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Translenty tnsrmal stressce ave determioed thecoretacalily for a long -
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1ts tor suriace. On bras surface a heat transfer coefficient 1= postu-~
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sudidenly acerlerated to a haigh supersenic specd.
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4 Introduction

The problem solved in this paper is that of a long rectangular plate
at unifornm temperature which 15 suddenly exposed to a higher temperature
in the immediate proximiiy of its top surface.? On the exposed surfave a
heat transfer coefficient is postulated which varies inversely as the
square of the distance from one of the longitudinal edges. A state of no
heat transfer is postulated for the edges of the plate. Under these cone
ditions there is a non~uniform transference of heat to the plate, giving
rise to transient temperature gradients and thermal stresses within the
plate. The temperatures and stresses ave derived theoretically with
certain simplifying assumptions.

The solution in terms of Bessel Punotions is then used to estimate
transient thermal stresses induced in an alrcraft wing when suddenly
acquiring a high supersonic velooity. Hoff? cal-ulated the stresses in
a spar web by assuming a unif'orm heat transfer coefficient on the wing
surfaces, and this work was later extended by Parkes?. The stresses now
considered ars those in a wing skin due to chordwise variation of heat
franst'er coefficient on the wing surfaces described by Kaye3. The law
of variation of heat ftransier coefficient postulated was chosen to give
a convenient aneslytical solution of the heat conduation equation, and to
be at the same time a reasonsble approximation to the actual variation of
heat fransfer cceffaicient in flight.

2 Statement of the prcblem

Diagrams of the plate under consideration are shown in Fig.1[(a),(b)].
0 is a point on one of the longitudinal edges and x, y are distances
measured from C in lateral and longitudinal directions, respectively.
The width of the plate is denoted by L, and its thickness by s. The
thermal conductivity of the material of the plate is denoted by k.

Initially the piate and its surroundings are at a uniform temperaiuce
8.+ The temperature in the irmediate proximity of the top surfacs then
changes instantanecusly to a constant value 64. Heat is subseguenvly
transferred across the surface at a rate governed by a heat transfer
coefficient, h{x), which is postulated in the form:

2 2 I
L -
) Dog (1)

ks (x/L)?

where p and n are arbitrary non-dimensional constants such that
P> -?2', g » 0. A state of no heat transfer is postulated across tne
other surfaces of the plate.

Under these conditions transient temperature gradients and hence
transisnt thermal sitresses develop in the plate, heat conduction taking
place until the temperature throughout the plate is 64+ Since the
thickness of the plate is small in comperison with its leteral and longi-
tulinal dimensions the temperature at any position on the plate is assumed
constant through the thickness and is denoted by 8(x,t). On this assump-
tion it is required to solve the problem of linear heat conduction parallel
to Ox, thus to determine the temperature distribution 6(x,t) and thence
the thermal stresses in the plate.

In detenmnining the {hermal stresses it iz postulated that the plate is
fresz from applied forces, Other stresses due o applied forces may be
determined separately, the total stresses being cbtained by superposition,

* Tne theory is egually applicabls to a cooled plate,
- l':_ o



3 Basic assumptions

(1) At any position on the plate the temperaturc 1s constant
through the thickness.

I

(ii) 'The stress systen in the plate is entirely longitudinal and
may, thercfore, be determined on the basis that lateral cross-
sections remain plane. R
(iii) Strcss-strain relations are lanear.

(iv) Young's modulus cnd the coefficient of lincar expansion do not
vary with temperature.

(v) FElasiic displacements are small.
(vi) Buckling docs not occur.

L Solution of the problem

In this section tne problem 13 analysed and solved, mathematical

details being given in Appendices I and IT. The equation ef linear heat
condvction is derived in vara, 4.1. Solving this equation, putting in :
the approvriate boundary and ~nitial conditiens, the temperature distri-
bution 1s deduced in para. 4.2. An expression Ior the subsequent evalua-
tion of the thermal stresses is cbtained in paras. 4.3, Finaolly, the non-
dimensicnal parameters of the problem are swmerdsed in para. ek, a pro-
liminary mention being made of scome numerical plets.

Lot The equation of heat cunduction

The conditions of heat flow for an element of the plate bebween =x
and x 4 dx, eof unit lenzth, snd bounded by the top and bottom flat sur-
faces, are now considercd (sce I':g.?). Between =x= and x + dx, heat 1s
being transferrcd ccross the top surface ot o rate

dg = (31 - 3) hix) dx . (2)

At x, 1n the plate, heat 15 being conducted in the direction of positive
x at a rate

QX = - ks %7 (.-5)
while at x + &x, the valuc 1s
56 %0 _ \
< do = -k —— ——— ] .
Q:{ *xX S <ax * 3xe 5"{) (1*')

The element (x, x -+ dx) iz, therelore, gain-ng heat at a rate

1
>

I %8
J"d@x :1(81_8)h(X)+}:sg;cEde’ (5)

[ -

whach couses 148 temperaturc to rise at a rate

-5 -
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3t~ pos ax

- (é)

Combining equationz (5) and (6) gaves $he cguatlion of heet conduction

2 N
86 3°s  a(x) (n (7
Tt T K 5 T \U'61)' \i
ax™ PCS
*
Introducing o non-damensional paramster £ =T s 1t wmay be shown that a

zolutlion of eguobion (7) ic

2
~ (F7+q) X
6 -0, = Z(&)e (8)
where X owtisizes the equation
2 2
4 ET N
Q_}+/52+q”;__l’}”£_tlf,l)x - o, (9)
e\ ks

and B 13 a coostant.

ifor the variaiiom of the heat transfer coeflficient, h, gaven by
equation {1}, eauation (3) becomes

ax /2 hpo -« 1\
Tt (5 e ) 3 {'10)
aE N

which s bessells Houation of order », expressed 1n the "normal” form.

a2 Tne tempersture aigtribuiion

4 golutron of equation (10) which satzsfics one boundary condition

of the problem - lhe condstion of no heat 1 <ém = d) at x =0, 1s
&

%= ALE T (D) {(19)

vhere Jp{BE) 15 a Bessel sunction of the Mirst Kand, and 4 1s an
axbibrory constant. Assuming thas Corm of solutzon, the oiher condation
of ro heat Plow at x = L Yeods 1o the cquasion

(2 - ) 3,8 + 8 I, 4(8) = 0, (12)

the roots of which are dencled, .n ascending orcer eof magnitude, by
ﬁn(n = ’I, 2, o.u.)o



It now follows from equations (8) and (11) that a solution of the
equation of hest conduction satisfying the boundary conditions of the
problen is

D! A
6~ 8 = L A g° Jp(snz,-;) e . (43)

n=1

2 kb
m - (Bn+q)£§

The constant coefficients A, are determined, in Appendax I, to setisry
the i1nitial condition, O = 6, at t = 0. I%t is subscquently found that

% 1 - (g
8 -0 * 2(p €)% 3 (B %) I(n, %, p) n 2
1 _ n P L (11.(..)
9 ~ 01 (z-2%+ 62) [9.(p) 1°
n=1 P o prn
vhere
W Bn
Mo 3 %) = [ o 3yfn) an. (15)
O
e - 81
-E-MZME; s determined from equation (14), is a non~dumensional parameter
8]

glving the tempersiurce distribution, 6(x,t), in the plate.

23+7
Fer p = E: (3 =1, 2, sees, &), exprecsions are derived in
Appendix IT which give I(n, %, p) ia texms of powers of B, Jp(ﬂﬁ),
ain ) ¥
cos% B,» and the sine integral S_(B ). Tables of Jp(ﬂ) and  84(n)

are available for nunerical work9’1o’11’12’15’1#.

4e3  Therwal atresses

It 25 assumed that the stress system an the plate is entirely
Jongitudinai. It mey, therefore, be determined on the pasis that lateral
crogs~sections remain plane, from which it follows that

£ o= E(~ad + ey + a,x) (16)

where B denotes Young's medulus, g denotes the coefficient of lincer
sxpansion, wnd e4, a4, &re constants.

The plate is considered to be frec from applied forces and, theref.re,

L ~
ffdx:O, i
Q
\ 1
5 f (17)
fxfd:zc—(}, i
o J



which, vhea coxbined with evuation (16}, yaeld expressions fov es ond aqe
Substituting vhesce oxpros.xons buck inte sguntaion {16} gives
1 1
f . f o . o
—— 2(2 - 3&) | Qaz + 6{1 - 28) [ wag, (18)
Et}’.(e -9 ) o
i o ol o}
v g - 51
where k: ToTT ) *° delvrmazed from equataon SN
3] 1 /
£ : {40
ST dctormined fror equataien {(18), is o noa-dimentional
Dy - }
oo 3.1 L’O
parameter giving the stress drstributzon ia the plate.
Suh o den-dumengilonal parogebers
An exemination of paras- ked, 42 and 4.3 shows that itne basic non-
dimenslional paramebor the :rab,z.cm arc
i S 4 K
Py 9 T \T g/, and =5
Otner non—dimengional parameters
e 9
i ” ( Q), ———= ;
L ’ \ N
ks 9y~ Ea(cy - 8,)
giving the heet dransfor eneflicrent, L, the temperature, 06, and the
, - . X .
ptress, ¥, ore cxoressed in terms of p, ¢, £, cnd -‘-EU s An eguotlons
L
(1), (14) ana (13)
5 o ome | ua3 ML
sor p o 3.5, = 0477k x 107, aén' p o= 6.5, q = 2.306 x 107, S
fa Y
-8, "
. . N [} - v s
i plosted apainet & 1n I3, ond 5T Tale. -0y ? egainat &
] : 1 o
ot iy
. (3% " - - -
for various values of - dn Thiode 4 oand 5. loxdmom values of P YR
2 o -
" ‘tL 1 o

arc plotted ogainst in ¥Fiz.é.
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A plate of mld steel 1s considered, heoted by an air stream of Iiach
nurber 3, (Hbff1 took a liach nuber of 3.1), suddenly crested in a lateral
divection, over and parallel to the top surface of the plate, as showm in
Fig.Q(a,bS. As in Hoff's example, conditicas asnociated with heating at
an altitude of 50,000 feet arc assumeds It Yollows that the strcsses
obtained correspond o stresses which would be induc:d in the wing sikans
of an alrceraft 2 2t suddenly acquired a vewccaty of iach rmunmber 3, at an
altitude of 50,000 Ifeet.

The dimensions and pliysical propcorties of the vplabe are given in
Table T, together with two sebs ol values of (g, 94, v, and g, which cre
chosen tc represent; approxiisately, temperature and heat btransfer condi-
tions correspouding to the two different cases of (a) acrodynamic hoating
with a laminar boundary layer, and (b) acrodynamic heating wath a turbulent
poundary layer. It 18 postulated that ithere is 1ittle or no heating Lefore
the supersonic alr stream s created, so that 05, the initial temperature
of the plate, has been equated to the sabient temperature of the air (~70°F
at 50,000 feet). 4 hus been equated to tne adzabatic wall temperature
of the [Mow. The assued heoat trausfer coefficients {defined by the clhosen
values of p end q), and the actusl heat transfer coefficients derived
from Asrofynaudcs, are plotted together, sgoinst £, 1in Fiz.3. General
expressions for the adiabatic wall temperature, and the heat transrfer
coelficients derived from Acrodynamics, have been given by Yayed ~ they
are sunmariscd, for conveniescs, in Appendix IfT.

An outline of the mumerical analysis used for detcrmining the transient
temperature and stress distrabubions an the plato s given in Appendix IV.

he1  Numerical regults

Tranaisnt temperature and stress dastributions, for the two numerical
cases considered, arc plotted, in non-dimensional Torm, an Figs. b{a,b} and
5(a,b)s The curves an Fag. 4(a,b) correspond to scrodynamic hoating with a
laminar boundary layer, wnilc those in Fig.5(a,b) corrcspoad to acrodynmide
heatang with a turbulent boundary layer.

The wman Peatuce of the temporaturce distributions as a gradicent near
the leading edge of the plate (x = O), which, fron bsiagz infinite jumediabely
alter the beginning of heet tronsfer, decrecoses to zero as the time in-
creases.  The occurrence of this gralient ls a result of the anaitiscd build-
up of temperature ncar the leading edgze, caused by the steep rise in heat
transfer coel®icient as the edge is approached (sec r2gze3). The thertal
glress drotributicons acruss ihe plate are characterized by two reversals
of sagn: compressive uiresses develop necar the cdges of the plate, whale
the middle parts acre subjected 1o tension.

The moxdrma stress zn the plate at various times i1s plotted, in non~
dimensional rorm, -n Iig.6, The stress is located in the region of comus
preasicn near the leading edge, excopt for the higher wvalues of fame, when
il 28 located at the trailing edge (x = L). It zssures its greatest value
rmnedistely after the beginnang of heat iranefer and decreases to gero os
the time increases. The decercasc in valae zo much more rapid for heating
with a turbulent boundary layer than for heating with a laminor boundary
layer - since the plale tokes a shorter time to acquire a uniform bempera-
ture, with turbulence.

The actunl values of the maxtnun compressive and tensile stresses, and
minimm temperatures, at various times after 1he begimning of heatng arve
gilven now, below.



{ i) Yor hcating with o laminar boundary lnyer:-

-55,800 B> gt s 4204400 }2_%& s n16°H, after 200 sccgj
in 1n

35,900 TF | 440,800 FTE 570, artor 500 sees;
in in

Ah,500 BYE 0,000 LB 235%,  arter 1500 secs;
an in

o300 BIE 0500 2IE L 415%,  after 3500 sscs.

in in”

(The final temperature throughout the plate is 530°F.)

(.1:'1.) For heatang with a tizbulent boundary layer:-

b _

~53,500 -”'b-";‘ﬁ;' y 422,300 }P__g.t ,  16°7, sfter 25 sces;
in n

-148,000 =D ft s 20,700 Ab 'ft s 91OF, after 50 secs;
in® in”

28,200 228 | 16,500 B | 214%,  arter 100 sces;
in® an”
E T

-41,900 :-]-Lia& s +9_500 -]-”-b—-—gﬁ , 367DF, after 200 sces;
an an
.

2,600 =8 200 228 502%,  arter 400 socs.
in’ pE3)

(The finol temperature throughout the plate is 562°F, )

6 Conclusiona

It 1s concluded that, when an zireraft suddenly scouires o high
supersonic velocity in flaoght, 2t is likely that high transient thermal
stregeoes will be induced zn the wing sldns, due to chordwise variation of
heat transfer coefricilent on the wing surfaces.

The annlysis snows That:-
(i) Compressive stresses will develop near bhe leading and

trailing edges, while the middle peootions (away from the
edges) will be subjected to tension.

- 10 =



(zi) In general, the noxuras stress will oceur an the region of
compression near the leading edge.

(1131) TFor heating with & turbulent boundsry laycr, the stresses
wall duie away to zero very quickly, but ror heating with a
laumnar boundary layer, they will porsist for a considernble
time after the attainment of the high supersonic velocity.

The stresses could be reduced by preventing the hagh buirld-up of
temperature near the leadung edge, which it has been shown, aczcompenies
the sudden rise in velocity. Thas might be effected by applying surface
insulation to the leading cdge, and by operating o cooling system on th
mside surfoces of the wing.

et e s e e

Liost of Osrbols

Syihol Description Units
X,¥ = distances measured froam a point O on one of £t

the longatudinal edges, 1 lateral ond
lonzitudanal divections, respectively.

L = wudth of the plate. 4
8 = thickness of the plave. ot
k = thermal conductivity, 1 5 EInl
££° (°F/ft) see
o = density, gﬁl{
il v
for the R
c = specific Lisat, > materaal of Ei;%%Jl
the plate. i °F
£12
E = aiffusivity P
. X
- L)
pe P
t = time following tne beginning of heat gec
transfer between the plate and its
surroundings.
h = h{x) = heat transfer coefficient cu the top E ngy
surface of the plate. = °F sec
Q = yate of heat transfer across the top ?EI%—Q
surface per unit length of the plate Bee
(see equaticn (2)).
Qy = rate of heat conduction within the plate, BTh U
i parallel to Ox, per unit length of the Pt ogec

plate, at x (see equation (3)).

-1 -



Symbol
68 = 6{x,t)

i

i

i

]

Lagt of Syubols (Contd)

Descraption Units
temperature 1n the plate (constont through °p

the thickness) at a position =, at time t.

initial temperatlure of the plate and its oF
mediake surroundings.

temperature in the ifmmediate proxamity of Oy
the top surface for + > ¢ (%he final

temperature of the plate).

longltudinal stress in the plate

Young's modulus. S

coeffacicent of linear expansion.

arbitrary non-~dimensional constants such that
p>%, q>0, introduced in equation (1).

nen~dimcnsional parameters involving
digtance x, and time .

non-dinensional porameters given by
equations (1), (14) and (185.

non-dunensional varisble of egquation (12).

Ath and ot voots (in asconding order of
magnatude) of equation (12).

funetion of & satisfying equation (9).
andependent varisble.
Bessel Punction of the First Kind of order p.

e CRCH

Bn
[y an -
o

-0 -




List of Spbols (Contd)

Symbol Descrartion
T-i +
S2(m) = ] s dn .
m
o
ey ,
= congtants in equation (1C).
4
Ay A, A = oconstant coefficients in eguations (11) and (13).
m,n, J = positive integers.
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AUTENDIR I

Determination of the coefficienta, An

Lommel Integ_;rals9 , deduced from Bessel's Equation, are

Yl
f £3,(0.8) 3 (8,8)ax = ;‘2‘1‘:;35 Lﬂme(ﬁn) CAEIEACRENCRE P

O n'm

(19)
1
2 1 2 2 2 2 2
1 - —— t -
[IEEACR) e A PN CRI R G IEXCRI
o n -
Now equation (12) mey be written in the form
a(8) +283(p) = O, (20)
so *hat 2f B, B ave different roots of eguation 12), then
a(n) « 28, T (R) = 0,
| (21)
Tp(By) + 28, 3.(8) = O
Combining eguations (19) end (24) yields
k
J I,(8,8) 3 (g8) 65 = O,
o
. r (22)
. 2 1 2 2 12
[ el e - S5 G- 8D 60

o] zﬁn >,

The constant coefficients A, in equation (13) moy now be determined.

Equation (13) must sstisfy the initial condation thet 9 =68, at =0,
and, therefore,

| L ,
6, =06, = L A, B I (BE) . (23)

N s
Multiplying both sides of equation (23) by & J5(B,E) and then integra-
ting between O and 1, using equations (22), gives

-15 -



1

P
| E e e ]
An (@o - 81) 01 5 -
& [0,(B8)]" a5
Q
coo(24)
i £
2{p_~6,) B2 £
= — . 2[?12313(11)&71-
G-+ 8 Lop)l™

Substiitubing this expressicn for An into equation (15) yields
eguaticn (14).

-1E =



AYESIDTN TT

. . . . t . -
Derivatbion of szpressions for I{n,7,2), » = 5= (321, 2, «eu, 6)

Taking

Pa
I{n, =, p) = [ e Jp(n) an , (25)

i
o
o
integration by parts leads to the recarrence relation

624 (8, _ I{n, w1, p=1) (26)

I{n, o, p) = )
B B E T e mep+ 1

whach may be uzaed providing that m+ p+1 >0, m=-p4 1 %0, n+ 1 F0
- 20+1 .
Usiag the relotion, the integrals I(nm, -,jg, p) P = "'%—- (322, seey 6),

may be determined in terms of the iateyrals

4 rd
b d) - - ) e 3. :
/ o i *
In, ;: g‘) i) 5£/h J7/2(Bn) 4 ':!Z I("}-p %y % ’
I(n, 1 -29-> - -1 2/2L (B + By I (8, )J+ : :t<n, 2, -%) ,
S (27)
(N 1 ,.3/2 1 1o
I<n, El HE) = Tk n/ { '!‘1/2(p' SRRy JQ‘/Q(BD}J T I(n, %’ g)’
/o4 a3 _ A .3/20 1 1,2 ¥
IK*]'; o 2> = - 5 pn LJ1j/2(BIl) o 3 Bn JH/Z(BII) + 3 ﬁ'n J9/2(Bn)—_]'
1 7
+ "1"'5" I(l’l, 'é‘, %) . y



Now starting wiith the relations

: 1
Z 2 Ji(n) = s1awm, F 77 J a{n) = cosnq, (28)
> 1 A2 :

and using the recurrencs relation

- _2-2 - { o)
Jp_%q(”l) = m Jp(ﬂ) JIJ"'1 \7’1) s (‘-—9)
it may be shown that
—
I 2 .
\FE' 113/ d3/2('n) = Bl m =1 CO5 M, A
P 2
Nk /2 5/5(n) = (3 -) sinm=-3qcosm, o (30)
; / 2 . -
Aff A J7/2(n) = (15 - 617) sin q ~ (155 = 1) cos n. -

By integrating these equations (20) it may be further shown that

i v
I(%,-E, é)

f

ST h

It

For \ X A
(505, = 20 6]

-

N

—
/"E\
Rofor
[t
N
i
S

[38a(p) ~ 4 sap + B, cos B,

[15 sa(g,) + (& - 23) san B, + 85, cos £.]

=
/"g\.
"]
rafn
N
il
i
< _
= 1o ]

- t\
RS
po o
jae]
Dok
1
(}
A [~

[- B, =in p + 2(1 - cos ﬁn)] 5

g = >, -
I(n,'%"g) B “f% e (Bi - 8) cos P 81
i L £) = 2 Ll - 290 sin g, + O8] - 40) oom B, v 8] -

Thus, equationz (27) and (31), when taken together, give

T/ _-I_ ~ — 2v|+1 — ’
i{n, 2 ), po= U5 (0=1, 2, «0u, 6),
1 terms of powers of
sin)

Bn: Jp(ﬁn): Bn: and Si(ﬁn).

cos)

~ 18 -



APFLNDIX TT1

Hest transfer data for a flat plate

Bxpressions giving the adisbatic wall temperature and surface heat
transfer coefficients, Cor supersonic air flow over a Iflat plate, nave
been swmerised by Keyel. They are now presented, with a nunerical appli-
cation relevant to the examples considered in the meain body of the Report.

The following synbols, denoting physicul properties of the air, axe
used:

v = vyelocity of the oir stream over the plate,
Vs = speed of sownd in the free streaa condiizona,
1 = Uach muber of the flow
- L
= -,
Vg
k! = thermal corducvivity,
p' = density,
ci, c% = srecific heats at constant pressure and constant volime,
X
) = viscosity,
o = Prandtl number
ot i
T~
—_ b et
el
L.
ReL = [Reynolds nambar
g VL
B
of
= B
¥ - 3
v
. Q. .
6, = ambiert or rree stream tempcrature { F Abs. ),
. ©
5, = shognalion temoerature (TF Abs. ),
4
. Oy -
By = adienatic wall temperature (°F fbs. ),
r = Irecovery factor
GW B 62.
= T .
s %

vae adiohatie wall temperature 1s gaven by

Y

- r (y=1) 1), (32)

©
Y
[us)
—
-
4
Pt

-9 -



where

r = ¢’7, for s lamnzs boundary layrer,

™

/—-
dﬁ’J, Tor 2 turbulent bouwsdery layer.

Heat transfer coefficients ave given by

h _ 0. 330
C1/2 Re;/2

o)
s

<

l

575 for a laminar boandary laoyers,
o

N

e 030
- 3/ /1 VERE,
E:,]/b 1161/5 "-"/J

|
for a turbulent bouandary layer. J
. . - 5 h
Using equations (323, (73} and (34), 4, end ETET? ars now

evaluaced for lhe aerodynamic heating of a vlate by an airr stream of lach
mudber 3, in conditions corrvesvending te cn oliitude of 50,000 rect.

For ambient air at an aliatuds of 50,000 feet (2t a iemperaiure of
~70°F);

i e 17 ™ T

Kt s 3.2 x 1070 0L ot - o0 2TBT
o/ Op P b CF
iy —“> auc
ER

. .
ot = 0.01169 :@3 , v o= 9% '%E: ,

it P ~r
T = 00?50 ) e = -1"14_0 'Y

Using these values, 1t follows that, for a lonanar boundary layer,

oy = 530°F

D 0033, % 1070
Oﬁ ptvoo g2 ’

end 1o a turbulent toundary layoer,

e“r = 562 s
r 1.226 % 4077
AR G5 .
O}) pt v 7 1 ] 5

Kaye has pounted oub tnat the above procedure of evaluating tas
properties of tne air at srbient conditions, for use in eqaations (32),
(33) and (34), 1s cper 4o some doubt.




‘.l o "“’U I".: £‘\r

Tomerdenl anolraas

An oulline cf tne aumericnl anslysis, amd for Jotermining 1h
transient tomerature and sircos cigbribubicns in the plase, is now g.ven.

The procvedar. ccaslabs of evaluating:

. - P 2 i '
(1) the Dzest lew rcots of equation (12};

B

n
> i
(ix) the zatogral I(a,l,n) = l/ 7 I L) dn, for cach root;
o
0
{tiz) vhe .. of whe Daret Pov leoms of the series in equation {14)
{each term corresponcing to an evaluated root), yzelding an
6 - U1
apyronuats value of 3 o H {for varzous values of & ond &3
o} 1
1 1
(v} the inle.rals / 0dE and gadrn, vhielh facilotete the
ol of

“ 4
evaluasion of dsirz eouation {18).

e e
-.JC{\‘J.»] - 6@)

The mmelzecnl verk i1s siuplafied when p is an ;_Ltogl‘er or helfl-
1ntegoer, since tubulabed values of Dassel Dunetions 10,70, 1 may thon he
aged 1n the cogputaticns.

In e two o ;,rlrz. cance concadered (COI‘T‘GSPOI’]J""lf‘ o m e 38 ond
Beny voopaotively ), fac farel 13 rools of egaat.cn (12) were detormincd.

Yor o = 3.0, the anlograls I(n,i,-zz), noa oy 5 easy 15, were ovaiuated

WG exprossicns acraved 1 apmendss 11, vwihile for = $o5, the integrals
.
A ; :
I(n,-g-,-{f-) s D= Ty, 2y weey 13, vwere evaluaated using numerical mothodsz o
G had 6,}
inverration. Valueg of TS (), ootsined by us equation (L_)
o 1

P

i metres form, were Touwne to be onaccurate For {hic amallcor velues of I
and . (J.fe az:m, of ana (‘ur@c_; caorrespond o the dobied parks of ire
curves in Figs.i{s ) and 5{c.} Ju ) Greater accuracy could have been obtoaned
by temne more roots of ecuation (12), but this was considored UNMCCCISATYV.

The 1ntoreals j de ani J godr,  were determined graphically from
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FIG.3. HEAT TRANSFER COEFFICIENTS.
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(b) STRESS DISTRIBUTION.

F1G.4(a3b) TEMPERATURE AND STRESS DISTRIBUTIONS IN THE
PLATE AT VARIOUS TIMES FOR 7o 8¢ = 222 + 01774

(P=3-5, 4, = 0-1774x10°), THE NUMBERS ON THE CURVES ARE VALUES OF
Kt/ . (CORRESPONDING TO t =200, 500, 1500,3500 SECS.
FOR THE PLATE TAKEN AS EXAMPLE ).THE RESULTS ARE
ASSOCIATED WITH AERODYNAMIC HEATING WITH A LAMINAR
BOUNDARY LAYER.
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FIG. 5 (a&b) TEMPERATURE AND STRESS DISTRIBUTIONS IN THE

PLATE AT VARIOUS_TIMES FOR To»* H&’ =O932 +2-306
(£=65,4=2:306XI0)THE NUMBERS ON THE CURVES ARE VALUES
OF Kt/.2 (CORRESPONDING TO t = 25, 50, 100, 200, 400 SECS.
FOR THE PLATE TAKEN AS EXAMPLE). THE RESULTS ARE

ASSOCIATED WITH AERODYNAMIC HEATING WITH A TURBULENT
BOUNDARY LAYER.
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THE CURVES ARE BASED ON VALUES OBTAINED FROM FIG.4 AND
FIG.5,A5 SHOWN,
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