are placed in two rows
-(0.635 e a.prrt) in the middle section of the model at nine prescribed
locations. One row of thermocouples was placed near the top surface

of the model and the other row near the bottom surface in order Lo
detect any temperature variation across thé model thickness. The
thermocouples e.mo.f. (which is a measure of the temperature) was
recorded by means of a digital d,c. volimeter.

The vaccuum chamber is evacuated by xlneans of a 6" diffusion
puap backed by a single stage rotary pump. Once the working pressure
of ?JnI‘I/m2 (approximately 1‘0'_5 torr) is reached, the electrical puower
to the reflector filament is switched on and thereafter increaged by
delfinite increments. After each increment of power and ag soon as
steady state conditions are reached the temperature distribution in -

the model is recorded.
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Table 3.3.5.1 gives the results of the Tour models that
have been tested. Only the comparisons between thz tenperature
digtributions corresponding to the maximun power and the theoretical
values are presented Jater in the discussion. Note thet less than
10% of heat dissipated in the filament js in fact absorbed by the model.

34306 Experimental Errors,

- Yhereag every precaution is taken to eliminabe any
experimental errvors, there are certain errors which are unavoidable,
These errors are listed briefly'

1) Although convective heat transfer can be ignored at pressurves
below anMAnz, heat transfer by free - molecular conduction may
exist, however, under the prevalent conditions it can be btaken
as negligible.

2) A very small amount of heat is lost throcsgh the thermocouple
wires, but this is unavoidable and negligible compared with the
longitudinal conduction of heat.

3) Bxcept the top surface, all the other surfaces are highly polished
and shielded against heat loss. However some heat loss from the
gides is inevitable.

i) The Bureka - consgiantan thermocouples used to measure temperature
have been calibrated at the National Physical labhoratory to within
T 0.2%,

5) 4 small amount of heat is reflected from the vaccuum chamber walls
on to the model.

§) Back - ground radiation from the vaccuum chember walls which are



L1,

!

maintained at the cooling temperature,

7) The reflecting surface of the reflector iz becoming less perfect
after several years use and consequently the heating simulation
is lesg efficient.

Se3el Discussion and Comparison of Theory with Experiment,

Figuores 3,3.7 1-h show ezxperimental results for the four
models tested and comparisons with the theoretical results for the
same heat dnput and model dimensions. The convective heat input
constant, Q,O, is calculated from the experimental results, using -

a numerical integration method and the equalbion

WIEETI*'QGX. = I(;QO/ ( X4 2;",0 )%Dd_x 34037

—T.his equation represents the conditions under which the models are
tested i.e. the total input of heat to the model must equal the
total amount of heat radiated away frum the model,

The agreemenﬁ between theory and experiment is good.
The difference between the theoretical and experdimental results
for the composite leading edge does not exceed 1.5% anywhere aver
the model, Since the 'théoretical results are based on zero resigtance
to heat flow across the junction and the experimental results show
good agreement with the theoretical, then the resistance to heat
flow at the model junction can be taken as negligible,

Several errors which could have an effect oﬁ the theoretical

results have arisen. 4 curve has to be drawn from the experimental
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results o provide enough points to make the numerical integration,
from which we pet Q“o’ sufficiently accurate. If the curve deviates

rom the experimental results then the value of Qo will be affected,
since we heve to caleculate the amount of heat radiated from the
surface of the model; which is propoftional to Tli'. Thug if there is
e. 1% chenge in T then there will be a 4 change in the amount of
heat radiated from the model and hence a similar change in QO..

It is very difficuls to measure accurately the nose thickness o:E“l"'{;
trapezoidal or wedge models due to the rounding - off of the nose
during machining. The value of thermal conductivity for copper was
_taken fran Touloukian 13 s this reference assumed the copper to be
of high purity. The copper used to construct the models wag not as
pure as that of reference 13 and consequently the value of thermal
conductivity may deviate from the quoted vaiues.

| In all the models, two rows of thermocouples were embedded

at two different depths to détect any temperature gradients across
the 'Ehiolmess of the material, Consis”i:ent with the basgic assuption,

no gignificant temperature variations across the thickness were

measured.,



CBAPTER IV,

Investigation of the effect of the shape of the Leading FEdee,

Lo Introduction.

Recent investigations in leading edge heating problems have.
been concerned oaly with theoretical and experimental studies of
relatively simple leading edge shapes. The object of the investigation
is to find the material distribution for a leading edge such that it
has a minimum nose temperature for the materisl available and a

. linear temperature distribution over its length.

h A theoretical analysis. was carried out to calculate the thickness
digtribution of a leading edge which would f£it the above requirements.
‘:'L‘l}e analysis is congiderably sﬁlplified, hy choosing a linear
temperature distribution, since the heat conduction becomes directly
integrable. 4 linear temperature distribution also produces a stress—
free leading edge. It was found that the tﬁiokness distribution, to
fulfill the required conditions, was directly related to the convective
heat input constant Qo. This relationship presented problems in the
experimental Investigation.

The amount of heat input available to the experimental models,
from our apparatus, is not veiry high and consequently, according to
the similarity laws 6, the models must be thin. Great difficulties
had to be overcome during manmafacture of the experimental mod.eis

in order to produce the required thickness wvariation. The ezperimental
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model was tested using the apparatus described in Chapter III

b4o?  Theoretical Analysis of the Leading Bdpe,

The heat conduction equation as derived in chapter III for a

leading edge subjected to aerodynamic heating can be written as

d aT . ;
“c&"( kt T ) = & 0"13}+ - Q(x) Lol
The temperature distribution for the leading edge is taken as
linear and can be written as
- T = 'Jf.’o - X " 42

where To and o« are constants, equal to nose temperature and varisation
of temperature with length respectively and x is measured in the

chordwise direction from the nose,

If we integrate equation 4.1 whilst substituting with equation

Le.2 we get

alkt = H(x) + £ r o~ 70) he3

X ﬂ
where H(x) = f © Q(x).@x and where we have used the fact that
o

§ = 0 at x =0, If we also assume that kt = 0 at x = L, where L

is the length of the model then

HIL) = - -5%-['305 - (g man ] laly
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and further if we suppose that the cross-seclional”area of the
thickness distribution is 4 then integrating equation L3 again

we get

&

otlch = [ H("E)od}x. + """g*?—.w*[‘f - ( T oLy )6;].. G 0 L 4e5

30 oL

Thus with known Q(x) , L, € ,ovand I?A equationg Lok and 4.5 determine
To and ol and 4.3 provides the associated thickness distribu‘tion.vr
However there mast be some relationship between T and L
(assuning that Q(x), £ , 0~ and kA remain fixed) which renders

El'.‘o a minimun. If we regard T o and L ag independent variables

in equations o4 and 4.5 then from 4.5, and employing calculus of

17

variations, we get

6_ 6 © Lo 5 5
{k,el-wwd R )-»A-—m-BOLz{ T e T )I;}é‘o(

fe( g5 g0 .5- o, Eerta
{h(L) £( 27 - )}$L+{~—€-"-:-(r TL)--—_—-———»—)SQ

=3

where Ty = T, ~-a Ll and so fron equation L.k the term involving

8L is zero and hence if T has ¢ stationary value (l.e. § To= 0)

fhen o also has a stationary value. Applying the same principle to

equation L.k we get

«( QL) ~ Eon )L = fo( oo )se + (Contnon@) ) S

and. consequently § T " will be zero when

Eer = Q) la§



- at
which from 4.1 dmplies that dx = 0 at x = L, d.e. che trailing

edge of the thickness distribution s cusped. Bquations b, 5 and 6
now determine T _, & end L for fixed Q(x), € yor and ki such that T o
is o minimum.

To obtain a thickness distribution, it is easier to assume
a value of L and then caleculate the thickness distribution for which
thig selected L. is optimum. Thus with known L, equation 4.6 gives

'

us Ty divectly and further, noting thet T = T +«L, we can rewrite

1{-011—« as

f

Ti{lrw /e -qf = () (RS HEY - MRS

The left - hend side is easily determined and has been plotted against
('otL/'I_‘L) in Figure 4.2.1. From this graph we get the value of (o L/TL)
and hence o and so of ‘.I.‘o. Equation 4.3 then allows kt to be determined
and with it the optimised thickness distribution. This method of
prodﬁ.cing the thickness distribubion is very convenilent since the
value of L will be fixed by our e}éaerjxnental conditions.

Throughout this part o the inveatigation the convective

heat input function, Q(x) can be taken as

e) = o/ (e, ) el

X
where Q_ and x have their usual meaning. We take H(x) = j o Qlx)ax

Le'?
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t

and this provides us with ’ ‘

1 1 “
- A
H(L) = 2 Q, {(L-HcO; E } L9
whialk in turn gives us
IJ: N\ z" ",’: 1 2 ?_,
" . q -y 2, 2
IQ H(xjodx = 2Q, { s (Lex) ) =Lxf®~Fx] } e

[

from these results it can be seen that B(L) / IQ(L) is independent
of Qo, which means that Figures L..2.1 provides & relationship
_between dl/TL and H(L)/1Q(L) for any value of Q, provided L

is fixed.

_4.5. Theoretical Results and Discussione

The most conirenient method of calculating required optimum
shapes and nose temperatures is to assume a value of length and
calculate the cross - sectional area of leading edge for which this
selecﬂ:ed value of & is an opbimum. This method of calewlation is
particularly suited to our requirements since the value of }. is
limited by the experimental conditionsg availa.bieo

To provide comparisons with other shapes of leading edge,
cross - sectional areas of leading edges which would have minimum
nose ‘temperatures were calculated for varying velues of Qo3
temperoature distributions were then obteined for slabs, trapezoidals
and wedges of exactly the same area; ag the optimised shape leading

edge, subjected to the same heat input. The results are shown in
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Pigures Le3.1=3, Reasons for choosing Q, = 1250 w/m 5/2 will be
given later, the other two sets of resulits are merely examples
which are indicative of the values obtained over a wide range of
values of Qo. The valve of X, is fixed, as before, at 0,00i191 m.

The actual values of nose temperature do not really concern
us, the important factor is fhe benefit which is gained by using
an optim:i-.‘sed snape as compared to other shapes, The variations of
nose tempera‘c.ure between the slab and trapezoidal shapes compareé:
to the optimised shape are reductions of 2% and 3% vrespectively.
The difference in nose temperature between the wedge and optimised
_8hape is considerably larger end increases with increasing value
of Q e At Q= 1250 W/m 5/2 the difference is 7.5k, rising to
9025 at. Q= 5000 T/m 52 ana 10 at Q = 10,000 W/m X2, mhese
results are of considerable sipgnificance since of the three shapes
compared with the optimised shape the wedge would be taken as the
nearest approximation to an actual a.i;‘craft winge.

The procedure can be reversed by fixiung A, the cross -
sectional area, and allowing L to be variable., This method requires
an iterative form of solution since Pigure L.2.1 holds true only when
the value b is constant. To overcome this a simple computer progr;am
fr&s written to solve iterativ_ely for L « 4% an exemple we set

Qo = 1250 W /m 3/2 and A = 5 @%2

3 for this cross—sectional area
to have a minimum value of nose temperaturs v must equal 0.1791 m.
. L .
and the valu: of nose temperature is 6hle’ Ko Comparing these results

with the caze where L is fixed, A is voriable and the. heat input
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constaﬁts are identical (see Figure Le3.1), we find that for

a 5.8% increase in cross - sectional area, nose temperature
decreases by only 1.55% and L must be increased by 17.5% to
accomodate the optimisation. These considerations will be of
practical use in designing a leading edge upon which no Limitation
of length has been placed.

T It is convenient at thisg point to state that it is
impossible to cbtain an optimised shape if the values of ‘leng’ch, !
L and creoss - sectional area, 4 are fixed.

Comparisons between previocusly tested shapes e.g. those
of Figures 2,1-3, are possible to =zane extent, A linear temperature
distribution, which will not have a minimum value of nose
temperature, can be calculated for cases where Qo, L and A are
—fixed; this can be done using equations le2.4 and 5. 48 an example,
we will make a comparison with the model (a slab) of Figure 2.3
The result is shown in Figure 4.3.4. The nose temperature, which
has not been minimised, falls by 4.2°I§, compared to the slab,
which reprcsents a reduction of Oo?‘%q If the shape was an optimun
then the reduction'in nose temperature compared to a slab of the
same area would be expected to be of the order of Zh.

After the calculation of the‘ essential parameters such
as TO, o, L or &L equé.tion Le? détermjges the product kit and hence
the thickness of the leading edge. The shape, in general, has

meximun thickness at 0.175 and the value is equal to twice the
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average thicklhess —of the leading edge. Equation L..; provides
only the variation or material thickness and not the external
leading edge shape which, aliowing for the. existence of
interior cavities, may appear quite different.

bods Irperimental Analysis of an Optimised Shape Leading Edge,

The experimental analysis was carried out to determine

whither the theoretical analysis produced accurate results.

Basged on the theorvetical analysis, & meodel was manufactured to
represent a leading edge which would have an optimised shepe;

the model was constructed in such a way as Lo have one flat
. surface and the other surface :i:“olléwing the thickness distribution
provided by the theoretical analysise. The £lat surface of the
model was_subjected. to simulated aerodynamics heating corresponding
epproximately to 3(:”1/ 2 and is produced by the apparatus of
reference 9. The model was tested, under vaccuum, in exactly the
same manner as the test.models of Chapter 3, including placing

the nose of the zﬁedel at x = X ingtead of x = O,

booliod Test Model,

As has already been shated (393.2) fhe size of the test
model is limited, by the experimental epparatus, to 0.3048 x 0,1524 m..2
The length, L, being fixed at 0.1524m, Since the thickness distribution
of the leading edgeﬂ is directly related to the value of the heat
input constant, Q‘o (equa’cion Le3), the value of Qo should be taken
as high as pogsible in order to maximise the thickness of the

experimental model., The experimental apparatus was decided to be
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capable of produci.ng sufficient heat flux to allow Q o = 1250 W/m VL
to be taken as a representative valus of heat input constant.

The material chosen for the model was stainless steel,
type F. C. B. Staybrite or A 1. 3. L. ~ 347. This material wasg
chosen since it had proved satisfactory in previous investigations.
Its co = efficient of thernal conductivity as given in 3.3.2 ig
k = 15.9(1 4+ 0.00039 x 119G ) W/mOK and its co =~ efficient of emissivity
can be taken as £ = 0,735(1 + 0,000297 = 1°C )» To gimplify and sl};eed_
the calculation of the thiclkness distribution for the test model,
it was decided to take average values of k and £ owver the likely
 temperature range to which the modél would he subjected., On this
basis we used the figures k = 17,78 W/m K and £ = 0.3 throughout
_the analysis.

Using these figures and the method of calculation described
in 4.2, the optimised nose temperature, ‘.I?Og was found to be 654?301{,
the cross - sectional area, 4, of the model to be 3.1627 c:mz and
the linear temperature wvariation, oL , across the model to be
922.5 Ol{/m. The thickness distribution of the wodel was then found
from equation 4o3. Table Lolet shows the 'l:hicldmss distribution fox
the model and Figure lL.h.1(a) the shape of the model, The model
has & thin teil and maximum thickness Jjust greater than Q.4 cms.
and since the nose and %ail values of thickness are zmero it can
be seen that the model is particularly thin.

This thickness of test model caused merious difficulties

during its manufacture; to overcame the problem of hawving a thin tail
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Table Lolels Thickness Digtribution of the Experimental Model,

Theoxretical Actual
x (cmso) xt (W /K ) Thickness (cms.) Thickness (cms.)
0,000 - 0,000 0, 0000 0, 0000
0,7620 0,0519 062917 002917
105240 0.0708 o 063930 063980
2,286 0.0771 044338 044338
3,048 | 00771 " 064338 0.4.338
3481 0,0735 0e4:133 0»4133
4o572 0,0678 | 0,3812 003812
5,33l 0,0609 0.34.28 003428
6,096 000536 043014 043014
6.858 0.0461 - 042593 0.2593
7.62 0,0388 00,2181 002181
80382 0.0318 041790 0.1790
9o 1l 0,025, . 0.1427 0.1427
9,906 0.0196 0,1100 04127
10,668 0601l 040811 00127
11443 0,0100 0.0565 0127
12,192 0,006 0,0361 0,127
1é°954 0.,0036 0.0203 00127
13,716 0.0016 0. 0090 0. 127
100478 060004 00022 | 04127

15024 00,0000 0. 0000 0c127



FIGURE  lioliot

(a) Shape of model as provided hy theoretical an
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alysis,
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(b) Sha.pé of experimental test model,
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which tended to zero, the thickness -of the model .o approximately
0.75 of its length onwards was made constant at 0.127 om. The shape
of the model as it was actually tested is shown in Pigure L.h.1(b).

bolie2 Experimental Frocedure.

N

The experimental model was tested in exactly the same
manner as the models of Chapter 3. The vaccuun chamber apparsatus
did not require any modification.

The model is tested with its flat surface uppermost ané
exposed to thermal radiation from the reflector. The top surface
is shot ~ blasted and blackened and has the co-efficient of

emissivity stated in 4ob4e1; the curved surface is highly polished
using diamond powder and additional shielding against radiation
heat loss is provided by placing & curved reflecting surface close
”to the polished surface of the model. The model rests on fouxr
ceramic pins.

Temperature measurements are taken at the middle section
of the model by means of therﬁacouples which are spot - welded ta
the curved surface. The themocouples are the same as those used
in the experimental analysis of Chapter 3. Nine thermocouples
were placed, in a single row, at prescribed iocations along the
curved surface. Although difficulties arose in model manufacture
due to its thinness;'one advantage arose out of this; if the model
had been thicker, then because of its shape, it would be incorrect
to assume that there is no temperature variation across the model

thickness. The thermocouple e.m.f. was recorded in the same way
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as in Chapter 3.
| After the vaccuum chamber had been evacuated, power to
the reflector wasg steadily increased ﬁntil the desired temperature
conditions in the model were reached.

Table Lol.2 gives the experimental results for the model
and also provides a comparison with the theorvetically predicted
linear temperature variation.

The experimental errors encountered were the same as

those of Chaplter 3.

o5 Discussion.
h;- Figure L4.5.1 shows the eﬁperimental results for the model
tested and compares them with the theoretical linear teunperature
_yariationo

Considering the difficulties involved in manuvfacturing
a model of this shape, the agreement between experiment and theory
is exceptionally good. Excepting the first and last locations of
température measurement, the difference between experiment and
theory does not at any point =xceed 0.%Fho

The disagreement between experimen#ai and theoretical
results‘can be readily expl&ined; The first thermocourle was placed'
as close as possible to the leading edge of thﬁ moadel. in order to
provide an;'as accurate as possible, estimate of nose temperature.

Unfortwately the curved reflecting surface placed under the model

could not extend completely to its leading edge, aince, if it did,

it would be subjected to heating, from the reflector, which, in turn,
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Table L}-o}—!-e 2p : Ky

_ji Temperature (%K) ggggigﬁi(%ﬁ gg%;gzg
0,005 , 643097 652, 4. -
0,042 649613 6484 0.15

001 642457 ' 63010 65 ' 0o L5
0,166  ~ 625628 : 630,87 0.88
0,292 615,79 61343 Oaks
0.4166 599l 595.72 0,63
0.5833 57346 57243 0,23
075 551668 548085 0.52

0.9792 ’ 542,98 516,63 -
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would be transmitted to the curved sbrface oa’:‘> the iodel, Thus there
is a certain amount of radiation hest loss at a amall portion of
the model, at the nose, which causes the reduction in temperature
compared to theory.

The temperature measured at the last thermocouple location
is higher than that predioteci by theory due to the fact that the
model thiclmess wag made constant from 0,75 of its length onwards,
to facilitate manufacture., Thus a greater amount of material was,"
present at the tail than there would have been, had it been posgible
4o manufacture the model exactly according to the theoretical
_thickness distribution. Conseguently more heat flowed dowmstream
into the tail than would have done for an exact model and sgo the
fbemperature at the tail increased,

There is no practical value in calculating a value of
Q‘o from the experimental results, since the caleoulated value would
vary only slightly from the theoretical value due to the closeness

off the experimental and theoretical resultis.

5, . -
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Conclusions and General Discussions.

In this study we have been concerned with two pariiculer
methods of reducing leading edge temperatures caused by “merodynamic
heating du;f'ing high speed flighte. The study has been based on the
theory of ceonducting plates which has been extended to cover our
- particular methods. The importance of the role of material thermal
conductivity in moderating the iéacling edge temperature distribution
has already been proved. The basis of our methods was to increase the
conducting power of the leading edge; firstly, by increasing the
thermal conductivity at the nose of the leading edge and secondly;
by.r-edistri'buting the material of the leading edge.

By erploying a highly conducting nose bonded on to the
main body, of lesser conducting material, of & leading edge,
significant reduction in nose temperature is gained compared to
a.é leading edge manufactured wholly of the lesser conducting material.
 The reduction in nose temperature increases with reducing amount
of material present at the nose e.gs for a wedge, reduction in
nése tenperature is of the order of 10.5%, compared to a slab,

3.6/ and a trapezoidal, 4.8fk. Consequently it will now be pc;ssible
to construct a sharp leading edge of highly conducting material
or composite material which will produce the zame nose temperature .

as a thicker leading edge of lower conductivity material.

67.



By employ‘ing a highly conducting nose bonued on to the
main body, of lesser conducting material, of a leading edge,
significant reduction in nose temperature is gained compared to
a leading edge manufactured wholly of the lesser conduciting
material, The reduction in nose temperature increases with
reducing amount of mé.terial pi*esent at the nose e.g. for a wedge,
reduction in nose temperatur‘e is of the-order of 10.5%, compared
to a slab, 3.6k and a trapezoidal, 4.8%. Consequently it will
now be possible to construct a sharp leaciing edge of highly
conducting material or conposite material which will produce the
same nose temperature as a thicker leading edge of lower conductivity
material, There is only slight variation in the comparative
I:educ’oion of nose temperature between a composite and lower
conductivity leading edge with increased heating to the leading
edge,

The experimental investigation concerning the composite
leadjﬁg edge proved the results predicted by the theory to be accurate;
nowhere over the leading edge did the difference between experimental
and theoretical results exceed 1.5%. This :‘mvesfigation also showed
tila‘t the resistance to heat flow across the junction of the two
materials was negligible., Thug the fesr that a; possible junction
resistance to heat flow would reduce the benefits gained by’
employing a higﬁlly conducting nose was proved groundless,

Optmisiﬁg the ghape of the leading edge i.e. redistributing

the material thickness available to give a minimum nose tenperature
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and linear temperature distribution over the leading edge,
significantly reduces the ﬁose temperatuire campares to other
shapes, of leading edge of the same cross ~ sectional area,
€.ge comparing opitimised shspes to slabs and trepezoidals we
get reductions in nose temperature of 24 and i respectively;
for a wedge the reduction vafies slightly with heat input but
never exceeds 11%, Vihen ca»lcula.ting the important parameters,
such as nose temperature, and then tile optimised shape, either
the value of cross - sectional area or length must be allowed
to be variable., The walue of cross - sectional area of the leading
_edge, when calculated on the basis of fixed length of leading
edge, is directly linked to the valu'e of QO, the heat input
constant. Xf both cross - sectional area and length of leading
edge are fixed then a leading edse shape with minimised nose
temperature cannot be obtained. However the leading edge thickness
distribution can be re - arranged to give a linear bemperature
distribution over its length. This temperature linearisaticon
?produces a reduction in nose hemperature, compared to a slab
of the same cross -~ sectional area, of Oo 73 a.fully optimised
- shape Wouid expect to produce a refuction in nose temperalure
of the order of 2.
The experimental investigation for the optimised shape
proved the theory ‘o be extremely accurase by producing
exceptbionally good agreement between experimental and theoretical

results, The difference between experiment and theory did not
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exceed 0, b, :
We will now corﬁpare the relative advantages of the two

methods of reducing nose temperature which we have studied, Our
basié for comparison will be the simple leading edge shepes -

a slab, trapezoidal and wedge. Comparing composite leading edges

of exactly the same djlnensioﬁs as our three basic cased we get
reductions in nose temperature of 3.6/, L&t and 10.5% respectively;
comparing with the optimised shape 1éadjng edge we get.reduction;
of 2%, 3% and 10,8% respectively,

The wedge shape is thé closest approximation to a realistic

_Xeading edge shape and consequently more walue can be attached to
resm;tlts gained from comp&x‘isons wi‘th‘ wedge shapes. The fact that
_the reduction for wedge -~ optimised shape comparison is greater

than the wedge - composite leading edge comparison is unimportant;
what is important is that the values are almost equal, How then

can we assess which method of nose temperature reduction is of the
most practical value? The volume of material required to manufacture
‘“the leading edge will be an wmportant factor; again using figures
Jor the wedge comparison we find that the cdnﬁosite leading edge
requires 1.8.6% less volume of material than the optimised shape
>lead:ing edge to produce the same reduction in nose temperature.

The problems involved in manufacturing leading edges based on

our methods are considerable. During our experimentation concerning
the composite ieaciing edge, no study was vndertaken to investigate

whether any stresses were induced at the Junction of the composing



7o

materials due to a: difference in coefficients of thermal
expansion. No disturbances were apparent at the junction after
our expérimentation, bubt our heat input, even at its maximum,
was ﬁnlikely to cause large expansions.

A leading edge based on optimised shape theory would
have zero inf:luced thermal stresses since the temnperature distribution
over its length is linear, ‘The manufacture of such a leading edge
would have to be to exceptionally hiéh limits of accuracy, since"
any deviation from the theoretical thickness distribution would
produce a non - linearity in the temperature distribution,which

_would result in the production of thermal stresses in a supposedly
gtress - free designed leading edge.’ Internal cavities in the
’l.eading edge would also produce difficulties.

Fach method has its relative advantages and disadvantages

and it is possible that a combination of both may provide a better

solution than either spparai:e];,r;

-
s



Appendix 4 ‘

Derdvation of the Heat Conduction Bouation in a Finite Differences

Forn,

To solve the heat conduction equation it is necessary to
express it in a finite differences form, The heat condustion

equation is expressed as

: 1
%}E(kt%) = Eor¥ = R/ (x+x)®

from equation 3.6. We have adopted the central difference notation

for our analysis. The interval x = O‘,L is divided into N equal

n

intervals with end points X 3% 50000 00X (where x, = 0eand x = L),

where Xy at n = 0 is not to be confused with the constant X used

to overcome the singularity at the leading edge for the laminar

heat transfer expression. If we denote the value of temperature

atb x 7by Tn then equation 3.6 can be re-written (using reference 16)

it the form

, N Q

with h = L / N

On re~arrenging we get

vobe f . . - r
kGt Taer ~ (ktn-k%— + ktn««é) Ty + kbt Ty

1 . I3 -:l. = T i 2 )
h[mn-!%: <‘Dn+1 - Tn)]“ T bt (Tn\.- “n~1 )] = B Ky * X))

4 .é‘i.aj
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i 2 Sy
Kty T (ktn*% * kb o+ DEET )N ekt o T

Q
= 2 Q 1 ] ~ ) :
= - h T"“"Wxn ¥ %, )2 where n = 0(1)N he3

Equation A3 represents (N + 1 ) simulteneous equations with N + 3
unknowns, namely, T"1 ,,TQ,T1 secece .Tn,. N ’TN’TNM ¢ The values of

?_, end T , ocourring in the equation at n = O and n = N respectively

do not exist, However the boundary conditions at x = 0,1 supply us

with the two additicnal rel&tj.an’ships. necessary. We know

ar

ge = 0 at X = O,L, Al

and in the present notation these can be expressed as

T T1 and TN+1 = TN""i A|5

1
-
H]

& . . .
However equations A.3 are not a set of linear equations; but there

mey exist a convergent iterative method of soluticne. If Tl’(.ll) denotes

th

the value of I, after the completion of the i° dteration <Tx(10) being

~

a starting value), then
D)y b (i) (i+1) (i) &
[o2*] t o= 2%+ (2 SN ]

and expanding



The

: vk Y . :
ETIS.:LH)J b Tr(ll’) e Tx(f') [ Tx(ln.m) - Tél)J, . R AG

vhere B is small if the difference between the interpolates is

small. Thus we can re-~write equation A.3 as

1) e o) 2, o fi-1)?7 . (3)
Kbyt Tong 0 ¢t o T = [t 1o dob o+ an’g o) RN
Q. Y
- 2 Qo 1 (i~1) N
S oo LY et

Bquation 4.7 can be more concisely represented by the matrix equation

C.2 = B Ae8

where T is the vector (TO,T,HTZ,...uaTng.....;.TN); B is the column

2 Q (L)%
vector whose general element is ~h { o__a + 31;‘no-'l.‘n

SRS )2
and C dis the band matrix shown overleafy

Under the specified boundary conditions ( equations Agh or
45 ) forn = 0 and n = N, the following relations have been used in

the matrix C.

34

kty = k‘b_jé B
and k.‘tN “k = ktN"é_

Also for sufficiently small values of h,
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by n kb ¥ 2kt

= (o] .
£, 10
and ktN-r{q ety B 2kt
are valid approxjmations;
~We can write
&
.g‘(l"1) o _T__(l) - §(1-1 ) Aot

to represent that I = Tl(ll”” is used in the elements of C and

B whilst solving for Tr(xl) °

-



Appendix I ’

ALGOL - 60  Computer Propram

B 1 Description of the Computer Program. The input of deta is done

with the aid of the procedure " R¥ ", AlL quantities insthe program
are non-dimensionalised with respect to the leading edge length, L,
themmal conductivity at 0°C for steel, designated as k0{2) and the
Stefan - Boltzman constant, , which gives a reference temperature for
steel of TR(Z) = %;:Q}%?_I): )-15. The reference temperature for copper,
TR(1), is caloulated, for compsrison, using k0(1).

The leading edge is divided into a grid in the chordwise
direction, I gives the nunber of grid points. A constant vaiue of
temperature is then assigned to every element of the array{ 1.
Execution of the main program starts with a c_;alll on the procedure
* Tempdist ". |

_ Procedure " azsign ", incorporating procedures kt, @, and
dhissivity assigns values, according to the values of temperature in
tﬂl}e array <T)», to the procedure " bandsolve " which calonlates new
témpera“cure values for the array < > . This process is continued
until the criterion for convergence between two coﬁsecu‘tive solutions
is satisfied. If the polutions do not ccuverge after a sgpecified
number of iterations, program control is switched to the label UNGON.
After a converged solution of the equation s obtained, the grid size,

I is doubled, and the solution for this value of N is compared to the



previous solution for one~half the grid size, This doubling continues
until this so-called discretisation criterion is satisfied. If too
SJlarge a pgrid size is required then program control is switched to
lahel DISCRELE,

On successfuvl completion of the program the output consists
of the data followed by the r;f;f‘erence temperatures, gria size and the
temperatufé distribution tabulated against the distance from the
leading edge. '.

B. 2. The following is the text of a working ALGOL computer program
reproduced directly from paper i:'apee It starts en the first line of

the next page,



begin

comment SOLVES THE ONE-DIMENSIGNAL HEAT CéﬁDUCTIDN
EQUATION FOR A COMPOSITE MATERIAL HYPERS _NIC WING.
BANDSOLVE, AN ITERATIVE PROCESS IS EMPIOYED TO
SOLVE THE EQUATION IN THE FINITE DIFFERENCES FORM.
Procedure bandsolve sqlves the N+1 non—homogéneous
non-linear set of simultaneous eguations atkeach
iteraéion. The process of iteration 1s repeated
untill the solution lies within some permissible
error eps. Bandsolve avqids the storage of
unnecessary zeros by reducing the size of {the

~" matrix <c> from [0:N,0:N] to [~1:1,0:N];

comment The thermal conductivity, surface emlssivity

- and the thickness of the material can all be

functions of temperature and positilon. In the
particular non-dimensional system used, the basilc
parameters used are kO[1] and k0[2] at T = 0 DEGK,
sigma and length,L together with reference
temperatures TR[1] = (x0[1]/sigmaxL)1(1/3) for

- coppar and TR[2] = (ko[2]/sigmaxL)T(1/3) for steel;

3

real procedure RW(S); étring S3

begin
real t©3

RW:=t:=read (20); write text (70,S); space (70,3);

79¢
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output(70,t); newline (70,1);
end RW3

real procedure kt (T,x); value x,Ty real T,x:

comment provides the product of thermal

conductivity and the thickness of the model. k

and t can both be functions of temperature and x,

the distance from the leading edge, hut nat

necessarily sos

comment uses non-local array dataj

if x { datal12] then
kti=(k0[1]/k0[2] )x(1+datal5]1x{(T-273.15/TR[2]))
x(data[3]+datall]xx) else
kti=(1+datal9]x(T-273.15/TR[2]) )x(datal3]+datal4]xx);

end  kt;

real procedure Q(T,x); valve x,T; real T,x;

comment provides the heat input to the model. Q

being a function of T and xj
comment uses non-local varlables QU and x0;
Q:=Q0/sqrt{x+x0)}

end Q3

real procedure emissivity(T,x); value T,x3 real T,x;

comment provides the variation of emissivity with

temperature and positiong



81,

begin

comment uses non-local array data;

if x < datal[12] then
emissivity:=datal7]x(1+data[8]x(T-273.15/TR[2])) else
emissivity:=datal10]x(1+datal11]x(T-273.15/TR[2]));

end emlssivitys )

procedure TempDist (N,T,UNCON,FAIL,DISCRETE);
1nteg§r N3 label UNCON,DISCRETE,FAIL; array T;

comment The array <T)> is assigned starting values
before entry into TempDist. Either these values
can all be some constant or a fractlon of the
~"  local radiation equilibrium temperature. The
latter method would require some rootsolve
- procedure. The one~dimensional heat conduction
equation 1s solved using the method of finite
differences. N+1 simultaneous non-homogeneous and
non-linear equations have to be solved for N+1
unknowns. In any one eguation most of the terms
are zero (maximum of three non-zero terms) and
w Gaussian Elimination 1s employed inside the
procedure bandsolve to overcome the objection of
profligate storage. The Interval over which the
integration 1s carried out is divided into N
equal intervals, each one being h=1/N where the

entire length is x=1. The accurscy of the
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iterative solution is controlled by the product
of eps and N+1. Integer M supplles the 1limit on
the maximum number of iterations to be attempted.
This 1s to safeguard against elther an unstabilty
in the set of equations or the starting values of
the array {T> tQ be such as to cause a divergence
in the solution. In case of an unconvergea

solution, control is switched to the label UNCON.
The label FAIL 1s an outlet from the procedure
bandsolve in case the set of equations has a
singularity. The label DISCRETE provides an
- outlet from the program 1f too large a number of
internal points are demanded to satisfy the
. discreti- sation error. Upon normal completion
the solution is stored in the array <T);
comment uses non-local real procedures Kt)Q and emissivitys
begin
procedure bandsolve (c,x,b,N,FAIL); value N;
Integer N array b,e,x; label FAIL;
- comment solves the system of llnear equations
represenfed by cl-1,k]xx[k-1] + c[0,k)xx[k] -+
el 1,kIxx[k+1] = bl[k], for k= 0{1)N, wherec
c[-1,0] and c¢[1,N] do not exist (i.e. vanish
identically). If the system i1s singular

control is transferred to label FAIL, else



-t

values are assigned toc x[0],.......x[N];
comment actual arrays corresponding‘to formals
b and x to be defined for subscriip. limits
[0:N] and that corresponding to ¢ for [-1:1,0:N];
begin |
real a,d,eps;
integer kj
eps:=N/2737; d:i=c[0,0];
if d=0 then goto FATL;

for k := 1 gtep 1 until N do

ai=c[-1,k]/d; blk]:=blk]l-axblk~1];
d:i=c[0,k]~axc[1,k-1]}
if abs (d)<abs (c[0,kl)xeps then
goto FAIL else cl0,k]:=d;
end Gaussilan elimination;
x[N]:=b[N]/d;3
for k := N-1 step -1 until 0 do
x[k)i=(olkl~cli,xlxx[k+1])/cl0,k];
end bandsolve;
procedure assign(N,h,c,b,T); value N,h;

integer N3 1real hy array c,b,T;

comment Af'ter each iteration the values of the
terms in the arrays <{c> and <{b> are updated

here using the values of the temperatures



stored in the array <{I>;
integer k;
real a,d,f;
=l Oxaxh;g

for k := N-1 gtep -1 until 1 do

cl-1,k] r=a:=kt(0. 5 (TLk]+T[k=1]) ,hx(k~0.5) )
c[1,kl=d:=kt(0.5%(TIk]+T{k+1] ) ,hx(k+0.5)):
c[O,k}:=~(a+dffxemissivity(T[k],kxh)xT[k]TB.O)
end 3

cl1,0) i=a=2xxt (T[0],0);

c[0,0] i==(at+fxemissivity (T[0],0)xT[0]13.0);

cl~1,N]t=a:=2xkt (T[N],Nxn);

clO,N]:=~(at+fxemissivity (T[N],Nxnh)XT[N]13.0);

(
for k := 0 gstep 1 until N do

blk]i=-hxhx(Q(T[k],kxh)
+3xemlssivity (T[k],kxn )XT[k]T4.0);
end ;
end assign;
integer m,J,k;
real term,eps,sum}

array TCOPY,TCHECK,Db[0:960],c[-1:1,0:960];

comment The value of N is doubled everytime a



- converged soluticon of the equation is obtained
until the &um of the disoretisationjerrors
between the converged solution with .wice the
grid points and one with only half the points
are of the same order as the convergence error.
Dataf2] supllies the error control on both
these loops. The doubling process is aliowed 7
ﬁimes - making N equal to 960. If a converged
solution is obtained before N= 7 then the
program Jjumps to label CARRYON, otherwilse
control 1s switched onte the label DISCRETE;

for j =1 gtep 1 until 7 do

begin
h:=1/N; term:=~datal2]x(N+2+1); eps:=-datal[2]x(N+1)3

for m := 1 gtep 1 until 10C do

begin
sum:=eps;

for k := 0 step 1 until N do TCOPY[k]:=T[k];

assign(N,h,c,b,T); bandsolve(c,T,b,N,FAIL);

we for k := 0 step 1 until N do

sum:=sumt+abs (TCIPY[k]-T[k]);
ir sum<O then goto RETURN;
end 3

goto UNCON;
RETURN: if J=1 then goto JUMP;



for k i= N+2 gtep -1 until O do

term:=termtabs (TCHECK [k ]-T[k+k]);
if term<O then goto CARRYON;
AL J=T7 then goto DISCRETE;

JUMP: For k := O step 1 until N do TCHECK[k]:=T[k];
N:=N+Nj
) comment The new terms introduced intokthe
array <T> upon doubling <N> are assigned
values by interpolating mldway between the

existing terms of array <T>j

for k := N42 step -1 until 0 do T[k+k]:=T{k];

for k := 1 step 2 until N do
Tlk]:=(T[k-1]1+T[k+1])/2.0;
- end ;

CARRYON:
end TempDist;
integer N,k,f1,f2,f3,ordlnate;

HALEEEl

real L,Q0,x0,S3IGMA,ROOTL,hy

2§g§gz data[1:15],T[0:960],TR,k0[1:2];

~boolean MORE;

open(20); open(70);

write text (70,[[c]MURRAY*STEELE***AERO*ENG. [3c]
TEMPERATURE*DISTRIBUTION*FOR*ONE-DIMENS TONAL*HEAT*
FLOW* AT* THE* LEADING* EDGE* OF* A¥HHYPERSONIC*WING[2¢ ]

.USING*THE*METHDD%DF%FINITE%DIFFERENCESl);



87,

SICMA:=5.6T,~83
comment Sigma has units in Watts-metres-Degk;
fi:=format ([4s-ndd.ddd]); f2:=format ([10s-ndddd.dc]);
. f3:mformat(£ﬂOs—nd.ddddcl)3
LOOP: write text(?O,LLpll);
k0[] :=RW ([THERMAL* CONDUCTIVITY*OF* COPPER*AT* O* DEG*
CENTIGRADE*-*UNITS%¥wATTS/METRE.DEGKL);
ko[e]:éﬁw(LﬁHERMAL%CONDUCTIVITY%OF*STEEL%AT*O*DEG*
CENTIGRADE*-*UNITS* *WATTS/METRE. DEGK] ) 3

L:=RW ( [ CHORD* LENGTH* IN*METRES ] )
TR[1]:=(k0[1]/SICMA/L)T(1/3.0)y
~TR[2}:=(k0[2]/SIGMA/L)T(1/3.0)3 x0:=RW([NON-DIMENSTONAL#*X0] )
ROOTL:=sqrt (L) ;
_Qo:=Rw(LﬂEAT%FLUX*AT%NOSE*-*UNITS%*WATTS/METRETs/ei)
- XROOTL/x0[2]1/TR[2];
datal[6]:=1x100.0;
data [1]:=Rw([STARTING*VALUE*OF*TEMPERATURE])/TR[2];
datal2] :=RW ([ TOLERANCE* ON*SUCCESSIVE* ITERATIONS* AND*
) DISCRETISATION*ERROR])
-datal3]:=RW([MODEL*NOSE* THICKNESS* ~* UNITS# = %
CENTIMETRESi)/&ata[G];
datal[4] :=RW( [MODEL*TAIL* THICKNESS* - * UNITS* - *
CENTIMETRES])/datal6];
datal5] :=RW ([ CO~-EFFICIENT*OF* THERMAL* CONDUCTIVITY*OF*
COPPER¥ ~* * ALPHA** - *UNITS*PER*DEGC] )xTR[2] 5



datal9] : =RW ([ CO~-EFFICIENT* OF* THERMALX CONDUCTIVITY* OF#
STEEL¥ -# % ALPHA**—%unl1ts*PER¥*DEGC] )XTR[2]}
data[7] :=RW([EMISSIVITY*OF* COPPER* AT* U*DEGC] ) 3
data[10] : =R ([EMISSIVITY*OF*STEEL* AT* O* DEGC] ) 3
datal8] :=RW ([ THERMAL*VARIATION* OF* EMISS IVITY* OF*
COPPER* ¥ - * UNITS* ~* PER*DEGC] ) XTR [2] 3
datal[11]:=RW ([ THERMAL*VARIATTON* OF* EMISSIVITY" OF*
STEEL# *-*UNITS*~*PER*DEGC] )XTRI2] 3
datal12] : =RW ([ LENGTH*OF* COPPER*NOSE## —* UN I TS %~ *
CENTIMETRES])/datal6];
data[4]:=(data[lt]~datal3]);

-write text (70, REFERANCE*TEMPERATURES*DEGK*=*]);
write (70,format([-ndddd.dcec]),TRI1])}; write text (70,[AND]):
write (70,format([-ndddd.dec]),TR[2]); newline (70,6);

N:=15; MORE:=read boolean (20);

for k := O step 1 until N do T[k]:=datal[1];

comment datal1] supplies a constant starting value

which has been assigned to every term of arfay <T>s
ﬁTempDist(N,T,UNCON,FAIL,DISCRETE);
write text (70, NUMBER*OF* INTERVALS*~-*GRID*SIZE#=%*] )3
write(70,format(iynddddl),N); newline(70,2);
Write text (70,LCENTIMETRES*FRDM*NDSE***TEMPERATURE*DEGKL);
newline (70,1); h:=hxdatal[6]}

for k 1= 0 step 1 until N do

begin



FATL:

UNCON:

IINISH:

write (70,f£1,kxh); write (70,£2,T{kIxTR[2]);
end ; | -
goto i1f MORE then LOOP else FINISH;
write text(70,[SINGULARITY*ENCOUNTERED]);
DISCRETE:

write text(70,[DISCRETE*ERROR*TO0*LARGE]);
write text(70,[SOLUTION*NOT*CONVERGED]);
if MORE then goto LOOP;
close (20); close (70);

comment Data (15, boolean);

end~

89,
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Be3 The input to the computer program consists of a set of
16 parameters followed by a boolean statement., If the boolean is
-declared true then the program expects to read another set of data;

if felse then the program is terminated.

-
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SULARY,

It has already been shown that by takiné into consideration
the conducting power of the 1eading.edge material, nose temperatures
are substantially reduced compared té the case where aerodynamic
heating is balanced by radiation alcne., The leading edge is envisaged
as a " conducting plate " and the heat transfer equations formulated.
This investigation is concerned with two particular methods of
reducing leading edge temperatures by increasing the conducting
- power of thé leading edge. |
- The first involves manufactwring a leading edge consisting
of & basic structural material on to which is bonded a nosce of highly
~ conducting material. The main problem which arises is that a thermsl
resistance may ve set up across the interface of the two structural
materials and it is possible that the reduction gained in nose
temperature will be offset by this thermal resistance. Steady state
heat transfer equations are set wp to allow for the variation in
material properties. Experimentation is carried out to deberwine
the junction thexmal resistance, which cannot be obtained analytically,
and {to investigate the accuracy of the results predicted by the
solution of the heat transfer equations. Models of simple shapes,
are mapufactured from copper and stainless steel $0 represent the
leading edgze and are subjected to simulated aerodynamic heating.

I'he object of the other part of the investigation is to

find the material distribution for a leading edge such that it has




& minimun nose température for the amount of materidl available
and a linear temperature distribution over its length. Previous
investigations have been concerned mainly with reiatively simple
leading edge shapes. By taking the temperature distribution as
linear a stress free leading edge is obtained and the analysis
of the thickness distribution is considerably simplified since
the heat transfer equation becomes directly integrable. A model
wag manufactured on the basis of the analysis and subjected to
simulated aerodynamic heating to provide a comparison with the

predicted resulis.
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