AAEC/TM366

AUSTRALIAN ATOMIC ENERGY COMMISSION

RESEARCH ESTABLISHMENT
LUCAS HEIGHTS

FORTRAN IV PROGRAMMES FOR COMPUTATION OF TEMPERATURE AND
THERMOELASTIC STRESS IN A HOMOGENEOUS SPHERICAL FUEL ELEMENT
DUE TO AXISYMMETRIC HEAT TRANSFER VARIATION OVER THE SURFACE

by

Z.J. HOLY®

*School of Nuclear Engineering

University of New South Wales

February 1967



AUSTRALIAN ATOMIC ENERGY COMMISSTON

RESEARCH ESTABLISHMENT

LUCAS HEIGHTS

FORTRAN IV PROGRAMMES FCER COMFUTATICON OF

TEMPERATURE AND THERMOELASTIC STRESS IN A HOMOUGENEOUS

SPHERICAL FUEL ELEMENT DUE TO AXISYMMETRIC HEAT TRANSFER

VARTATION OVER THE SURFACE

by

Z. J. HOLY

School of Nuclear Engirneering
University of New South Wales

ABSTRACT

Computer programmes together with a brief outline of the theory
are presented which enable computation of temperature and thermoelastic
stress fields in homogeneous spherical fuel elements due to axisymmetric

heat transfer variation over the surface. Uniform heat generation in

the fuel element is assumed.
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1. INTRODUCTION

The spherical fuel elements in a pebble hed rezcior core are sublicct Lo non-
unitorn heat transter over their surface, whiclh causes tempersture and stress in-
CICASCS Cumpalvd with Llose based on average heat transter. While the solutions
for temperature and stresses due to arbitrary heat transfer variation over the
surface have been discussed by Thompson (1964 ard 1965), practical application
of the theory for computation is rot availatle because of the extreme complexity
of the problem. A ccnsiderable simplification can be achieved 1f an axisymmetric
heat transfer variation over the surtface is assimed. Thic hac boon onniveed
(Holy 1967) and results obtained for a rumber of experimentally derived and arti-

ficially created distributions.

The cdetermination of temperature ard stresses for an axisymmetric heal tLrangter
variation should be of counsiderable practical importarce, as the results can bo
used as & first approach in a design analysis of the spnerical tuel elements, which
as a rule are stress limited. Another applicatior. is the temperature calibration
of the instrumented spheres used for the determination of the heat transfer coef-
ficient in a bed or array of spheres. The iustrumented sphere, which is internally
heated, is calibrated in a stream of coclant, giving rise to axisymmelric heat

transfer distribution over the surface.

In this report programmes written in Fortran IV language are presented which
can be used on any computer having a storage equivaleut to or larger than an IBM

7040.

The computation is split into three separate stages. The f{irst expands an
arbitrary axisymmetr’c heat transfer distribution in terms of Legendre polynomials.
Four different approaches are used, depernding on the type of distribution analysecd,
each one programmed separately. The secound stage consists of a programme which
uses the results from the first stage toc determine the expansion coefficients,
which arc used as input data in the third stage programme to give the estimates of

the temperature and stress fields through the sphere.
A brief outline of theory involved in each computational stage is now presented.

2. REVIEW OF THE THEORY

For an axisymmetric heat transfer distribution over the surface of a heat pro-
ducing sphere, such as is shown in Figure 1, the heat transfer coeflicient varijation
is a function of angle & only. Solutions for the temperature and strecces can Lo
expressed in terms of a truncated series of Legendre polynomials. As a first step
in obtaining the solution it is necessary to expard the heust transfer distribution

in terms of Legendre polynomials.
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2.1 Expansion of a Heat Transfer Distributio- in Terms of Legeundre Polynomials

Lel the distribution (Figure 2) te re-plcotiel as & fuucilon ol an alternative

variable u = cos 8. The heat transfer coefficien H (Wigive z) -

) r |
H = HO-{ 1+ Eéﬁl-}- = Hy 1-i o (w) -
o ,

~ 5 PO B
Camwli wie o owd b vutTias

The expansion required is that of ¥ (u), the ¢ measionliess heat traunsfer co-

efficient variation about the mean Ho'

where wn are the expansion coefficients with v, = 0, and Pn(p) are tne Legendr~

th . e
polynomials of the first kind and the = degree The ¥ coefficients are then

used as input data for the next programme stage.

Two distinct methods are used in the programme to obtain the required ex-

pansion coefficients:

(1) Methods based on¥ = §E2+ L L/ W(M)Dp(p)du,

with integral being evaluated by suitable numerical guadratures.

(2) Least Squares method.

2.1.1 Numerical guadrature methods

+1

To evaluate the integral b/\\h(u) Pp(p)dg the foliowing are used:
-1

(a) Simpson's "One-third rule",
(b)  Linear interpolation with Gaussian quadrature,
(c) Lagrange four point interpolation with Gaussian quadrature.
The abscissae and weight factors used here for the 8th order Gaussian quad-
rature are those quoted by Davis and Rabirowitz (1958), and the Lagrange four point

interpolation formula can be found, for instance, in Abramowitz and Stegun (1964).

2.1.2 Least Squares Method

The principle of Least Squares states that the sum of the squares of the

deviations should be a minimum. Thus from the expansionr:

e e

D= s ] ) - B Ry r

is formed, where i refers

to the ith point of the given heat transfer distribution.

For a minimum:

%% = -2z { {?(ui) -2y P () } P (1) } ,

m 1

I
[

where m = 0, 1, 2, 3

Therefore:

sy, fo) r g bom m vy pe)

1 m 1
n 1 1

This can be written concisely in matrix form as:

w = G ,

I

where M is a symmetric matrix with elements M

o ; Pn(ui) Pm(ui) , and vectors

Vv and G are:

' 5 1 0o 1
| ! 1
\V =% \V:L }} s G = Z\y(“_l) P:L(p.l) -~
! . 1
vy | £ (u) Pylay)
1
' ! !
: ; t
- “
N M J \k. ,,}L
The solution is then simply:
y = MG .

Individual Legendre polynomials are generated by a recurrence relation

quoted by Kizuner (1966) which is well suited for computation:

with W = l, W = D
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A\ = b pHw c.W
J J gt j jte ,
Tor i = n-2. n-3. ..... 0
.. _2itl 3 o iti
i i+l > i i+2
for i = 0,1, ......

Pl
p

The programmes are designed to give ithe ccefiicleats ¥ and alsc the average
[ 8
value HO’ the input data being the heat transfer coefficient 2 assoclated with
the discrete values of u

- - - = fag . ") -
SLrsld Derices

2.2. Coefficients of the Temperature and

The next programme stage is concerned with tne caliculaticrn of the ftemperaturs:

and stress series coefficients, using the results rrom tne stage one pregramme.

Consider a homogenecus sphere orf radius a, wits uniform internal heat genera-
tion per unit volume Q{r) = Q and axisymmetric heat transfer variation over the
surface as shown in Figure 1., Under steady state conditions ard measuring tem-

perature T relative to coolant, the problem can be formulated, after introducing

the dimensionless parameter p= g , as:
2
2 Qa
+ = 0
VpT X s
H a
. oT o \> .
+ — + | = - =
with % '1 —\ 1 () ’ T(1) 0, at g = 1.

Let T = To + X, then the formulation may be separated as follows:

VoToHS =0, (1)
aTo
S ll + B To(l) =0, (2)
2 —

and Vp X = 0, (3)
X |+ 1+ V¥(p) =
S L TP V(p X(1) = - p¥(u)T (1) (4)

. Hoa e
where Biot No. B = = and S = ~%— is the heat source term.

The solution to (1) and (2) which gives the temperature associated with

the mean value of the heat transfer coefficient HO ,» 1s simply:

- S c S
TO_6(l-p)+\7ﬁ

Because of the spherical symmetry involved. the solution to (2} £oy -

perturbation temperature is:

n
X =% 2MepP ). (5)

Let ¥(1), the dimensionless heat transfer coefficient distribution about

the mean, be expanded in terms of Legendre polynomials.
Thus:

v) = gy PG . (6)
Substituting (5) and (6) into (4) and applying the orthogounal properties
of Legendre polynomials, there results a set of infinite equationg for the co-

efficients ln. In matrix formulation this can be written:

(2nt+2r) ! wn+2r _u
n+z2r g A
2 n

LN+B<{I+%§(—Ur

‘(ntr).r!

(i-1) , I is a unit matrix, and vectors

where N is a diagonal matrix with Nij

A and ¥ are defined as:

f ' {‘ !
l lo 3 z Wo ;
A= % Ay , v = N Yy v

S
{V]
—————
-€
V]

and § denotes transpose of the matrix { defined by:

0 i |
. l

: N {
IICIN 3. |
. \ N :
i A \‘\ A i
Q = \\ |
‘-\. N z

r. ) n+l i

2 n+ l ~. 2 n+ '

N L

e

2 SN
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Truncation of this set or iafinite equatiovns and their solution yields the
coefficilents kn’ which enable the computation of e<timated temperatures and
Stresses.

The coefficients obtained from the programme are normalised in the sense

that they are computed for % = @%E = 1. The same normalication is also applied

in the third stage programme when computirg the dimers:iuvnless temperatures and
stresses.
Suitable subroutines are used to handie the tecessary malrix operatiors.

The matrix inversion is dons "7 o5 T ov i

2.3 Evaluation of Temperaturs ard 3tress:

The third stage programme is concerred witn the calculation of the temper-
ature and stresses at any pcint r,6 of tne spherc, based on the truncated co-

efficients kn from the second stage.

The temperature at & poiut r.,8 is given as:

— _]_ﬂ_ n foc m
©(r,0) = 3 (D7 P (cos ) + T (1)

The perturbation stresses involved are shown in tigure 4 and are obtaired

using a formulation by Nowacki (1862) as.

= = b /

0rr % Xn(grr)n ? 089 T. kn\ase)n ?
= . ~ - !

Y90 E A (Tge) > @nd 35 = 8 A (e o)

The stress comporents associated with the individual A are:

I

(o )

rrn N

e
-6nn(n—l) {l-(?)') (§>np (v) ,

> - n

i L [ .
(0gg),, = 5 Ln <n+2—n<%>?}n(u)-\5—(;> /\uF‘r’](u)] k—;—) ,

. , S 2N v
(940 = 04 [n <2n+l—(§)2> P ()~ \3~(f:)?_) ar, (:-1)1 (’g)r ;

.

) 2N\ T
(Gre)n = SH(H—L) (}—(3) ) (g)nﬁf'(u) ,
where:
n dP_(u)
W =cos 6, uw = sin G, o= = ,

a(l - v) )70

2
n +n+l+ (2n+tl)v

r
In the centre of the sphere (=) = 0 and the perturbation stresses are

then:

0.0 TABP(u) , 0h, = AB, [-4P2(u)+uPé(.u) i‘ )

Oop = MoDs [ZPz(IJ) - P, (1) ] and o ”‘zﬁzap.é(“)

The total stresses are obtained by adding the components due to uniform
distribution of the mean heat transfer HO over the sphere surface.

Thus:

(o ) = g

rr’'t rr * (Orr)O ? (Gee)t = 699 * (G)O 2

(0pp)y = 9gp * (0)gand (o ) =0

where:
2F QAT
O (£)2 = l} 3

(Grr)O = SZl—vs a

ZEQZSTO -
(0)g = HEEDE 2(;)2 -l} ;

and ATO is the temperature difference between the surface and the centre of

(Uee,¢¢)o

the sphere.

It is also useful to combine the effects of all the stress field compounents
by considering an equivalent stress derived from some type of failure criterion.
Hencky-von Mise's yield criterion of maximum shear strain energy (Finnie and Heller

1959) is used here, for which the equivalent stress is defined as:

o - :/i: [ { (Tgg) - (chq;)t }2 ¥ {(O¢¢)t ) (Urr)t}2 * {(Grr)t- (Oee)t}z ' 6(%9)5 }

The first derivative Pé(u) required in the calculation of the perturbation

N~

stresses is obtained from:
Po(k) = (20-1) P__,(u) + (20-5) P__.(u) + (2n-9) Pos(u) + e ,
which results simply from.the relation (Morse and Feshbach 1953):

Pla() - B (w) = (20+1) P (1)
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In the programme the temperatures and stresses are calculated both in

dimensionless form and as actual wagritude values. The dimensiornless form

is for a wormalised heatl source ol 7 = 4, bie cemperatures belly oxpressed

7}

. . . . o

At Aane AR +Fha anrnfana FoawmmaoraT o m W Tl A Lh s st vAaconc oo Y TTAY A e —_
ntimng of tha gurfaca TOWMTOTRATUTD L0 Woiiaah ween m e enee e s gt T s ™

) AT,

O

2

n
i)

{9

e

where AT is the surface to centre temperature difference. This form is
o}

useful when comparing various heat transfer distributions. The actual mag-

nitudes of temperatures and stresses are then calcilated for a particular

power density which is read in as input data.

3. DESCRIPTION OF THE PROGRAMMES

The Fortran IV programmes and subroutines &are listed in the Appendix.

In this section their application and the input and output arrangements are
discussed. The input for the first stage programmes depends oun the method
used to obtain the required expausion coefficient ¢f the heat transfer dis-
tribution, while the output is the same for all the programmes. It is as-

sumed that the distribution is given as a function of i1 = cos 6 and also that
the programme variable X = u takes on values from O to 2 which correspond to
W = -1 to +1. The expansion of the distributior in terms of Legendre poly-
nomials is calculated for a specified number of terms and then tested by

synthesising a distribution for a varied number of terms and comparing this

with the original distribution. Depending on the accuracy required, the
number of expansion coefficients is then selected to represent the distri-
bution in the next programme stage.

The programmes based on the four different methods of obtaining the

expansion are now detailed.

3.1 Simpson's "One-third Rule"

This programme is used when the distribuvion is a moderately fast varying
function, values of which are given for a medium to large number (say 150 to

220) of uniformly spaced values of the argument .

Input:

N, L, M, MN, LN, DX
= Number of values of the distribution

Number of coefficients required in the Legendre expansion

= 0 =
i

= The initial number of the expansion coefficients used in generating

the synthetic distribution fur comparison purposes

-

0

MN = [Number by which the syntnetic distribution coefficients are
incremented
LN = The £inal =umbeor of LhC syniiclic distribution coefficients
DX = Sten lengths between the walve~ ~0 o
Y/I),I = 1,N

Values of the distribution at the relevant values of u, starting with

the value at p = -1 for I = 1,

3.2 Linear Interpolation with Gaussian Guadrature

TS ) s Y ad et T H - ; . - }

11 the distrivution 1s a moderately Tact varying fuaction with values
given for a large number (say 220) of uniformly or noun-uniformly spaced

values of the argument p, linear inverpolatioun with Gaussian quadrature can
be used. This programme can 5 £ i ' i i

prog also be used for a slowly varying function given

by a small number of values (say 82).
Input:

c¢(1).B(1), T = 1,40

The abscissae and weight factors for the 80th order Gaussian quadrature.

(Values are listed in the Appendix) .

N, L, M, MN, LN

The same as in Section 3.1.
X(1),1 = 1,N

Values of the variable X are given as X = 1 + n, that is, the variable

X takes on values from O to 2, which correspond to u = -1 to + 1.
¥(1),1 = 1,N

The same as Section 3.1,

3.5 Lagrange Four Point Interpolation with Gaussian Quadrature

This programme should be used mainly for a distribution which is a fast
varying function given by a medium to large number of values (say 150 to 220).
The values of the argument can be spaced either uniformly or non-uniformly.
This can also be used for slowly varying functions for any number of values

and its accuracy is superior to the methods used in Sections 3.1 and 3.z2.
Input:

Identical to that of Section 3.2.




3.4 Least Squares Method

' ; 5 i st varyire
This is most useful for distributions which are slow to medium fast varyirg

To A

et a
ba

4+ - -
VL.LC Gl gy At e _— -

functions with unirormly or non-uniforuily spacdd VAiucs O
the accurvacty e eaticfactorvy onlvy 1f the

IR B IR, A
. - I

cw- NN\ N L -?F- ~:S£\ﬂj
S oy o8 Lo

f
\

argument values are uniformly spaced.

Input:
N, L, M, MN, LN
(1), = 1,N
¥v(1),1 = 1,N
Identical tc that in Sectivn 3.Z2. There is u? auadrature.

3.5 Output Form for Stage Ore Prcgramme:

: aod 1s givern ¢ Follows
This is the same for all the stage crne programes and is given as foll

INPUT SPECIFICATION

Values of the original distribution are printed out.

ACTUAL LEG COF

- o 9 -f"' 3 g,
This gives the actual values of the expansion coefficient

REDUCED LEG COF

Normalised coefficients obtained by dividirg the actual values by the vealvue

of the first coefficient.
AVERAGE VALUE OF HEAT TRANSFER = A(l)

This is the value of Ho

EXPANSION COEFFICIENTS
Q,a(1), I = 2,L

This lists all the coefficients which wmay eventually be used as input data
for tﬁe stage two programme. The number to be used will depend on the

accuracy of the synthetic distribution.

COMPARISON OF SYNTHETIC FUNCTION
POLYNOMTIAL DEGREE =M - 1

rnighest degree of the polynomial used in syathesising the distribution for

COupal LS ol purposes.
EXPANSION COEFFICIENTS NOW
Q,G(I),I = 2,M

The values and the number of the expansion coefficients, which, subject to

the accuracy test, are used se input data for the

T

(2

ACr T v raTranomas
= - : SOt e .

X COORD ACT FUNCT SYNT FUNCT
EX FX TR

For values of the coordinate X(I) this gives Y(I) and the corresponding
values of the synthetic distribution. The accuracy of the print-out is
then visually compared and, if satisfactory, the number and values of the

expansion coefficient selected for the next programme stage.

3.6 Coefficients of the Temperature and Stress Series

This programme enables the computation of the normalised temperature and
stress series coefficients, which are subsequently used in the stage three pro-
gramme to obtain the estimates of temperature and stresses. The normalisation
is effected by taking the heat source term as % = 1. The data used as input are
obtained from the results of the stage one programmes. Examination of the co-
efficients in the output, after discarding any with magnitude smaller than 10-4,
determines the input data for the stage three programme.

Input:
IDE

This serves as identification for a particular calculation.
N, NN, BIO

N = order of matrices required to ensure a satisfactory convergence of

the truncated temperature and stress series coefficients. As a rule
N 2 40,

NN

]

number of expansion coefficients from the stage one programmes which

give satisfactory accuracy in representing the original distribution.
NN = M.




1z,

H a
BIO = Biot No. = — » whered
coefficient, which is again obtalned from the stage ore programmes.

iz tne average value of the heat transTer

Talues ol Llie expalisiol voeslicizees 1iuih dtege whe PLogtalilie wall

FE(1) = 0.0, also FE(I) = 0.0 for NN < I = N

Output: \
IDENTIFICATION IDE= R N= s NN= ) Si0=

INPUT LEGENDRE COEFFICIENTS
FE(I).I = 1,N
EXPANSION COEFFICIENTS
A(I),I = 1,N
These coefficients are used as input Tcr thre stage thres programme after

. -4
discarding any smaller than 10

3.7 Temperature and Thermal Stress in a Sphere

The last programme enables the temperat.re and stresses td be obtained
through the whole body of the sphere bty varyirg radius r and angle 6, or simply
for a fixed radius and variable 6 only. Ir. order to be avle to compare the
effects of various heat traunsfer distributions, the output is expressed both 1in
dimensionless form and as actual magnitude values., Tre dimensionless temperaftures
are given as fractions of the surface temperature T, associated with the average
value of the heat transfer coefficient H- The dimersicnless stresses are
expressed as Ea%gfo s with.ATo being the centre to suriface -temperature drop
associated with Hon Further, the dimensionless fcrus are calculated for the
same normalised heat source of % = L 83 used in the stage two programme. Tre
actual magnitudes of the temperature and stresses are calculated for a particular

1

a
uniform hecat generation Q, the input being 1 the form g—

0
Taput:
BIO, U, E, ALF, M
BIO = Biot No.
U = V, Poisson's ratio
E = Young's modulus
ALF = Q, coefficient of thermal expansion
M = number of temperature and stress series coefficients from the

stage two programme.

13
ATV, T = 1,M
Valnes of the temrevatirc ord siross series coerticients from the stage
two programme.
R, @, DRX, RDX, KB, KC, KD
R = p, dimensiornless radius, for the surface R = 1.0

Qa - :
= T uniform heat generation term

o}
DRX = 1increments in angle © in degrees, usually 10°

RDX = decrements in the radius R, usually 0,1

KB = 1, temperature and stress calculagtion is carried through the

whole or part of the sphere, depeucing on the value of R, in
decrements of RDX to R = 0.0

KB = 2, calculation one for a fixed value of R

KC = 1, calculation carried on for all values of 6 from 0° to 130°
with increments of DRX. If R = 1, that is, on the surface, the
lncrements are sutomatically taken as DRX/B.

KC = 2, this applies for a distribution symmetric about the equator,
that is, 6 varies only from 0° to 90°

KD = 1, only the dimensionless form is calculated

KD = 2, both the dimensionless form and the actual magnitudes are

calculated.

Output:
IDENTIFICATION
BIO= R U= R E= R ALF= R M=

COEFFICIENTS A
A(I),I = 1,M

The coefficients A read in as input are printed out as identification.
RAD=R, ANGLE=DG, Q =Q

This serves as a heading to identify the point r,6 of the sphere at which
the following temperatures and stresses are calculated. @ is the uniform
heat generation term. The notaticn used in describing the temperatures

and stresses is that detailed in Section 2.
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NORMALISED AND DIMENSIONLESS TEMFEEATURES
DUE UNIFORM HO SRA = (Orr)O’ STA = (o)
These temperatures are calculated for the normalised heat source term of : °
S _ - TOTAL 784 = (c_ ) ZAB = (u,,) ZAC =
s Corles B8 = (o), zac (Og)y> ZAD = (0, ,),
PERTUBATION T=T, DUE HO TU=T., TUTAL TOL=I~1,, SURr HO ‘W=l {1 EQUIVALENT SAC = o
RATTOS 5.8 BSample of Typical Output
This denotes *temperatures expressed as fractinas 27 the surface fTemper- IDENTIFICATION BIO = 2.000U = O.310F = O 41800E + OBALF = 0.10000E-0
. . = 0. -04M=
ature T due to H . c -
] . COEFFICIENTS A 0.32495E + 00 -0.97483E + g0 0.34324E + 00 - 0.85341F - 01
PERTUBATION TH=T/T. (1), DUE HC TUD=T /T (L) TCIZL TX=(T+7.)/T.(1) 166G8E - 01 X -
. e : : 0.LCBG8E - 01 - 0.26944E - 02 0.56940E - 03 - 0.44170E - 04
ACTUAL TEMPERATURES |
RAD = 1.000 ANGLE = 0. Q = 75.00

Actual magnitudes of temperatures due to unifcrm heat generation term Q.
NORMALISED AND DIMENSIONLESS TEMPERATURES

PERTUBATION TP=T, DUE HOC TUT=TO) TCTAL Te=T+T ., SURF JO TUS=TOfl)
W

NORMALISED DIMENSIONLESS STRESSES

PERTUBATION T = - 0.37768E + OODUE HO TU = 0.10000E + 01

TOTAL TOT = 0.62232E + OOSURF HO TW = 0.10000E + 01

These stresses are calculated for the rormalised heat source term of
! A‘ e o ; RATTIOS
& = 1, and also expressed in the dimersic-lieszs Torm ECXAEO PERT
. _zzz— . - | . M_Sgg_ o _E:Q_— UBATION TH = - 0.37768E + OODUE HO TUD = 0.1000CE + 01
ED(ATO > EO[ATO T EO.‘A'I‘O ’ ECZATG TOTAL TX = 0.62232E + 00
(6 ) (U)O ACTUAL TEMPERATURES
DUE UNIFORM HO SRU = gz , §T0 o
. r, PERTUBATION TP = - 0.94421E + OL1DUE HO TUT = 0.25000E + 02
' TOTAL TE = 0. =
N (Orr)t . £596>t o \”¢¢)t - (Gre)t 0.15558E + O2SURF HO TUS = 0.25000E + 02
= T E AT ~LE TR ST R AT
E(xamo EchTO E aésTo EQ»QTG NORMALISED DIMENSIONLESS STRESSES

*

g
PQUIVALENT SIG = Ea‘ﬁTo PERTUBATION SA = -0. SB = -0.26792E - OlSE = -~0.26792E - 018D = 0.

. 0 06 Tos S DUE UNIFORM HO SRU = 0. STU = 0.57971E + 00
PERTB HO RATIOS XRR = (ET*_ , XIT = o) XFe = Sl XET = (57__
S . (o) 5 TOTAL ZSA = -0. ZSB = 0.55292E + 00ZSC = 0.55292E + 00ZSD = 0.

This gives the ratios of the perturtation stresses to the surface stresses EQUIVALENT SIG = 0.55292E + 00

caused by Ho' This is of use wher plotting the results. PERTB HO RATIOSXRR = -0. XTT = -0.46216E - O1XFF = -0.46216E -01XRT = O
ACTUAL MAGNITUDE OF STRESSES ACTUAL MAGNITUDE OF STRESSES
The actual magnitude of stresses caused by the uriform heat generation PERTUBATION ZA = -0 7B 0.27997E + 037C 0.2799
= -0, = -0. = 0. 7E + 03ZD = 0.

Q in the sphere.
DUE UNIFORM HO SRA = 0. STA = 0.60580FE + 04

PERTUBATION ZA = o, ZB = Ogg » 28 7 Opgs ZD = 0
! TOTAL ZAA = -0. ZAB = 0.57780E + O47ZAC = 0.57780E + 04ZAD = 0.

EQUIVALENT SAC = 057780F + 04
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NOTATION

radius of sphere

coefficient in recurrence relation for P {u)
coefficient in recurrence relation for Pn(p)
Young's modulus °

vector in Least Squares Method

heat transfer coefficient variation about mean H
heat trausfer coefficient distrioution °
mean value of heat transfer coeflicient

unit matrix; also derotes sum of sQuares of derivations
thermal conductivity

symmetric matrix in Least Squares Method

positive integer

diagonal matrix used ir solution

nth degree Legendre polynomial of the first kind
internal heat generation per unit volume

radius vector; also derotes positive integer

q 2
heat source term —%—
temperature measured relative to coolant

temperature comporient due to mean value of heat transfer H
0

Z coordinate axes
temperature component due to h(u)
variable in recurrence relation for P (u)
coefficient of thermal expansion ’
Hoa )

Biot number —E—

stress coefficient associated with state n

angles of spherical coordinate system
vector used in solution

expansion coefficient of truncated series associated with P (p)
n

alternative independent variable, p= cos 0
variable in stress formulation, i = sin 8

Poisson's ratio
dimensionl ius —
nsionless radius vector, p =
a

stress components as defined in Figure 4
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* .
o equivalent total stress
3 vector used in solution
r(u)
W(p) normalised heat traunsier ccoelificient wvariatior- w(u) = —
o
Wn coefficient in expansion of ¥{u) associated with Pr(“>
. s EQ
w thermoelastic coefficient, W = )
Q matrix used in solution
Subscripts
o) due to H
o
n associated with X(
t total

66,09 ,rr,rd as defired in Figure 4 for stress comperents

LISTING OF FORTRAN IV FROGRAMMES AND SUBROUTINES




T

11

26

12

4ﬂ------!!!!gg!!SsH-Ii_IIIII-IIf---.I..'

APPENDIX ! LISTINGOF FORTRAN IV PROGRAMMES AND SUBROUTINES

ExPANSION OF HEAT TRANSFER IN TERMS OF LEGENDRE POLYNOMTALS

STMPSONS ONZ THIRD RUCE
DIMENSION Y2201 9A150)sGE50ysXU(22057
MoAD S s L Ny LM MNI LN DA
FORMAT(5149F 763}
READ(Ss23(Y(I)sI=15N}
FORMAT{10F763)

K=IN=-1}/2

DO 10 1=1»L

BN=1-1

SUMKOOO

Xﬁloo

CALL POL{XMNsBNs X}
SUM=SUM+XMN#*Y (N}

Y=—160

CALL POL{XMNsBNsX}
SUM=SUM+XMN*Y (1)

DO 11 JU=29sKs2

Z:K“- J+1

X=Z#DX

MA=N-J+1

CALL POL{XMNsBNeX)y
SUM=SUM+4 , #XMN*Y (MA)
IF{XelLTe00¥GO TO 11

X==X

MA=J

GO TO 25

CONTINUE

KN=K~-1

DO 12 J=39KNs?2

L=K—J+1

X=Z¥HX

MA=N-J+

CALL POL(XMNsBNsX

SUM = SUM42 ¢ #XMN%Y (MA}Y
IFIXeLTe0603GO TO 12

x.‘f—‘x

MA=J

GO TO 26

CONTINUE

X=0,0

CALL POL{XMNsBNs X}

KM=K+1
SUM=SUM+2 ¢ ¥ XMN*Y (KM}
AlTI)={2%BN4+1,0)%¥SUMXDX /8,0
DO 70 1=1,sL

Giiy=A(TIYy/A(1)

DO 35 I=15sN

TU=f-=1

XU{Ty=TU%DX

WRITE(6+110)
FORMAT(1XeJ9HINPUT SPECIFICATION}
WRITE(E9111INsL sMoMNsLNsDX
FORMAT (1X52HN=1492HL=1452HM=1453HMN=1453HLN=14s3HDX=F743)
WRITE(6266) (XULT)sY(T)si=1sN) '




PAGE

66 FORMAT(1Xsi7HVALUE OF FUNCTION/{1Xs3i0E124)
WRITE(5945) (A(I)osI=1sL) '
45 FORMAT{1Xs14HACTUAL LEG COF’'1X: 08155
| WRITE(5,72}(G(E)9131%L? o PEizesT)
72 FORMAT{1Xs15HREDUCED LEG COF/{1Xsi0E13,5
205 hesiE S0
y31HAVERAGE VALUE OF T TRANSEER=E
pORHAT1Xs31 E VA OF HEAT TRANSFER=E13,.5)
206 SOSMST(1Xs22HESPANSION COEFFICIENTS)
WRITE(65207)QsUGIY)oi=2sl }
207 FORMAT{1X910E1305/(1X910E13,5)}
WRITE(6582) |
lgg 535351(1X934HC0MPARTSON OF SYNTHETIC FUNCTION)
WRITE(69151)1J
151 FORMAT(1Xs18HPOLYNOMIAL DEGREE=14j
WRITE(69208)
208 FORMAT(1X»26HESPANSION COEFFICIENTS NOW:
WRITE(65209)Qs(G{}sI=2sM) '
209 FORMAT(1Xs10E13¢5/(1X510E13,5)
WRITE(89152)
152 FORMAT(1Xs13H
K=1
156 EX=XU(K}
XY = EX=140
TR=0,0
DO 153 i=1sM
BN=I-1
CALL POL (HAsBNsXY)
153 TR=TR+HA*A(])
FX=Y (K}
WRITE(69154)EXQFX9TR
154 FORMAT(1X3s3E13,5)
IF(KeEQeN)IGO TO 155
K=K+1
GO TO 156
155 IF(MeGELLN)IGO TO 42
M=M+MN
GO TO 150
END

XCOORD *i3H ACT FUNCT o3i3H SYNT FUNZT

INCLUDING THE FOLLOWING SuU U
SUBROUTINE POL PROVTINES

[P

PAGE

ExPANSION OF HEAT TRANSFER IN TERMS OF LEGENDRE POLYNOMIALS
L INEAR INTERPOLATION WITH GAUSSIAN QUADRATURE

STMENGION Bl80D>C(80)sX1220;5Y1220)s0(803941505C(50),21220)
READ(B69311)(C(1)9BU1)si=1940)

L1 FURMAV I4riCeT
4% READ(S5 91 INsLsMosMNs LN

“ORMAT {514y
READ(S592) (X1 TI=19N)
READ(B592) (Y)Y s I=19N)
FORMAT {10F7e3)
bu 12 I=1940
K=81- 1
CIKYy=C(I}
Cliy==C(I)
12 B(Ky¥=BI(I)
DO 3 I=1sN
3 Z(1)=X{1)=1e0
I=1
10 J=1
6 UsZ(J)=C(1)y
[F(UgEQe0:03GO TO &
[FlUeGT40603G0 TO 5
J=J+1
60 TO 6
 DLIy=Y{d)
GO T08
5 V=Z{Jy-2Z{(J=1)
R=Y{Jy=Y(J-1)
Dlry=sY{Jd=1y (V- U;sR/Y
8 IF1YeEQeB803G0 TO 9
=141
GO TO10
9 DO 21 =7l
BN=I-1
SU=0,0
DO 22 J=1980
XX=¢C{J)y
CALL POL{XMNsBN s XX}
22 SU=SULXMN¥*¥D(J)Y*B!J)
71 A(I)=(2 #BN+1,01%SU/2,0
DO 70 1=1>sL
70 G(Iy=A(])/7A11)
WRITE{(59110)
110 FORMAT(1Xs19HINPUT SPECIFICATION}
WRITE(6s111)NsL sMsMN LN
111 FORMAT(1X92HN=1&492HL=1492HM=1493HMN=14 93HLN= [,
WRITE(Bs66) (X(TYsY(T)eI=1oN)
66 FORMAT(1Xs1THVALUE OF FUNCTION/(1X9i0E12e4i
WRITE(Bs455 (A{I)sI=1sL)
45 FORMAT (1Xs14HACTUAL LEG COF/(1Xs10E1345)}
WRITE(69s72)(G(I)sI=1sL) :
72 FORMAT(1X915HREDUCED LEG COF/(1X:10E13.5))
WRITE(gs205)A(1) :
FORMAT{1X931HAOERAGE VALUE OF HEAT TRANSFER=E13e5)
WRITE(69206)
FORMAT (1 X e 22HEXPANSION COEFFICIENTS;

[




w=0,0
o WRITE(692O7)09UG(I)9I=29L3
207 rORMAT!1X'10513@3ﬂf;X910t13®ﬁ;;
WRITE(5982}

150 ju=M-1

WRITE(6+i51)1J

82 FORMAT © 1X»3214COMPAR [ SON OF SYNTHETIC FUNCTYON

PAGE

xPaNSTON OF HEAT TRANSFER IN TERMS OF LEGENDRE POLYNOMIALS

w
p
0
m
©

ol
[l

AGRANGE FOUR POINT INTERPOLATION Wi H GAUSSIAN QUADRATURE

DIMENSTON BrgOy s (B8O sA 122059V (2209414209150, ¢G(50} D80

READIS e 11y (CIIDeBIIVYoI=194C;
11 FORMAT {47 1047)
e READID91iNsLIsMeMNSLN
T FORMAT (ST 4
READ{B 2y XU ei=12N
READ (592, {Y(I}sI=19N})

151 FORMAT(1Xs3i8HPOLYNOMIAL DEGREE=14; ¢ FORMATI10F743)
‘ ﬂRITﬁteszoa; DU 12 I=1940
208 FORMAT (1X»26HEXPANSION COEFFICIENTS NOW K=81~}
oy ARITE(692093Q5 (GITys1x2,5M) o SR, TCHTL
209 FORMAT (1X s 10E1345/ 11X e20E} 3,5, Cily==Cliy
WRITE(69152E V2 BiKy=B{Iy
K=l 5 Z(1y=X(1)=140
156 £X=X(K i=1
§Y = EX=1,0 10 J=1
(Rxooo ‘ & UzZ(J?*C(I)
PQ 153 I=1sM IF{UeEQeOO03GO TO &
BN=}-1

CALL POL {HABNs XY}
153 TR=TR+HA*A(I)
FXzY (i
_ WRITE(6,154)EXsFX9TR
154 FORMAT(1X9351355»
[FIKeEQ4NIGO TO 155
KaK+1
GO TO is¢
155 IFIMeGELLNYGO TO 42
M=M+MN
GO TO 150
END

INCLUDING rRE FOLLOWING SUBROUTNE
SUBROUT INE POL S

TFlUaGT,0,03G0 TO 5
J=d+l
GO TO 6
4 piiy=Y(J)
GO TO 8
5 IF{{J=2)4tEeCiGU O 2O,
[F{(JE1 ) «eGToNYBG TO 202
AD=Y{J-2)
A3=Y L 41y
Xo=Z{J-2)
X3=Z( J+1)
GO TO 255
201 ao=Y(J)y
XOo=Z{J=-1Yy+Z{J-11-21 )
Az=Y1J+1
X3=Z0J%1y
GO TO 258
202 A3=Y(Jt-1y
K3=ZtJy+21d)=20J-1)
AG=Y1J=2)
Xo=24{J-2)
255 A1=Y(J-1)
A2=Y (J)
X1=Z2(J=1)
X2=2(J)
T=C(I) :
Vel T-X1 ) % (T=X24%#(T=X3)#A0/ ( { XO=X1)¥{XO=X2)*{X0=X3))
VaV(T=X0) ¥ (T-X2;%(T-X3)¥A1/ L (X1-XO)*¥(Xi-X2)%(X1-X3))
VeV (T=XO ) *(T=X1)#(T=X3)#A2/ L {X2~XOI#{X2~=X1§%(X2~X3})
VaVa(T=XO)#(T-X1)1#(T=X2)%¥A3/ ( (X5=XO)%(X3=X1)1%(X3=X2)}
D(I)=V
8 IF{I1+EQe80)GO TO 9
I=1+1
GO TO 30
v DO 21 I=1»L

o
SRR

5




22
21

70

110

66

45

205

20%

207

82
150

i51
208
209
152

156

153

154

155

BN=Y7-1

SU=0,0

DO 22 J=1s80

XX%C(})

CALL POL(XMN»BN XX

SU:CU¢XMN*@(J)*B(J)

A(IY:(ZQ*BN+100?*SU/2OO

DO 70 1=3»L

GlIy=Al1y/A(1)

WRITE(693110)

FORMAT (1Xe 1 9HINPUT SPECIFICATION:
WRITE(69111)N9L9M9MN°LN
FORMAT(1XoZHN=14o2HLgI492HM?I#@BHMNSX@@SHLNBI@)
WRiTE(6o66)(X(y;sY(jyaixlgNy

FORMAT ( 1 Xs Y THVALUE OF FUNCTION/{IXs10F 1264y )
WRITE(Ss45) AT yei=ysL ]

FORMAT (1 X s3 4HACTUAL LEG COF/{1Xs310F1%,59
gRéTE;6:72)(G(i?9Z:19Lv

ORMAT(1Xs3iSHREDUCED LEG COF/{3Xej ‘ |
WRITE(6$205)A(1? H0E133 1
FORMAT(1X931HAVERAGE VALUE OF HEAT TRANSFER=E1345}
WRITE(g9206)

FOPMAT (1Xs22HEXPANS {ON COEFFICIENTS)
Q=0,0
WRITE(69207)Q9(G(I)91229L?
FORMAT (1Xs10E13e5/(1X»10E13,55 |
WRITE(5982) .
?ORMAT(IXsBZHCKMPARISON OF SYNTHETIC FUNCTION)
J=M=3
WRITE(&9i51) 1
FORMAT(IX:EBHPOLYNOMIAL
WRITE(6s208)
FORMAT(1Xf26HEXPANS{ON COEFFICIENTS NOW;
WRITE(69209)09(G(I»91329M?
FORMAT(IX:}OEIBaS/@1X910E1305)»
WRITE(Esi52)
FORMAT(1Xs13H
K=1
EX=X(K)
XY = EX-1,0
TR=0,0
DO 153 [=1sM
BN=I-]1
CALL POL{HABNTXY)
TR=TR+HA®A( ]
FX@Y(K?
WRYTE(6:154?EX9FX,TR
FORMAT(1X93E13¢5)
IF(KeEQeNIGO TO 155
K=K+1
GO TO is’¢
IF(MeGELLN}GO TO 42
M=M+MN
GO TO 150
END

DEGREE=14)

XCOORD *»13H  ACY FUNCT  13H

PAGE

SYNT FUNCT

5

INCLUDING THE FOLLOWING SUBROUTINES
SUBROUY INE POL

L4

PR
Rpe 4 o

OOOOO O O

e & 6 e ¢

SO D ND
B e Sl ¢ 1% ¢ = SV 4 TN
Qe ey
~S NN ST
AL I S TR S AN s o)
[RSIRCCI A\ORRTE ti s s B SN US 3 §
Ui < O\ (D (Y

.
x

0,8388314
0,79328327
0. 40002
C.88986376
0.3:10757
0.5¢86712
0.:Cz28041
0,£338753
0.3623047
0.2885280
(,2129945
0.1361640

i

0,0011449
0,0041803
0,0071929
0,01031617
0,0130687
0,0158961
0,0186268
0,0212440
0.0237318
0,0260752
0,0282598
0,0302723
0,0321004
0,0337332
0.,0351605
0,0363737
0,0373654
0,0381297
0,0386617

0.05800%5 0,038583%

5AS AND WEIGHTS OF

D049
09892913
0.9749051
0,9545907
0.9284598
048966755
0,8594314
08169541
0.,7695024
0.,7173651
0.6608598
0.,6003306
045361459
0.,4686966
0.2983934
0,3256643

042509523

041747122
0.,0974083
0.,0195113

GAUSSIAN @

0,002583%
0.005¢6903
0.00856839
0,0116241
0.0144935%
0,01727%¢
0.019950¢
0.0225050
0,0249225
0,0271882
0,0292883
0,0312101
0.,032941y
0034473
0603579 ..
0.03689%.
0.0377765
0,0384249
0.028839¢
0,039017¢

UADR

&

h)

TURE

Cil,eB11iel=)sx0
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XPANSION OF HEAT TRANSFER IN TERMS OF LEGENDRE POLYNOMIALS WRITE(65152) i UNCT
'EEAQT éQUARESHngHODA I - 152 FORMAT(1Xs313H  XCOORD s13H ACT FUNCT »13H SYNT F
DIMENS ; ON P(SOT220y9X(2209,Y(2203,D(SO>921(50950992(5095030 K=1

1A{50595(50)

1956 EX=X{(K)
a2 READ(5°1§N9L£MTMN9LN

XY = EX-1e0

1 FORMATi514) TR=040
REAC IS ) iX i)t j=1eNy DO 153 I=1sM
READ(542) Y01 )yT=1aN} BN=1=1
2 FORMAT(10F7,3) CALL POL (HAsBNTXY)

DO 84 1=1.L i53 TR=TR+HA*A(I}
BN=1-3 EX=Y (K}
DO 85 J=1eN WRITE(69154)EXsFXsTR
XY=X{Jy-1.0 154 FORMAT(1X93E13,45)
CALL POL(XMoBN s XY IFIKeEQe NGO TO 15%

85 p(I’J):X,M K=K+1

84 CONTINUE GO TO 156
DO 86 I=1sL 155 IF(MeGE«LN)GO TO 42
D(Yy=0,0 M=M+MN
DO 87 K=1sN GO TO 150

87 DITY=DIIy+Y(K)%P (15K END

) 9 J=l» )

g?I?J):OEOL INCLUDING THE FOLLOWING SUBROUTINES
DO 88 K=1sN SUBROUTINE POL

88 ZfIsJ):Z(ioJ)+P(IsK)*P(J9K) SUBROUT I NE BOK,,

89 Z(J9Y»EZ€IQJ» SUBROUTINE 0.

86 CONTINUE
CALL BORD(Z1+27TL )
CALL COL(AsZY19DoL
DO 70 y=1,_

70 GUIy=A(1y/alyy

WRITE(65110)
FORMAT(IX919HTNPUT SPECIFYCATIONS
WRYTE(69111)N9L9M9MN9LN

111 FORMAT(1X92HN=Y492HL31492HMﬁI493HMN:I493HLN=Iay
WRITEisséé)(X(f)9Y(I?91=1’N9
66 FORMAT(IX;I?HVALUE OF FUNCTiON/(1X910512o4D¥
WRYTE(69¢5¥(A(I991£19L) :
45 FORMAT(leIAHAcTUAL cBG CDF/¥1H@IGE1305§»
WRITE(6,72»¢G(19o1=1s;;
72 FORMAT [ 1X i 5HREDUCES @ £ LOT 2o D8 8,5y
WRITE€69205»A(1P :
205 FORMAT (1Xs31HAVERAGE VALUE QF wiaT TRANSFER=E13.5)
WRITEQ69206)
206 FORMAT (1Xs22HEXD ANS - on: COIRT I TENT S,
Q=0,0
- WRITE(69207}Q9€GTE;wITﬁvh.
207 FORMAT¢1X9IOE13@5/fIKGLOEIBSb;
WRITE(g982) '
82 FORMATKIXQBZHCOMPARISON OF SYNTKET IC FUNCTION)
150 ju=M-3
WRITE(Ge3iB5y )1y
151 FORMATtlxsieHPOLYNOMIAL DEGREE=14}
WRITE(&+208)
208 FORMAT(1X926HEXPANSEON COEFFYCYENTS NOW ,
WRITE<69209)Q.UGfI»,rzng;‘
209 FORMAT(lX’ioEI355/(1X91051305yg
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COEFFICIENTS O+ THE TEMPERATURE AND STRESS SERIES WRITE‘6’8¥‘fE‘I”ff§’§’ .
DIMENSTON FE(50)sWR(5075VG(50550) 5227505507 sWG(5050 8 gog¥é¥é1:;§$1z.4/ 1Xs5E12447§)
| R e ] _
zsl;g;g?;?zg;éé50; i91 FgéMAT(1X922HEXPANSION COEFFICIENTS/L1Xs5E1345) )
4 FORMAT (14, WRITE(6,20)(A(11-I=1»§» |
READ (551 jNsNNsBTIO 20 FORMAT (1X95E1345/(1X95E1345) )
I FORMAT 21497643 ) GO TO 25
READ!S5s2) (FE(T) s1=1sN) END
¢ SSRTSE‘?Eifﬁﬁ’ INCLUDING THE FOLLOWING SUBROUTINES
J=1 SUBROUTINE TRP
JI=I-1 SUBROUTINE SC
WRII)=0,0 SUBROUTINE ADD
102 JJ=J-1 SUBROUT INE OMG
Ke11+2%JJ4q SUBROUTINE EQW
IF(KeGT4NNYGO TO 105 SUBROUTINE PWR
CALL WA(AWSTIT s gy SUBROUTINE WA
WRIET)=WR(Ty+AWXFE(K) SUBROUTINE UN
IFIKeEQeNN}GO TO 308 SUBROUTINE BORL:
Jdel SUBROUTINE €Ot
GO TO 102
105 ¢CONTINUE
L=1
I=1
WRR=WR (1}

CALL UN(ZZyNsLy
CALL EQW(TWsZZ 4N
CALL SC(WGQZZQWRRoN)
CALL EQWIZZsWGsN)
IF(IsEQ.NNYGO TO 107
1=2

106 WRR=WR(1}
CALL OMGI(ZZsN)
CALL TRP(VGSZZyN)
CALL PWR(ZZQVG,TW;N)
CALL EQW(TWsZZoN)
CALL SC(VGQZZQSRRQN)
CALL ADD{ZZ V5 s WG
IF(I+EQeNNGO TO § O
CALL EQWIWGZZ s,
i=141
GO TO 10¢

107 caLL UN(VGoNsL)
CALL ADD(TWQVngZQN}
CALL SC(ZZ9TW9BIOQN)
L=2
CALL UN(WGsNsLj
CALLL ADD‘VG’WG’ZZ’N)
CALL BORDI(ZZ sV+ 9Ny
SA=~20
CALL SC(VG’ZZDSA’N)
CALL COL{ASVGIFEIN)
WRITE(B’BS)IDE9N9NNQBIO

35 FORMAT(lx915HIDENTIFICATIOszQ’ZHN=1493HNN=I494HBZOﬁF502P
WRITE(69250)

250 FORMAT(1Xs27HINPUT LEGENDRE COEFFICIENTS)
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PAGE 12
= D . _— - T : 3 TUT s TESTUS

TEMPERATURE AND THERMAL STRESS IN SPHERE WRITEL69272) TP - | 2HDU TUT=E13,5/

DIMENSION AlSO)9SRR(50;9STT(5039SFF(50)9SRT(SO) o FORMAT(IX?15HPERTUBAIION ;p;§i§a§11§§°rﬁs:§xa,ea R13eS
22 READ{551 iBIOSUTEsALF sM 11X915HT2T?E o - TE=E1345s FOTY THAER L e

1 FORMAT(2F643+2E13,5514) col XD 1le XRHLIRAG LD
READI592, (ATT)si=1aM, [F({R=0401)4LEs04s0}GO TO50

2 FORMAT(5E13,5)

READ(59b)R9Q90RX9RDX9K89KC9KD

LE=1-1 .
& FORMAT(4F8,3+313) AZ=AB*#2+AB+1e+ (2, ¥AB+1, ) ¥U
WRITE{55150) DEN=G/AZ
150 FORMAT{1Xsi4HIDENTIFICATYON, CALL POL(XAsABsX)

WRITE (6981 )BI0sUst v ALF oM RD=R¥**AB [AB=1 .5 *RBAXRD* A4

81 FORMAT(1x’4H8303F60392HUﬁF603QZHEzEIBoS9#HALF2E13e592HM214» : SRROT)=~-DEN#AB*® L AB~1,) *RB* a
WRITE(6982»(A(I»92:19Mp ; CALL DER{AB«XsKD)

82 FORMAT(IX’I4HCOEFFYCIENTS A/ TZETI3,4,51) | Tite i X 2Py 1
PFE=3,14159285 STT1)=DENXRD*(AB* (AB+24~AB¥RK) *#XA-ZU}
QU=Q*B10/6, SFF{1)=~DEN¥RD*% { AB*( 2 ¢ ¥AB4+RB ) ¥*XA~Z U}

OM=E*ALF/(24%(14-U}} 11 SRT{Iy=DEN*(AB.1e)*RB*RDXXD*PD
G=OM#* (] ,-U}

SRRT=0,0
TW:ZOIBIO 53777=0,0
35 X=1,0 SFET=0,0
DG=O.0 . SRTT:0.0
IFU(R=0,01),LE.0,0,60 TO 53 DO 13 1=1sM
RK={1¢/Ryj*%?

SRRT=SRRT+A (1} %SRR(])

RB=1o-RK STTT=STTT+al1)%STT(])

RH=3 ¢ =RK SEET=SFET+AT)#SFF (1)
3 T7=0,0 13 SRTT=SRTT+A(])%*SRT{§}

RA=1,0 GO TO 51

DO 7 I=1sM 50 AB=2,0

BN=Y-1 AZ=T7¢0+5,0%U

CALL POL(XMNsBNsX DEN=G/AZ

TaT+AUT y%RA%XMN CALL POL{XAsABsX)

7 RA=RA%*R CALL DER{ABX+PD;
TUs14042,/B10-R%%> SRRYT 22 J#DEN#XA%A{3 )
TOT=TU+T STTT=DEN®IXHPD 4% XA #ATS,
TX=TOT/TwW SEET = DEN¥(2 %#XA-X2PD1#A(S)
TUD=TU/TwW SRTT=-DENXXDEXPDHRAL 3
TH=T/TW

51 W=E®ALF

WRITE(§98)IR9DG»Q SA=5RRT /W

8 FORMAT(1X94HRAD:F5o396HANGLE=F5.192HO$F602»

Sp=STTT/W
WRITE(Ss270) SE=SFFT/W
270 FORMAT { 1X »41HNORMAL 1 SED AND DIMENSYORNLESS TEMPERATURES) S5p=SRTT/W

WRITE(E9613ToTUSTOT» TW ; WRITE{(&9273) ' -
61 FORMAT(1Xs1SHPERTUBAT|ON T=E13,5512HDUE HO TU=E13,5/

Z73 FORMAT{1X»33HNORMALISED DIMENSIONLESS STRESSES;
( SA3»SB»SE s SD 15,5 AHSE ~E13.
72 gg;;ET?I;§;5H;ERTUBATION 4HSA =E13.,534HSB =E13.,554HSE “E13455
14HSD =E1345)
RP=R¥## 7

11X93i5HTOTAL TOT=E13.5912HSURF HO  TW=F13.8})
WRITE(6963)

63 FORMAT(1X96HRATTOS)
WRITE(6964)TH9TUDQTX
64 FORMAT(1X915HPERTUBA?ION TH251305912HDUE HO Tur

D=E13,5/ SW=24/(5¢%(1e—U))
11X9315HTOTAL TX=Ei3e5) SV={2*EXALF)/(5,%#(1,-Uj)
TUT=QU*TU ST=SV# (2, #RP=1,)
TE=QU«TOT SRU=SR/W
TUS=QU*TW STU=ST/W '
TP=QUxT WRITE(6970)SRUs ST
WRITE(8927y

70 FORMAT{1Xs15HDUE UNIFORM HO 4HSRU=E1365s4HSTU=E13,5)

271 FORMAT ( 1X 9 1 9HACTUAL TEMPERATURES, ZRRT=SRRT+SR




40 FORMAT(1Xs15HTOTAL
14HZSD=E13,.5)

135

89

275

280

281

282

283
261
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ZTTT=STTT+ST
ZFFT=SFFT+ST
ZSA=ZRRT/W
ISR=ZTTT/W
ZSC=LZFFT/W
I8T-50

WRITE(694031Z2SA9ZSBZSL 25D
GHISA=FE13654HZSB=F12,594HZSC=E13:55

SUM=(ZRRT+ZTTT+ZFFTy /3,
DRR=ZRRT~SUM

DT T=ZTTT--SUM

DFF =ZFFT-SUM

DRT=SRTT
SIGM=(pDRR##*24DT V¥ 2+ DFF##2 %3 ,/2,
SIGM={SIGM+3 4 ¥DRT#¥2; #%#0,5
SIG=SIGM/W

WRITE(6+135)SIG
FORMAT{1XsiSHEQUIVALENT
XRR=SA/SW

XTT=SB/SW

XFF=SE/SW

XRT=SD/SW
WRITE(6389)XRRs XTT s XFF o XRT
FORMAT({1Xs15HPERTB HO RATIOS4HXRRzE 1365 s4HXTT=E13¢504HXFF=EL13,5

QHSfGﬂEIBQS)

14HXRT=E1345)

IF(KDeEQel1l)yGO TO 2613

WRITE(69275)

FORMAT (1X928HACTUAL MAGNITUDE OF STRESSES:
ZA=SRRT*QU

Zp=STTTxQU

ZE=SFFT*QU

Zp=SRTT*QU

WRITE(69280)ZA9ZIBsZC+ZD

FORMAT (1X 91 SHPERTUBATION H4HZA =E13¢594HZB =E13e5¢4HZC =E13e55

14HZD =E1345,

SRA=SR%*QU

STA=STxQU

WRITE(69281)SRASSTA

FORMAT {1X s 15HDUE UNIFORM HO 4HSRAzZE136534HSTA=F1345 )
ZAA=ZRRT*QU

ZAB=ZTTT»QU

ZAC=LFFT#QU

LAD=SRTT*QU

WRITE(6s2823ZAA8ZABsZACs Ty

FORMAT (1Xs15HTOTAL 412 AAE 1305 954HZAB=E13e594HZAC=EL13655

14HZAD=F1345)

SAC=S1GM*QU
WRITE(&+283)SAC

FORMAT {1 X 91 5HEQUIVALENT
IF({X4+1e0)eEQe060)IGO TO 54
DU=DRX
IF(RQEQoloO)DUBDRXIZbO
DG=DG+DU

IF(DGeGTL180,03G0 TO 54
ARC=PFE*DG/180,

X=COS{ARC s

4HSAC=E13.5)

HF@DG.GE.9005§GO T0 32
cg TO 583

TE{KCeEQe2)GC TO 54

e IR, GE, 179,999 X140
Go 10 53

ir  NB8efGeciSC T
R=R-RDX
IF{IR4+0405) o LE$ 040363 YO 22
Go 10 55

END

(®)

-
o &

INCLUDING THE FOLLOWING SUBROUT I hES
SUBROUT INE POL
SUBROUT I NE DER




LISTING OF SUBROUTINES

SUBROUTINE FOL(QsBNsX)
IF‘BN.GE.ZQO)GO TO 4
IF(BN4EQe0,0)30 TO 3
TF(BNLEQ, 1,0 Wa=Y
GO TO 2

4 N=BN=-1,0
wlzloo
AN=N
B=(2e*AN+160)/(AN+1,0)
WZSB*X*Wl

1 N=N-1
AN=N
B=lZe®*aAN+140)/{AN+1,0)
C=(AN+140)/(AN+2,0}
W3=B#X %Wy -CuWy
IF(NeEQeD)GO TO 2
D=W?2
Wr=W3
Wi=D
GO T0O i

3 WBSIOO

2 Q=W3
RETURN
END

SUBROUTINE DER{ANsXsRE}
IF({AN4GT41.01}G0 TO 1
IF(ANOLEoi.Ol) RE:loo
TF(AN.LE.O.OI) RE:OOO
GO T0 &4

1 RE=0,0
AD=2 ¢ ¥AN--1,0
AE=AN“100

3 CALL POL (XMNsAE »X)
RE=RE+AD*XMN
IF(AEGLE.1,01)G0 TO 4
AD=AD-4,0
AEzAE“ZQO
GO TO 3

4 RETURN
END

SUBROUT INE TRP(HASCHN)

DIMENS1ON HA(50950)’CH(50950)

DO 1 I=1,N
DO 2 J:l ' N
2 HA(I’J):CH(J,I)
1 CONTINUE
RETURN
END

SUBROUTINE SCIFHsGZsBOsNY
DIMENS 1ON GH(50550)+G62(50450)

DO 1 I:]_;N

FAE

|89]

famt

|59

fy

DO 2 J=1¢+N

GHIUT o) )y=B0%GZ{I )
CONT INUE

DOz THURN

e NG

SUBROQUTINE ADD(HDeHE sHGsN)

DIMENSTON HD(50550) sHE (50950} sHG{50950

DO 1 I=1sN

DO 2 J=1sN
HD{IsJy=HE(T o Jy+HG( T 9 J)
CONTINUE

RE TURN

“ND

SUBROUTINE OMGUYRN)
DIMENSION YR(50950)

DO 1 I=1sN

DO 2 J=1+¢N

YREY o) =0,0

CONT INUE

M=N-1

DO 3 [=1sM

AN=I-1

AM=1]

YRUI*T+1) = (AN41e0)/7124%AN+1,0}
YR(I+19I):AM/(20*AM+100)
RETURN

END

SUBROUTINE EQW(AXsATAeN)
DIMENSiON AX(50+503sATA(50,50,
DO 1 I=1seN

DO 2 J=1eN

AX(TIogyv=aTA Ty

CONTINUE

RE TURN

END

SUBROUTINE PWRUFsGsHseN)
DIMENSION F(5045039G{(50¢50)9sH(50+50
Pl A

DO 2 J=1»N
FIKesT)=F(Kel)++(KosJd)¥*H(Je1)
CONTINUE

IFIKeEQeNIGO TO 3

K=K-+1

0 TO 4

RETURN

END

SUBROUTINE WA(WsNNsNR)-
ZN=NN
ZR=NR

SAGE

1
i

f
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L=1

IF(LeEQel}BN=ZN
IF{LeEQo2 )BN=ZR

IFIL .EQ-31BN=ZN-LZR
IF(LeEQe4 jBN=2, ¥ZN+2 ¢ *ZR

"f“‘lfs\l < N o ™ N N e A
AL ' AOVL 28] Ve ) O~ Y

IFL(BN=-1601)eLEo0eOFN=1,0
GO TO 3

FN=BN
CHN=BN
SR S &

1 S VU

IFTOON 1@0136LE00¢0960 TO 3
GO TO 2

IF{LsEQeY 1Q1=FN
IF(L.EQOZ)QZZFN
IF(LeEQo3)Q3=FN
IF‘LOEQOQ?Q&EFN

L=b+1

IF(LeLTH5)G0 TO 4

M=NN=+2 #NR

IF{MeGTo0) GO TO 7

Q5=1.,0

GO TO 8

QA5=2%%#M

W=Q4/(Q1*Q2#Q3MQ5)
NA={ZR/2c+0o1}

CX=NA*2

CX=CX4+0,1
IF((ZR=CX)oLEc0,03G0 TO 5
W=-W

RETURN

END

SUBROUTINE UN(UZsNsL)
DIMENSION UZ{504+50})
DO 1 I=1sN

DO 2 J=1eN
UZ{Y9s1)=0,40
CONTINUE
IF(LeEQsal11GO TO 4
DO 3 I=1sN
WZ{Isly=1=1

GO TO e

DO 5 1=15sN
UZ(I’I»’:].oO

RETURN

END

SUBROUTINE COLUDAsHBCESsN}
DIMENSION DA(50)sHB(50550)sCE(50)
DO 1 1I=1sN

DA(1)=0,0

DO 2 J=1»sN

DA(T)=DA(T}+HBUI »J)*CE(J)
CONTINUE

RETURN
END

SUBROUTINE BORD(HseWeM)

DIMENSION W(50+50)9sH(5095C)sR(50+50)s5(50+50)

X=WiD e /WID e

H{1913=21,0/7(W(1e1)-W(1ls2)%X})

H{291)=—X¥H{,191)
X=W(1s2)/W(191)

H(2925=1,0/7(W(2s2)-W(291)%X)

H(192)=-X%H(292})
N=2

K=N

N=N+1

DO 2 I=19K
R(Ns1)=0,0
S(1sNy=0,0

DO 2 J=1sK

R{NsIT)=R(NsI)=W(NsJy¥H(Js 1
S(ToN)=S{TsN)~+(TesJYHW(IsN}

ALN=OOO
DO 3 I=1sK

ALN=ALN+W(TsN)®R(Ns 1)

ALN=ALN4+W{NsN)
X=1+0/ALN

DO 4 I=1+K
H(IsN)=S(IsN)*X
H(NsI)=R{NsI)*X
DO 4 J=1sK

H(ToJ)=H(T19J)+S(TsN)*R(NsJ)*X

H(NsNj=X
IF{NeLTeM)GO T-
RETURN

END

1
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FIGURE 1. AXIALLY SYMMETRIC HEAT TRANSFER VARIATION OVER
SURFACE OF A SPHERE
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FIGURE 2. TYPICAL HEST TRANSFER DISTRIBUTION AS A FUNCTION OF ©
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FIGURE 3. HEAT TRANSFER DISTRIBUTION RE-PLOTTED AS
A FUNCTION Of p = cos©

FIGURE 4. THERMOELASTIC STRESS COMPONENTS FOR A SPHERE



