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ABSTRACT

A finite element solution scheme for three-dimensi-
‘onal transient conduction heet transfer problems ie devised
~and its.validity is substantiatea'through applicetion to
representative problems.

The governing matrix equation is first derived by
R applying two different methods, namely the variational app- -
roach and the Galerkin approach, and its interpretations are
stated for the cases of steady state and transient conduction
heat transfer. Using this model, the solution is reached when
different types of finite elements are used where derivation
of the element matrices and element load vectors are introdu-
ced. For'thevtransient'case,'a speCific cube problem is dis-
cussed for which the exact series solution and the finite
element solutioné’ate compared. |

| On the basis of the comparisons and results obtained

'_abdve,,it is concluded that, given certain conditions, the
finite element methqd‘is safely applicable to three-dimen-

isonal heat conduction problems.



KISA OZET

¢ boyutlu zamana bajimli 1si1i transferi problemleri -

ig¢in bir sonlu elemanlarla c¢&ziim yantemi olusturulmus ve bu
ySntemin gegerliliygi 6rnekbprob1emlere uygulamalaria gbste-
rilmistir. |

Varyasyonel ve Galerkin yaklaslmlarl ile ana matris
denklemi ¢ikartilmigs, duragjan ve zamana bafimli halier igin
yorumlanmistir. ﬁu modelin uygulanmasi sayesinde degisik
elemanlar kullanilarak sonuca'ulasllmlstlr. Her bir eleman -
i¢in eleman matrisleri Ve Vektérlerinin elde edilis yolu
g8sterilmistir. Zamana bajimli haldé sonlu eleman metodunun
verdigi sonuc¢larla Fgurier seri c¢Ozlimlinlin karsilastirildigi
bir kiip problemi tartisilmistir.

Karsllastlfmalara've elde edilen sonug¢lara dayana-
rak, belli kosullar saglandlgl taktirde, sonlu elemanlar
metodunun li¢ boyutlu 1s1i transferi problemlerine uygulana-

bilecegi sonucuna ulasilmistir.
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INTRODUCTION -

Modern technology has fogced mankind to use toois
and machine parts which are complex in nature, thus, having
highly irregular shapes. This complexity results in difficul-
ties when trying to solve mechanicai or thermal problems
over the body if analytical methods are'applied.

In the past much effort has been directed towards
the solution of such problems which are generally of three
dimensional nature. The solutions have been based on eithef'
experimental orvnumerical approach when the solution is im-
possible analytically. Numerical approaches have almost ex-
.clusively used a direct finite difference method -solution of
the gqverning differential equations. An alternative approach
based on a variational formulation and known as the finite
element method‘ié worked out, and the discretization achieved
- by this érocess has led to many adv;ntages iﬁ a computer so-
lution.

'The FEM was originally developed for stress analysis,
and its superiority for such problems is now widely recogni-
zed. As a consequence, the FEM has gained popularity in the
éolﬁtion of steady state and transient heat conduction prob-

-lems.



A critical comparison of‘the two methods should be
based on the criteria of flexibility and ease of application,
accuracy and efficiency. The FEM ie clearly superior to the
- FDM on the basis'of flexibility and ease of application @]
Compoeite bodies containing several different anisotropic
jmaterials are easily'handled. The isoparametric element [ﬂ
can be used to fit irregularly shaped boundaries.\Grading of
the net in regions having high temperature gradients is easily
aceomplished. Any type of thermal boundary condition may be
readily applied;

‘The two remaining criteria,‘accuracy and efficiency,
are ‘interrelated. Excellent accuracy can be obtained with
either method if a sufficient number of nodal points is used.
However, increasing the number of nodal points inergases the
computer time required for the solution, and the memory re-:
quirements are highly augmented.

General finite element formulation leads te the rep-
lacement of distributed propemties of a subregion or an ele-
ment by a linear matrix relationship.connecting generalized
potentials associated'with a number of discrete nodal points.
The shapes of elements and their degree of interconnection,
number of nodes, are a feature by which the accuraey of rep-
resentation can be improved.

The transient field problem of the type encountered
in heat cpnduction problems ie formulated in ﬁerms of the
finite element process using the variational or Galerkin app-

roach. The extension of the three dimensional analysis was



made by Zienkiewicz, Arlett and Béhrani first in 1968.

The transient problem was first suggested by Visser
in 1965. The solution of heat conduction problems and Step—
by-step general processes are outlined in.many references.

In addition to the simplest tetrahedrai elements the work

has been extended to more precise forms such as parabolic

and cubic elements with curved sides. An additional work has
beeh reproduced using hexahedral -elements similarly including
the higher order fdrms; |

In the general finite élement method, the actual
continuum is represented as an assembly of sﬁbdivisions
called finite elements. These elements are considered to be
interconnected at specified joints called nodes. The nodes
usually lie on the element boundaries where adjacent elements
are considered to be connected. Since the actual variation
of the field Variable‘inside £he continuum is not known, it
is‘assumed that the variation of the field variable inside
a finite element can be approximated by single function.
These approximating functions, also called interpolation
models, are definea in terms of the values‘of the field
variables at the nodes. Once the field equations for the
whole continuum are written, the new unknowns become the
nodal values of the field variable. By solving the field
equations, which are generally in the form of the matrix
equations, the nodal values of fhe field variable will be
known. When‘these values are known the interpolation functions

épproximate the field variable throughout the body.



The solution of a general éontinﬁum problem by the
finite element method alwayé follows an orderly step-by-step
process.

i. Discretization of the structure: The firét step
in the FEM is to divide the struéture into subdivisions.
Hence, the body that is beihg analyzed has to be modeled
with suitable finite elements. The number, type, size and
arrangement of the elements have to be decided.

ii. Selecfion of a pro?er interpolation model: Since
the field variable under any specified load conditions cannot
be predicted exactly, some suitable solution within an element
to approximate the unknown distribution is assumed. The assumed
solution must be simple from computational point of view, but
it should satisfy certain convergence requirements.

iii. Derivationaof the element matrices and load
vectors: From the assumed interpoiation model, the element
conductivity matrix ﬁﬂ¢ ; «convection matrix ﬁﬂe and the
load vector P° of element (e) are to be derived by using
.either equilibrium conditions or a suitable variational
principle.

| iv. Assembly of element matrices to obtain global
7 equilibrium.equations:.Since the body 'is’ composed of several
finite elements, the individual element matrices and load
~ vectors are to be assembled in a suitable manner, and the

overall equilibrium equations can be formulated as
k] T=7 (1)

where [K] is the effective conductivity matrix, T is the



temperature solution vector and ?‘ is the effective load
vector. |

V. Modification: The overall epuilibrium equations
(1) must be modified to account for the boundary conditions
of the-pfoblem.

vi. Computation of fieldvvaiues at the nodes: The
‘solution of equation'(l) foilbws in order to obtain the
nodal field values. At this stage -of the FE formulation,
solution algorithms such as the Gaussian elimination method
are utilized. |

The work presented.here also used a similar process
in all the programs that were developed.

Some adventages‘of the FEM can be summarized as
follows:

- its ability to use elements of various types, sizes
and shapes, and to model a body of arbitrary geometry,

- its ability to accomodate arbitrary boundary con-
ditions and arbitrary thermal loading,

- its ability to model compositevstructures involving
different body-comnonents such as combinations of plates,
bars, solids, etc.

- the existing possibility for the derivation of.new,
more suitable finite elements which will produce better re-
snlts with correspondingly shorter execution times,

- the finite element structure closely resembles the
actual structure instead of being a quite different abstraction

that is hard to visualize.



Other approxiﬁate methéds‘f for ekample, the finite
difference method -~ lack these attributes or accomodate them
-less readily. In the meantime, some disadvantages of the
method can be stated as:

- a specific numerical result is obtained for a. spe-
cific problem. A general closed form solution, which would
permit one to examine system response to changes in various
parameters, is not produced,

- experience and judgement (common sense) are neﬁped
in order to construct a good FEM,

- a large computer-and a reliablevcomputer program
are essential since the requirement for a 1arge.computer core
. storage is immense. Therefofe, the possibili%y exists that
FEM could not be used on a smaller computer.

- input and output data may be large and tedious to
prepare and inﬁerpret. |

These drawbacks, however, are not unique to the FEM.

During the work done in the thesié studies, a CDC 170/
815 model computer system installed at the Computer Center
of‘Bogazigi University and the high level computer language

FORTRAN V is utilized.



PART I

DERIVATION OF THE FINITE ELEMENT EQUATION

FOR THE THREE DIMENSIONAIL HEAT CONDUCTION

In the heat transfer'problems, the basic unknown 1is
the temperature variation within the body, and the finite
element equations can be derived either by using a suitable
variational principle or from the governing differential
equation using the Galerkin method. It is seen in the end
that the same'equilibrium.equation is obtained independent
of the choice in derivation methods.

The governing differential equation.for heat conduc-
tion in three dimensional bodies can be obtained When the
energy balance is considered for an infinitesimal cube in
spacé..The procedure is givén in detail by Hollman [1]. The

resulting equation becomes

o 2T

»ax(kx )+-a aT)+3

oT
ox ay(ky 0% 9z

t

aT -
k +q =
(k,—5>)+g=gc
(2)
which is given in a form that would enable the study of an-

isotropic three dimensional solid body.



1.1. Variational Approach

1.1.1. vVariational Statement of the Problem

The three dimensional heat conduction problem caﬁ
be stated in an equivalent variational form as follows, find
the temperature distribution T(x,vy,z,t) inside the solid

body which minimizes the integral

I=%J'[k (50 *+k, ( )+k ( )+ 2(&rec2 )T]
v
1 2
+)| gqrds +——| h(T-T,) ds (3)
S s
and satisfies the boundary conditions
T(x,y,z2,t) =T, for t>0 on §

2T T Y
- . L)
_k 3 :lx+kya lngaz 1,+g=0 for t>0 on S,

a7 9T
k,——= .1, +]ql—-—-l+k v

L+ = '
x5 1 +h(T-T, )=0 for t>0

on Ss

and the initial condition

T (x,y,2,t) = To(x,y,z) in V
where 1, , 1, and 1, are the direction cosines. The equation
(2) is first order in time and requires only one initial

.condition.



S5, is the bouhdary on which the value of temperature
is specified as Ts(t),l(Drichtlet condition); S, is the boun-
dary on which the heat flux q is specified; S, is the boun-
dary on which the connective heat flux'h(T—I,) is specified

(Newmann condition).

1.1.2. Derivation of the Finite Element Equation Using the

Variational Approach

If a suitable form for variation of temperature in each £i-

nite element is assumed and expressed as
. e
T (x,y,2,t) = [N (x,y,2)] T (4)

where the domain V is divided into E finite elements each’
haviﬁg p nodes. In this case Ni(i=1top{are the interpola-
tion functions corresponding to the nodes numbered one to p
in local numbering within the element. Similarly,

T

T = [T, (£), T, (£)seees T, (t)]a (5)

Keeping in mind the term %;% as fixed, the variations

can be taken in the volume.
As an initial step, the functional I in equation (3)

] .
has to be expressed as a sum of E elemental quantities T

1=i1° : (6)

e=1
T = ..._1
J

VC

'~ where

T ik 2T ;-
[kx( 3= T Kyl ay) +kz( 55 ) 2(q ec

3T
ot

)T] av
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+j q . T%ds +-—%—J h (T -1 ) ds

¢
g S |
for the minimization of the functional I, use

21 _\ 921%_ .
aT’i— i aT{"" 0 r l— 1,.-.,NNP ‘ (7)
e={ .

where NNP stands for the number of nodal points. 'From equation

(6) the equation below follows

21 [, 91° & @1 ,, ?91° 3, 071%,, T° 3 , T
aij‘P%ax EQ(QX)+kY3y Bq(ay)+k’az Em(az)
VQ ' . ) 1

. AT > T
_(q-fc atr;;E

JT, . oT.

¢ ’ <
dv+)"qi'£ ds i’ h(T-T_)-2Zas (8)
SO |

in which the surface integrals do not exist if the node i is

not on the surface, Equation (4) gives

or° [ 9N, 3N N, —;z
ox | ox' 9x'"""'3x

2 ( ’aT‘;___ N;

ag 2x 2X

aTz— i

9T, =N

. e T
T e Le [T T,
9t - [N] T ¥ 4 where T —[ at'-o.,——g

if the equations above are substituted into equation (8) and

if the similar terms are put together the variation becomes
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ON; 3N, . 9N; 9N, ON; ONJlme
—_— kg +k A KT av
I»)T_uk J[ ?x 9x Y2y 3y %29z az] d

+J hN, N, T ds +Jec1\5 N, T av +j 4N, av
A v v

- | aas +J hT_ N, dS
2

if the first integral is named as K and the rest as Kook v

Ky # Be 7 Bk and B, respectively, the equation (9) can

be rewritten as a matrix equation

2 —_%.: Z [K]+ T+[KJT-§ =0

this can be restated in the overall matrix equation as

ellH

'T.r“+ K+K]T =7 : (10)
(k] F + [x,+x] 7 = 1

In equation (10), the matrices are global and are obtained

lafter the assembl& process applied to each element matrix.

1.2. Galerkin Approach .

If equation (4) is reassumed over each element, the
Galerkin method can be used readily. In the Galerkin method
the integral of the weighted residue over the domain of the

element is set‘equal to zero by taking the weights same as

; the interpolation functions N, . The criteria to be satisfied
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at any instant of time is

JtN[ax(k"ax)'ay(kYayH-a (zaz) qe ]dV 0 (11)

v a ‘ ‘ i=1 top

Note that the Green-Gauss theorem can be applied to

the above equation to give

' ¢
j[k. N, 9r1° 2N, 2T" 2N 27T

+ av
XQx 2x kyay 9y 20z 2z
v .
’ 2T
+ ——
j‘ N;[kkax ay ]d
3
. 2T - .
+‘f N;[q-ec-g?] dv = 0 for i=1 top (12)
v

the boundary conditions specified by equation'(3) forces

the terms in the surface integral to be modified. Since the
surface S is composed of three types of boundaries, the in-
tegral can also be restated as the sum of three integrals.
The térm concerning S, will be automatically Zero, for the
derivatives will be zero for conétant temperatures. The terms

concerning S, and S, can be summed as

|

l T 9T |
J N'. [kx ™ 1.+ k)’ 3y -1 + kz—a——'l‘] ds
S‘SJ ]

S

> 3

when equation (4) is assumed, and when a similar procedure
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- to that doné in Variational solution is appliéd to equations
(12) and (13), the general matrix equation applicable to
three dimensional conduction heat transfer problems is ob-
tained once again. The form and notation of the equation has

not the slightest difference from those of equation (10).
1.3. Interpretation of the Finite Element Equation

The index notation used in the derivation of equation
(10) can be given in matrix notation which is easier to un-

derstand and more clear. Define

Lerplerar s
J‘ h [N]T[N] ds
1. ec i) av

- —_ -
P =P - P + P -, where

—
E el =
o -
[ | ~N
] ! Il

k, 0
[D] =10 ky !
0 0 k,
[ oN, 9N, N, ]
?2x ox " T2x
[B] —3 aN’ ———aN’. ‘a o o @ aNP
oy oy oy
dN, 9N, .. N,
| 9z z oz |
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The above restatements are used throughout the prog-
rams and they form the basics in the algorithms. When suitable
interpolation functions are used in place of N above, any

kind of element can be used in the FEM formulations.
1.3.1. Steady State Application

Steady state is when the problem becomes independent

of time, i.e. when the equation (2) becomes

9 2T 2 aT ? AT, o
ax(kxax)+ ?y(kyay)+ az‘kzaz)*'q =0 (13)

which states the general partial differential equation for
three dimensional steady state conduction heat transfer
problem in anisotropic materials. Similarly, the equation

(10) is mddified by setting T = 0 as

-t

[K,+Kz]-¥ =P (16)

which is inva form that can be treated easily once the mat-
rices and the load vector are obtained thru the FEM analysis.
The temperatures at the nodes 1=1to NNP defined in the

vector T are sought. |

1.3.2. Transient Application

The equation (10) obtained after the FEM analysis is
a set of first order linear differential equations. It can
_be seen that the ternl'[KJ'T is the additional term that

,appears'because of the unsteady state, where [?J ‘is called
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element heat capacity matrix.

In order to be able to solve the equation (10) nume-
rically,‘a finite differehce solution is applied in the time
domain. This is a two point solution scheme and is based on
approximating the first derivative of the time dependent

quantity T as

— -lIr _-,-r: .
dT | - L% (17)
dt |, At
where
T, =T(t+=-) ‘and T, =T (t-=7)

and At is the time step. The equation (17) approximates
the derivative at the midpoint of the time interval t, so
the terms T and P involved in equation (10) also have to

be evaluated at the same point. Define

L (18)

— T +
| - X
t 2
- P, + 7,
t 2

{
The substitution of equations (17) and (18) in eguation (10)

giVes
—;—- [, + KT +T) + —+ [KJ("TT -T) =7

rearranging,
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{[K,A +v1<z] +Z2;[K3]} T‘L ) ﬁ[Ks] T. _,—1;

T, = 2_'1“‘ -
¢

(19)

The set of equations (19) shows that the nodal temperatures
T at the time (t4—l&t/2) can be computed once the nodal
‘temperatures at‘time (t - At/2) are known since ﬁ'* can

be evaluated before solving equations (19).‘Thus, the known
initial conditions on nodal temperatures can be used to find

the solution at subsequent time steps.



PART II

DERIVATION OF ELEMENT MATRICES

USED IN FINITE ELEMENT ANALYSIS

Théiprevious derivation of matrix differential equa-
tion (10), in general terms, finds a straight forward app-
lication in the broad three dimensional heat transfer sub-
ject. No matter which kind of probiem is solved, the first
and Vefy important step to be taken in order to get a start
on the subject.is to défine which type of element is to be
used. The procedure differs only_in the algebra used, while
the derivétions and the evaluation of integfals remain the
same when different elements are applied.

In the study accomplished, mainly two types of ele-
ments are used, the latter being an isoparametric element
[3] according to the definition which requires the field
variable and the Cartesian coordinates at a given point within
the element, both, to be defined in terms of the nodal field
Variabie values, for each, using the éame interpdlation

functions. This can be restated as
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1 9,
x = [ ] ?1 and p = [N] % (20)
;r @

These two types of elements happen to be the tetra-
hedron element and the hexahedron element fqr which the de-

rivations follow.

2.1. Tetrahedron Element

The three dimensional tetrahedron element is a flat
faced tetrahedron with four nodes, one at each corner. Let
the nodes be labeled as i,j,k and 1 in local numeration. Note

that the nodes will sometimes be recalled as 1,2,3 and 4 res-

pectively.

Figure 2.1

Let the values 9, , ﬂi ’ ﬂk and ﬂc be the nodal values of

the field variable and assign the Cartesian coordinates

(X.;,Y,i ,’zi) v (XJ Iy\s IZJ) v (Xk,yklzk) 7 (XclYe Ize)

for each node.
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If a linear variation of the field variable is assu-

med as
P (x,y,2) = X+ Xx + 0Ly + &,z (21)

which implies the nodal conditions

g, = &+, x +o,y + oz
Bi = Ot X Ry + Oz
(22)
B = oL+ X, x + Xy + Oz
e = oL+ x + Gy + &z
The set of equations (22) can be solved to give
D(g = (aiﬂ,{'*' aj q‘ + ak‘ﬂk+ afgf) / 6V
o= (b;@; + b @ + b + b8, ) / 6V
(23)
oly= (cifli + cj g; + c, B, + ceBp) / 6V
0(1;= (diﬂ{"‘ d_j ﬂJ + dkﬂk'*' d(ﬂe) / 6V
where V is the volume of the tetrahedron defined as
1 % v %
v=—é—1x5vyj % (24)
1 % v, 2z
1 x, Y, %

and where the coefficient a , b , ¢ and d are given as
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1 VATRIES
b, == v, 2
1 Yo Z, . _
(24)
X 23
CiT Tl % Ze
X, Z,
X5 ¥
d;, = -|%X, VY,
Xe Yo

The rest of the coefficients are obtained by‘using the same
determinantsvaé given in equations (25) then the cyclic in-
terchange of the subscripts in the order i, j, k, 1. When
these determinants are substituted,in equation (21), the

below equation is obtained in closed form

] (_XIYIZ) N," (XIY)Z) ﬂ"- + NJ (ler.z)ﬂ‘) +'Nk (XIYIZ) ﬁk

+N, (x,y,2) 8,

¢‘="'[N(XIYIZ)] —6‘! ‘ (25)
Where
ﬂl
’a¢= ' ﬂz
h
ﬂf

and
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N;(x,¥,2) =(a;+b;x+c;y+d z) / 6V

]

N; (x,y,2) (a;+bjx+c;y+d;z) / 6V

N, (x,y,2) =(a+b x+c y+d,z) / 6V

N, (x,y,2) = (ae}+bex+cey+dez) / 6V

In order to ease the calculations and to obtain consistency,
a set of local coordinates must be defined within the ele-
ment. These natural coordinates consist of four variables

each corresponding to one corner respectively

L

_ V, _ Vz - _ )
V= 'V' ’ Lz—"v"‘ r L= v ' L,,——V . (26)
where V  is the volume of the tetrahedron formed by the
points P and the vertices other than i. The coordinates of
point P within the element is . given as (x,y,z) in gldbal
Cartesian coordinates and as (L,,Lz,LJ,Lq) in local coordinate

system.

P (Ll' Ll 'L3 ’ Lq)

k (o:ol 'Io)

Figure 2.2
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The definition of the local coordinates imply that node i
has the local coordinates (1,0,0,0), node j has them as

(0,1,0,0), etc. Another deduction can be made as
L,+ L,+ L+ L, =1 (27)

The cartesian and local coordinates are related by

»
1

L,x,+ szz+ L3x3+_quq

L,y,+ L,y,*+ L,y,+ L, Y, (28)

=
I

N
]

L,z + L,z, + Lszs+ L,zq

which is implied by the geometry given in Figure 2 and by

equations (20). The assembly of equations (27) and (28) give

(1] [ 1 1 1] (1 -
) X _ X, X, X Xy L,
y [ .Y, Y, ¥, L,
S S I N L,
or
L] [ (1]
a, a, a a
i S S R I ek (29)
L 6V | c, c, ¢ c, y
|
L ja, 4, a, 4,| |z

where the indiceS'ai,'b{, c., and d; are defined previously
. 1

'by equations (24).

In order ‘to use the natural coordinates’in the in-

tegrals, they have to be differentiable and integrable. If
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a function is given in local coordinates, it can be differen-

tiated with respect to cartesian coordinates as

of df 9oL, L6 2f 2L, 9f 2L,, 9f 9L,
= o . + . + .
2x 43L, ox oL, ©?x oL X oL, ©9x

3

(30)

4
9f - °f 3L
-3% _ aL,; Oy
1=/
1
9f _ E °f oL; -
9z . ©9L; 9z
=1 :
where
.aL,;__ b; 3L, ¢4 °L; d;

ox 6V ' @2y 6V ' 2z 6V

which can be obtained directly if equation (29) is differen-
tiated.
The integration of the polynomial terms given in

naturalvcoordinates can be performed by using the relation

J‘ X tfe ¥ 18 av x! el ¥13
! 2 3 9

y T (wt B+ ge5+3)l

(31)

given over a volume. |

When surface integrais are required, the interpola-
-tion functions remain ﬁhe same, only, the functions corres-
ponding to hodes not on the related surface are set equal to
zero. If the necessary terms in‘the surface integrals are’
- set equal to zero the’remaining terms can be integrated

using
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. o MRy |
L-L-L - ds = — 2A (32)
S (ct+ + ¥ +2)
where
A= [s(s—?\)(S-->\)V(s->\)]"z (33)
1 2 3
in which S are defined as demonstrated in Figure 3.

A= [(x—x) +(y-y\’) +(z-zo)‘]
A= [xg- %) F (g -y )+ (25-2,0]7
A= [x, -x, )+ (y;my )+ (2,2 1%

S= (A + A+ A ) /2

k

Figure 2.3
The surface intégrals and their application require the equa
. tion (33) to be used fréquently. The derivatives above are

_ y
valid for all tetrahedron elements.

2.1.1. Simplex Tetrahedron Element

Given that the body is divided into E tetrahedron
elements, the temperature distribution over element e can be

stated as
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T,
T
Tl

A typical simplex tetrahedron element is illustrated

in Figure 2.1. Given equations'(l4), the element matrices and

thérmal load vectors are derived as

[D] =0 k, ©

giving

L amummn )
Ral

| FUR |

]

—
to

P e |

u—;‘

=
o]

[SEe
0,
<

ve 2
b, 2 SYM
.. | bbb
= X b, b3 b, b3 b_:' 2
36V | b b, b,b, b,b b

L et E;mquDCiTCd ‘(HTHPH&\NES‘
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' 2 SYM

c,c, Cpc

. 3
36V CiCy ©C1CG GG c.‘z
. Z
. g'd a? SYM
k: |a,d4, aya, &, .
36v |d,d, d,d, 4,4, 4
e T .
[KJijk = s‘h [N][N] as , setting L, = 0
v 2 1 1 0
12 1 1 2 0
0 0 0 0

. _
[K,] matrix can be obtained readily for the other surfaces

in a similar form. .

5] - ) e [T o

= 2 1 1 1

(ec)* v® izéi
= 1

20 1.1 1 2

| 1

Q
[Pl]"- - q[N]r ds = (qAijc) i
»r'Jk s 3 ‘ 1
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o,
_ (hTmAijk)

c 3

ik

—
Jo
J I
[y
] .
U)g_ﬁ
= .
g!i
—
=
—_
—'
|
Y

2.1.2. Parabolic Tetrahedron Element

A typical parabolic element is demonstrated in Figure
2.4. Keeping the same assumptionS'as_those considered for the
simplex element, the interpolation functions can be obtained

readily using the Lagrange interpolation formula.

Figure 2.4
et V. £1 R L f1 |
-Ni = f (L') £ (L) £ (Ls) £ (Lq) . (34)
where
. i | ’
. TT ﬁ%(m%—k+l) for r>21
f1 (LJ ) = k=i . ‘ ’
1 ' for r=90
in which

m = degree of approximation; one for simplex, two
for quadratic, etc.
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i=1top

= m 1!
r m IU
L{ =

i value of the natural cobrdinate Ej at node 1i.

W;th some.effort, fhe general equation (34) can be obtained
from the approximation polynomials and the derivations that
follow.

In the parabolid tetrahedfon element, the approximaF

tion polynomial is chosen to be quédratic as

p(x,vy,2z) = o(|+ O(zX+ D(3y+ 0(,,z+ D(;x2'+ o(‘yz+ oL, zz

+ °<8xy+ 0(_;, ¥z + &, xz

The calculations with ten unknown coéfficients require ten
nodes, and ten equations are obtained from which the coeffi-
ciehts can be extracted. This is a<cumber§ome process, rather,
the Lagrange interpolation formula should be applied.

The shape functions for the parabolic element are

N, = L4(2Li—1) for 1=1,2,3,4
N, = 4L, 1,

N, = 4L,L,

N, = 4L,L3' !

Ng = 4L,L,

Ng = 4L,L,

N, = 4L,L,

‘and if the field vector is defined as
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‘i
S e S S

then

-

P(x,y,2) = [N,,N,, NP

The natural coordinates of the nodes can be given as

(1 0 [0 ) [ o]
0 RN 0 0
0 0 1 0
0 0 0 1
R FVZ1 N E V7. |12 1o
L o=fol, T, =172}, T, =l1/2¢, T, ={0}
1/2 0 0 o lo
1/2 0 - lo 1/2
0 1/2| 1/2] 1/2
o) 0 | ~ 1/2]

Having defined the interpolation functions, the other terms

appearing in the integrals are set as

k, . 0 .0
[p] =]o x, o
0 0 ;

B | ]
3N, 3N, . 9N,
92X ©X ox
2 oN

[B] = ——N—' . . lo
2y 2
oN, . . . 2N,

i oz 2z ]

/ where
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O°N: - (41.-1) b./6V  for i=1,2,3,4

o X * ‘ :
9N5~_ ‘ gNa_ |
Y =4(L,b,+L,b ) /6V , 55 —4(.If,b,+L, b, )/6V
—-—-QN‘-—4(Lb+Lb)/6V 9N’=4(Lb+Lb)/6V
5% - 37z 273 2% 972 z 4
°N, _ : oN,, _
9x7—4(L’b3+L3b‘)/6V _2.;'_-4(L,b3+L3b4)/6v

The derivatives with respect to'y are obtaihed similarly if
b{ in the above equations are replaced with c; v and those
with respect to z are rewritten with d;'s instead.

Once the above terms are put in the equations (14),
the element matrices are obtained after a lengthy algebraic
work. Should it be necessary, the open forms of the element
matrices can be deduced from the program»listing in Appendix

E.
2.1.3. Cubic Tetrahedron Element

A typical cubic element is‘given in Figure 2.5. As was the
case in parabolic element, the shape functions can be readily
obtained thru the Lagrange interpolation formula as given in

~

equation (34).
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Figure 2.5.

The cubic approximation polynomial includes the terms produ-

ced by the‘PascaI tetrahedron as

P(x,y,2) = &+ KX+ o y+ Kyz+ 0 X"+ &,y + o 2°
+ Xy Xy + & yz + X X2z + 0 x° + &, y3 + o(,,z"
+ Ky X"y + KpxTz+ oYz + oK, Xy g xzTH X yz*

+ K, XyzZ

"The twenty unknown coefficients require twenty nodes as
illustrated in'Figure 2.5, thus a system of equations con-
sisting of twenty equilibrium conditions. The field variable

is defined as

P(x,y,z)= fN,,N&, ceos N“] Fe= IN(x,y,z)] 7°

t=(0.0,.,....0,]

The shape functions can be stated as

2
Il

; = L;(3L,-1)(3L;-2)/2 , for i=1,2,3,4

‘9L,Lz(3L,-1)/2 ; for one-third points of
’ edges.

=
&
i

2
o
]

9L,L,(3L,-1)/2
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N, = 9L,L,(3L,-1)/2

N, = 9L1L3(3L3—1)/2 ,  etc.

N,= 27L,L,L, + for mid-face nodes
N,= 27L,L L,
Ng= 27L,L,L,

N,= 27L,L,L,

The natural coordinates of the nodes can be given as follows

[ 1 (0 ) [ o (0 )
0 1 0 0
0 0 1 0
0 0 0 1
2/3 1/3 0 0
1/3 2/3 0 0
0 2/3 1/3 0
0 1/3 2/3 0
- 1/3 - 0 - 2/3 = 0
Ll= .2/3L ’ L1=< 0 ’ L3= 1/3> ’ L‘,=‘ 0 r
2/3 o 0 0 1/3
1/3 0 0 2/3
0 2/3 0 1/3
0 1/3 _ 0 2/3
0 0 2/3 , 1/3
0 10 1/3 ' 2/3
1/3 : 1/3 , 0 : 1/3
0 1/3 1/3 1/3
1/3 0 1/3 1/3
1/3) = 1/3 1/3 [ 0 |

In order to obtain the matrix [B] the differentials

of N, with respect to X, ¥ and z are required.

9N ’ .
2= (2-7L-z—18L.+2)b./12V i=1,2,3,4
ax . 1 1 -1
9N5 _ 9 . . 2
5 = Tav (65,1, L )b +(3L] - L,)b,]
2N, 9

Il

dx 12v [ - WE e L oy 5]
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3N7 9 : _ | 2
S =T [ 61,1, ~1,)b, + (31 - 1,)p)
aNg 9 2
- (3L -1 )b.+ (6L L -L.)b
2 x 12V [ R 2L~ T, ) 8]
oNs _ 2 .[(3L;-L )b, + (6L L.-L )b]
3 1 12 | 3
2 x 12v
2N _ 2 [(6L,1,~I)b, + (3L -1, )b
3x 12V S
oNy _ _9 [(GLl L -L)b + (3L,Z—I=)13]
2 x 12v ¢
N, _ _ 9 [(3L;-1L,)b, + (6L, L - L,)5]
dx 12v * - K
oNs _ 9 [(6L,L -L )b + (3L>-1L )b
9x  12v - T A = e ]
9Ny _ 9 [ (3L%L )b + (6L L -L. )b
?2x 12v - Yt oro oEaeoR "]
9Nis -9 2
= (6L L -L )b_+ (3L —L)b]
D% 12V [ 3 4. 4 3 3 s -9
oN. 9 2 |
- (3L -L)b+(6LL—L)b]
9 x 12V [ 9 9 3 3 9 379
N, 27
ke (LzL‘Ib'+L,Yquz+L'];,zb‘l) N
oNg _ _27 (L,L,b,+L,L b +L,L b )
°9x 6V LR
) j .
oNg _ 27 (L,Lb+L Lb +LLb)
ax 6V . 4 3 3 ‘/_
oM, 27 (L,L, b, +L,L b +L,L b, )
o x 6V '

Just as the parabolic’element, the differentials with respect

to y and z are obtained by changing b. with c. and dg .
/ . : > .
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vrespectively.

The exact integration that has to be followed in
ordér to obtain the element matrices is very lenghty and
cumbersome, which in the end gives complex polynomial expres-
'sions thus increésing the computer time needed for the exe-
cution. Therefore, the exact integration is omitted. Instead,
a numeric integration'algorithm, nameiy, a five point Gauss

Quadrétuxe is applied over the volume.

Jvcf(L, 'L, /L, ,L,) dv = E w, £(L, ,L,,L,,L)| ~ (35)

. v
i=|

where'collocation points and the weights are taken as

W, =—% , L,=L1=L3=Lq=-—3'1——
W2 —2_90 ' L,=% r L,=L,=L,= %
s _._297 ‘ L?=_§— roBmhsLE 'é_

For the surface integrals, the modified shape functions are

used, and the integration is carried on similarly,

- | |
f £(L,,L,,L ) ds = E w; £(L, L, ,L,) (36)

S
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where.
27 - _ _ 1
W' - 60 F L'—LZ—LJ— 3
__8 -7 =1 -
w, —?6— ’ Ll—Lz—_z— ;s L. =0
- 8 -7 —-_1 -
W, —'H)‘ ' Lz—L.s— 2 ’ LI—O
. _ 8 _ _ 1 _
Wy —.?6- ’ Ll_L3—T ’ Lz—O
=3 L =1 L=L=0
Ys T760 ’ 1 ’ 2= H3T
.3 - -1 =
W‘ ———GT ’ Lz—l 7 L""'Lz‘—o
=3 - -7 =
w, ——go— r L,=1 , L|—L3—0

The individual matrices within each integral are evaluated
at the collocation points and then are multiplied to give

the element matrix.

2.2. ‘Hexahedron Element

2.2.1. Simplex Hexahedron Element

Y
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The hexahedron element is, by definition, an isopara-
metric element. For this reason, equations (20) can be written

as follows in the case of simplex hexahedron element.

—o

ﬂ(leIz)A':[N'lNz_l cee INa]ﬂ = [N] ?
55 = [0,:8,, «r . 8]

X, yl Z,
x= NN y= W3 T ooz [NRRE
| | ie . 1.’s Zg

Once the hexahedron elemeht is chosen toAbe the basic parent
element in thé FEM analysis of a body, a locél EOordinate
system has to be developed. The new system is a unit right
handed one with its origin at the center of the hexahedron.
Wheﬁ a coordinate transformation is concerned, a
Jacobian has to be uééd. If a field variable § is assumed,

-

then

29 | [ox 3y 2z | [ 28 ) ErR
or or 9r OJr ox Ox

1 °p , - éx dy 3z J o8 | =[J] op f
9s 2s 9s 9s oy Way'
29 | 29X 9y 292z 3ﬂ ' op
5t | Lot ot ot || oz | | 0z

which can be rewritten as a transformation function
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'89),‘ ’y 3
2x or
Y By |
J—r;;T’ =[s] 51 - (38)
28 Py
9z |5t |

Equations (37)'imply that

I 8 8 N ' -
N, IN; : ON;
‘ X, 3 % Za
1= o 4=t o A=t or
, 8
[7] = | ON; .. E oN .. E PX .1 (39)
. - 8s - 2s * - os
i oN,; DN, oN;
" Toe E ot Y ot A
L 1=1 A=1 a3y J

where

N.= % (1+rr1-).(1 +ss.) (1+tt4-). ’ i=1 to 8

ON _ r; .
5= o~ (L+ss.) (1+tt))
N s: .

= —2- + rr; + tt.
35 8 (L+rr ) (1+ tt;)
ON __ti (l+rr;)(1l+ss;)

I

in which r, , s, and t, are the coordinates of the nodes in

the local coordinate system.
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~

~1 -1 r--1

1 -1 -1

1 1 -1

T = 1_i , 8 = 4_1, , E= i
1 -1 1

1 1 1

‘Tll 1J 1

e

The integration of the functions of r, s and t have to be

- performed numerically keeping (38) in mind and with
dv = ax - dy - dz = det[J]dr - ds - at

A three point Gauss Quadrature [2,3] will give exact results

for this case. For three dimensions

‘JJ‘}'f(rst)drdsdt—> } >wwwf(r ,s,k)

(40)

and for two dimenSions,

J J‘f(r s)dr.ds E E w w f(r ,s ) . (41)

where

-r,= r, = .77459 6669241483 ' r,=0

The integrals in equations (40) and (41) are evaluated at
27 and nine collocation points}'respeétively.

The surface integrals require the planar interpolation

- functions to be known.
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e m et

x .

Figure 2.7;71

The quadrilateral in Figure 2.7 is also isoparamet=-

ric,

so that
fx‘
11 N, N,N,N,0 00 0 <;{"r |
= _ v [
y 0 000NN,NN, :!
ey
. : e A
g = [N, N, N, N] ¢
=g AT
o= [0, 0.0,0]
[ [
| 2 9x 9y Y 2P 29
J or 2r Or 9 x o9x 4] 2«x
1 = or (5]
99 “2x 3y 20 20 | 28
2 s | s O9s 2y - 2y 9s
(42)

[3]-

» WO
E I B
~ Hl'<

N
)
m1® )

written in open form as

P>
Z:a

K :

Z

.
where the Jacobian in the transformation function

ar
9N

(42) can be



40

and the shape function as

N, = —%—(14-rp;)(1*-584) 'r i=1,2,3,4
2 Ny = Lx (1 + ss_)
or. 4 *
N .s;
=5 = = (1 +rr;)
1 -1
Tl =41
=0 ] , 1
-1 1

The integrations (41) follow with
dA = dx dy = det[J]dr ds

where the limits of integration are -1to 1

2.2.2. Parabolic Hexahedron Elémeht

A typical parabolic element is demonstrated in Figure

2.8 for which the same nomenclature is used as that for sim-

t

plex hexahedron.‘

8 | 19 e
v y
200 1 y
"5 117 K s 18
167 oo (3 115 .
! 1,
R
1 o' 14
13¢ A R
7/
/7
12 10
y /7
9 2

z Figure 2.8
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This. element is isoparametric and the equations (20)

can be rewritten for this case as

ﬂ(X,y,Z) =[N, lN,_r--eru]Bc

e T
p = [gtﬂzﬂa"' qu r )
. v X,
. Xz
x N' Nz... N16 O 0 L N 0 0 0 L N B 2 0 S N
yi={0 0...0 NN ...N, 0O ...0 *;‘u
* )
z 0°0...0 00 ...0 NN...n_[ |72
Yio
V4
]
Z,
’ . ZZo‘
The transformation function is again valid. ¥
r W - 20 ’ 20 20 1 )
X} QN-X' 9ny 9N-Z 20
?2x ji;ier 4 : %r X _ 2r ?r
28 | _ = 9N, ==~ 9N, = oN; 20
ooy = v X. A Z.| 4
?y — 9s * £ - 2s ™ — °2s 7 9s
20 - ON; N, == on; | | a2
| 9z | E _ ot - 2t 1 — 2t ] | 9t
- 1=l “ 13 1= ~
where
N;= ——(l+rr;) (L+ss;) (Lbee,) (xr;+ss +et;=2) , i=1 to 8
N.= —2(1-r") (1+ss.) (1+tt.) i=9,11,17,19
T 4 ' 1 g
N = —2—(1-52) (1+rr,) (l+te,) i=10,12,18,20
N= —;—U_t*) (1+rr;) (1+ss;) ,  i=13,14,15,16

in which the local coordinates of the nodes can be given

~with the vectors

o
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-1 -1 -1
1 -1 -1
1 1 -1
-1 1 -1
-1 -1 1
1 -1 1
1 1 1
-1 1 1
0 -1 -1
?: d é , ' § = <'g7 , £ = W-i >
-1 0 -1
-1 -1 0
1 -1 0
1 1 0
-1 11 0
0 -1 1
1 0 1
0 1 1
-1 | | 0] 1

For the surfaces of the hexahedron, the following has to be

defined:
' : - =
p=[n w... n]8
%
x| [NN, ... N, 00 ...0 .
y 00 ... 0 NN ... N8 {¥e
. Y,
.YB
8 8
2x -2y 2Ns oN: o
[J] = |.2r 9r |_ — oI _ or
‘l;‘ ‘ a=i
29X 9y E BN;X. z aN;Y.
os 9s ~— s — 9s "
where

N.= —%—(1+rr;)(l+ssd)(rri+ss{-1) for i=1,2,3,4

N, = —%—(1~rz)(l+sss)
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(1+rr ) (1-s87)

R
2

N.= ——(1-r%) (1+ss,)
2 7
%(1+rr ) (1-s52)

- and
, W , o
-1 -1
1 -1
1 1
-1 1
- - "1
I o1
’ 0 1
(=1 ( 0]
8
7 3
1 1
|
)
':.
8 oL ------ 6 r
y . -
1 5 2
X
0
Figure 2.9

From the definitions given above for the interpolation

functions, the differentials can be derived with some effort

before substituting them in the matrices where necessary

within the integrals (14). The integration process is carried

on as in simplex‘hexahédron'by using définitions (40) and (41).

!
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2.2.3. Cubic Hexahedron Element

The typical cubic hexahedron element is illustrated
in Figure 2.10. Like the previous hexahedron elements, this

one is also an isoparametric element where the field vari-
able is giVen by
-
ﬂ(x,YIZ) .=, [N| N:( oo e NBl]ﬂb

-

B = [0, 0,... 8,]"

and the coordinates by

. %, ]
X NN, ... Nﬁ,O 0O ...0 00 ...0 X3z,
y = OO 0000 N‘NZOOQNMOOOOCO ﬁ§31>
B R zl
z 00 ...0.00...0 N|N&...Nﬁ .
' 2y
Figure 2.10
_The’Jacobiani also, is defined similarly for the element

volume,



where

N.=
1

9y 9z ]

or
29X

or
2z

2r
2y

ds
29x

28
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For the surfaces of the hexahedron the following are to be

defined,
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. ) . T
- 9 -g? =
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and
)
-1 ) ~1
1 -1
1 1
-1 1
~1/3 -1
- 1/3 R -1
r=3"1{ S = {173}
1 1/3 o
1/3 1
-1/3 1
~1 1/3
-1 -1/3]

From the definitions given above for the interpolation func-
tions, the necessary operations must be carried on. The in-
tegration is to be followed with the applicatibn of three

point Gauss Quadrature defined by equations (40) and (41).



PART THREE

APPLICATIONS OF THE PROGRAMS DEVELOPED

Before proceeding to the problems concerning the
transient conduction heat tranSfer, the validity of the tetra-
hedral elements are given by Rao [i]. These are tested by
applying them té certain steady state problems for which the
solutions are known. By doing so, an experience and insight
to the element formation and element orientation in space was
gained. It is highly probable to make mistakes in the data
preparation for three dimensional problems because of the
difficﬁlty in visualizing the element configurafion. This
fact necessiated an automatic mesh generation program_in
order to solve conduction heat transfer problems in a cube
with various boundary conditions. The géneration program is
devised such that it generates the data so as to include the
information for different_boundary}conditions, while requiring
the minimum information as input, and the minimum effort in
updatiné. In the géneratidn program, the basic configuration

that is shown in Figure 3.1 is used as the repeating element

- which consists of six tetrahedrons. When the repetition in
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Figure 3.1

space is too uniform, as in Figure 2(a), it is seen that same
symmetry problems arise which can be avoided by randomizing
the orientation oflfhe basic cube, shown in Figure 3.1, by

\
rotations, as shown in 3.2(b). The latter is preferred in

order to obtain the following results that are valid for both

simplex and parabolic elements.

(a) - ‘ ' (D)

Figure 3.2

a. The cube with two opposing faces subject to heat
flux, and other faces insulated, as shown in Figufe 3.3, was

.tried to be solVed yielding a singular matrix, therefore it
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hasAno steady state solution.

b. The cube with two opposing faces, one being speci-
fied at 100°and the other at 0° ; and others insulated resul-
ted with a perfect linear tempepatﬁre distribution, ranging
from iOO° down to 0° as the solution.

c. The fin problem in Figure 3.4 with one face speci-
fied at 100° , and h=0. behaved like an insulated cube giving
a uniform temperature at 100°.> |

d. The fin problem as in case (c) with h very large
was expected to‘give the same result with a cube where the
conveétion faces in Figure 15 areréplaced with surfaces spe-
cified at T, . It is seen that when all of the nodes on the
‘base of the fin, including the edge nodes, are specified to
be at T,=100° , then, a singularity condition arises which
" can be taken care of by no longer specifying the edge nodes.
In 6ther:Words, at the edges where convection and temperature
' specified.boundaries meet, the advantage must be given to the

- convection boundaries.

A
insulated

T

= => s

) L

insuladed
1 T

~

Figure 3.3 Figure 3.4
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3.1. Statement of the Problem

The transient problem that has been worked on was
chosen to be one which has an exact series solution and one
which has an easy—to-generate‘geometry at the same time. The
simplest case. is decided to be a cube as demonstrated iﬁ.
Figure 3.5 where the zero faces are insulated and the other

three faces are specified at T =100".

y

z Figure 3.5

The one-dimensional solution to the problem [1] is

obtained thru the Fourier method

- _T(x)-Ts _ 2 X 2
8(x) = — = /V‘n( 1) cos(/v\,‘L)exp( MaF,) (43)
.
where
i ' '
/"‘E (2_n-1)_—2— - for n= 1-,2,3,...

F, = O(t/Lz , being the Fourier modulus.
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In the problém solved, the cube is taken to be a unit cube.
by‘setting L equal to one. is also equal to one; thus
.making the Fourief Modules behave as the time variable.

| The three—dimensional cube sqlution is the supér-

position of the equation (43) in three directions giving

\T(X)-Ts . T(Y)-T‘ " T(Z)"Ts (44)
T,-T, T, -T, T, - T,

O0(x,y,2) =
.
with initial temperature T =0°.

Another version of this problem can be produced by
letting the specified temperature surfaces to be defined as
correction.sﬁrfaces for.which a series approximation exists
fof small time values, not appliéable to the time range givén
in the tables 3.9 and 3.10.

It should be noted that the so called "exact solution"
is only another approximatidn to the problem, proﬁiding an
approximate solution obtainéd by using a method other than

FEM.

3.2. Discussion”bf the Results

The cube problem described in section 3,1 islfi;st.
solved with a program ﬁsihg equations (43) and (44) in order
to get an exact resulf, and to treat it as a reference. Then,
the next step is to apply the finite element method to the

problem. The finite element programs that are devised using

_ different types of elements are each applied to the problem



53

.above and the results obtained are compared with the exact

- solution as follows.

The exact solution and FE solutions are first given
in tabular form which is foliowed by an illustration in
graphical form. A comparison of the résults obtained is made
based on refinement,or element type. For the latter one, thé'
comparison is méde using the samé'number of nodes, and for
either case, the node ofvconcern is the corner at the origin_
in Figure 3.5. |

The graphs show little oscillation at thé beginning
which gradually approaches the exact solution as time incre-
ases. The steady-state solution, T=100" in this case, is
reached after t=1.40 seconds. The oscillation characteristics
‘vanish as the mesh is refined and higher order elements are

used.

The refinement of the mesh and the.increase in the
order of the interpolation polynomial used improves the
~ results conéiderably.vInvthe.followingtables and figures
tha cbmparisons‘and plots are made by ﬁsing coarse meshes
which makes it easier to detect thé deviations from the
exact solution. |

| In figures 3.6, 3.7, 3.8 ;nd 3.9, it can be observed,

as a general tfend, tﬂat the FE solution first drops below
the exact solution but then‘crosses it and later éonverges

tothe exact solution. This trend is tried to be avoided in

two ways which proved to be unsuccessful.
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50 -

T(°)

54

— exact

—u— 384 elements

—a— 3072 elements

N

0.25 0.5 t(sec)

Figure 3.6 Plot of Table 3.1

NUMBER OF ELEMENTS :

TIME | 3g4 1296 3072 | EXACT

.02 .16 0.00 | 0.00 0.00
.04 -.80 .20 .28 .24
.06 - 2.52 2.39 2.38 | 2.32
.08 10.27 8.31 7.80 7.27
.10 19.92 16.58 15.57 | 14.45
.20 | 61.62 57.48 | 55.96 | 53.93
.30 82.65 | 80.04 79.04 | 77.66
.40 92.19 90.71 90.13 | 89.32
.50 96.49 95.68 95.36 | 94.90
.60 98.42 97.99 97.82 | 97.57

Table 3.1. Compatison of Temperature Variation

at the Corher Node Based on Refinement
Using Simplex Tetrahedron (Specifed Surfaces)
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507

| T(°)

55

exact

—¥— 48 elements

0.25

0.5

Figure 3.7 Plot of Table 3.2
NUMBER OF ELEMENTS '
TIME [ 3g4 1296 3072 | EBXACT
.01 | -6.01 0.00 0.00 0.00
.02 3.43 0.86 0.06 0.00
.04 | 4.60 1.39 0.58 | 0.24
.06 |.1.89 - 2.74 2.61 2.32
.08 4.57 6.95 7.24 7.27
.20 | 52.79 53.62 53.82 | 53.93
.30 | 77.35 77.57 77.64 | 77.66
.40 | 89.25 89.30 89.32 | 89.32
.50 | 94.90 94.90 94.91 | 94.90
.60 | 97.58 97.57 97.57 | 97.57

Table 3.2. Comparison of Temperature Variation at
: the Corner Node Based on Refinement
Using Parabolic Tetrahedron (Specified

Surfaces)

t(sec)
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4 T o -
100
504
exact
—p— 64 elements
0o = T0.25 0.5
- Figure 3.8 Plot of Table 3.3.
rimp |NUMBER OF ELEMENTS| L »-m
64 216
.02 0.74 0.00 0.00
.04 -1.42 0.01 0.24
.06 0.21 1.49 2.32
.08 6.25 " 6.69 7.27
.10 14.72 14.39 14.45
.20 56.14 54.90 53.93
.30 79.10 78.32 77.66
.40 90.12 89.11 89.32
.50 95.33 95.10 94.90
.60 97.80 97.67 97.57

Table 3.3. Comparison of Temperature Variation
' at the Corner Node Based on Refinement
-Using Simplex Hexahedron (Specified

Surfaces)
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501

57

exact

—#—— 8 elements

025

Figure 3.9 Plot of Table 3.4

0.5 t(seci

TIME INUMBER OF ELEMENTS EXACT
8 27
.01 ~4.95 -1.27 0.00
.02 0.27 0.31 0.00
.04 | -0.03 0.81 0.24
.06 | 1.45 2.31 2.32
.08 7.01 7.20 7.27
.10 15.00 14.57 | 14.45
.20 | 55.43 | 54.41 |53.93
.30 78.51 77.90 | 77.66
.40 89.74 89.42 | 89.32
.50 95.11 94.94 | 94.90

Table 3.4. Comparison of Temperature Variation
at the Corner Node Based on Refinemet
Using Parabolic Hexahedron

(Specified Surfaces)
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58

T(°)
. . exact

—»— ST simplex
tetrahedron
—*— SH simplex
hexahedron

—t—a= {(32¢)

0.10

Figure 3.10. Plot of Table 3.5

0.20

TIME 'TYPEI‘OF ELEMENTS EXACT
, ST SH ~
.01 | - .04 -.14 0.00
.02 .16 .74 0.00
.04 -.80 -1.74 .24
.06 2.52 .21 2.32
.08 10.27 6.25 7.27
.10 19.92 14.72 |14.45
.20 61.62 56.14 |53.93
.30 82.65 79.10 |77.66
.40 | 92.19 | 90.12 |89.32
.50 96.49 95.33 |94.90

0.30

Table 3.5. Comparison of Temperature Variation
at the Corner Node Based on Type of

Element, Each Using 125 Nodes

(Specified Surfaces)

~
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50t

T(®)

exact

59

—u— PT-parabolic tetrahedron

'—+— PH-parabolic hexahedron

—o {[scc.)

0.25

Figure 3.11 Plot of Table 3.6

0.75

TYPE OF ELEMENT{
TIME PT PH EXACT
.01 -6.01 ) -4.95 0.00
.02 3.43 .27 0.00
- 04 4.60 -.03 .24
.06. 1.89 1.45 2.32
.08 4.57 7.01 7.27
.10 11.28 | 15.00 14.45
.20 52.79 | 55.43 53.93
.30 77.35 | 78.51 77.66
.40 89.25| 89.74 89.32
.50 94.90 | 95.11 94.90

1.00

Table 3.6 Comparison of Temperature Variation at the

- Corner Node Based on Type of Element

(Specified Surfaces)

PT: 125 nodes
" PH: 81 nodes
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[}
1001 T( )

exact
—¥#— ST-simplex tetrahedron

—#— SH-simplex hexahedron

501

PEEEEERP U f ———
0 0.5 = 1.0

Figure 3.12, Plot of Table 3.7

. X TYPE OF ELEMENTS
COORDINATE| = ST SH EXACT
0.0 .27 | -1.25 .94
.25 1.29 .87 2.20

.50 15.97 | 13.39 | 11.94
.75 46.50 | 46.98 | 43.41
1.00 100.00| 100.00 |100.00

t
Table 3.7. Temperature Variation Along X-Axis at t=.05,
Comparison Based On Type of Element Each
Using 125 Nodes (Specified Surfaces)



61

]
100t T

exact

—%— gT-simplex tetrahedron

——+— SH-simplex hexahedron

0 075 1.0

Figure 3.13. Plot of Table 3.8

X TYPE OF ELEMENTS
COODINATE ST SH EXACT
0.0 119.92 | 14.72 | 14.45
.25 22.14 | 19.73 |18.78
.50 40.00 | 35.81 | 33.70
.75 64.73 | 63.77 |61.81
1.00 {100.00 | 100.00 [100.00

i
t

Table 3.8. Temperature Variation Along X-Axis at t=.10,
Comparison Based On Type of Element Each
Using 125 Nodes (Specified Surfaces)
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)
oop (M

exact

~—%— ST-simplex tetrahefron

—¢— SH-simplex hexahedfron

0 0.5 1.0

Figure 3.14 Plot of Table 3.9

X TYPE OF ELEMENTS‘
ICOORDINATE ST : SH . | EXACT
0.0 61.62 | 56.14 |53.93
.25 62.92 | 59.40 | 57.28
.50 - | 72.44| 68.79 | 67.00
.75 - 84.33| 83.03 | 81.98
1.00 100.00 | 100.00 [100.00

Figure 3.9. Temperature Variation Along X-Axis at t=.20,
Comparison Based On.Type of Element Each
Using 125 Nodes (Specified Surfaces)
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50 P Y

63

(%

—#— ST-simplex tetrahedron .

SH-simplex hexahedron .

0.5

1.0 t(sec)

Figure 3.15 Plot of Table 3.10

TYPE OF ELEMENTS
TIME g SH
0.1 1.55| 0.88
0.2 |- 14.10| 12.88
0.3 | 29.44| 28.27
0.4 | 43.08| 42.09
0.5 | 54.35| 53.54
63.44 | 62.79
70.74 | 170.22
76.59 | 76.17
81.27 | 80.93
1.0 | 85.01| 84.74

Table 3.10 Comparison of Temperature Variation at the
Corner Node Based on Type of Element, Each
Using 125 Nodes (Correction Boundaries)
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TIME TETRAHEDRON HEXAHEDRON
5x5x5 7x7x7 5x5x5 | Tx7x7
0.1 1.55 1.84 - 0.88| 1.54
0.2 14.10 | 14.11 12.83 | 13.55
0.3 | 29.44 | 29.26 28.27 | 28.71
0.4 43.08 | 42.86 |  42.09] 42.39
0.5 54.35 | s4.12  53.54| 53.74
0.6 63.44 | 63.24 © 62.79| 62.93
0.7 | .70.74 | 70.56 70.22 | 70.31
0.8 '76.59 | 76.43 76.17 | 76.23
0.9 | 81.27 | 81.13 80.93 80.97
1.0 85.01 | 84.90 |  84.74| 85.77

Table 3.11 Comparison of Temperature Variation at the
' Corner Node Based on Refinement with 125
and 343 Nodes for Each Element (Convection

Boundaries)
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a. Using a variable time‘step: The observation that
a small time increﬁent meant a small deviatioh-from the
. exact solution 1ed to the use of a small time increment at
the beginning of time domain which later would be followed
by largér increments.

b. Using é variable specified temperature: The
solution obtained for the cube problem has a linear relation-
ship'with the specified temperatuge which means that a smaiier
T, gives smaller deviations. Using this property, it was.
thought that using a gradual increase in specified tempera-
ture instead of a step change could give better results.

This also diverged. .

Tables 3.10 3.11 and plot 3.15 show that the simplex
tetrahedron and the simplex hexahedron eiements give.a good
.correlation when éompared to each other faor the problem where
.surfacesvare subject to qonvectibﬁ‘

The programs oCcupy a larger meméry space and require
longer execution timegbas the mesh is refined. Depending on
the time increment chosen and the final time at which a
solution is-sought,vthe_cost of the execution is augmented
considerably.

Two-dimensiohal abstracts of the problems could
. first be analysed_befdre applyihg the three-dimensional
programs. Hencé, the executiqﬁ time and the size of the
matrides would be decreased, while obtaining acceptable

results;



CONCLUSIONS

Fundamental concepts pertaining to the finite element
analysis of problems of three dimensional conduction heat
 transfer have been treated in detail; Different tYpes of
‘elements have been discussed and, for each element, the
element matrices and load vectors have been derived. Programs

have,beén developed which used these elements and they_havé
| beén'applied to a selected set of problems involving various
boundary conditions on a hexahedron.

On the basis of the'theoretical and numerical resuits
presented in the preceding sections, the following conclusions
are reachéd concerﬁing the applicability of thelfinite—elemént
approximation technique to problems of three-dimensional
conduction heat éransfer.

| The finite element method provides an efficient and
reliable method of obtaining hingy accurate solutions to
problems involving irfegularly shaped bodies for which a
solution using conventionél methods could be impossible.
The cohvergencé to the exact éolution has been shown.to

improve as the mesh is refined. For a given level of accuracy
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this may allow solution to probléms-on a coarser mesh than
is predicted, which in turn,.wouldvééve computer time and
money. |

When using thé tetrahedron element, it was seen that
the results obtained‘were highly dependent on the orientation.
of the elements in space which was not the case with the
hekahedron element. This inefficiency lost its effect as the
mesh was refined or higher Qrdgrvélements were used. Given
the same number of nodes, the hexahedron element has been
shown to be more accurate and more flexible when compared
to the tetrahedron elements Qf the same order of approximation.

It is seen fhat the higher order approximations
fequire more nodés given the same number of elements. The
main disadvantage of the application'of thebfinitekelemeht
approximation téchnique to the tﬁree—dimensional conduction
, heét transfer problemsbis.the~necessity of storing the systemv
ﬁatrices and vectors, and followingly, of solvingfthe corres-
pohding set of equations. The system limitations as far as
speed and memory capacities'are concerned have ﬁo be over-
come in order toxrefine the mesh. The matrices afe reduced
in size by using some properties inherent to the finite
element method such as the banded form of the matrices and
the symmetry they have. For cases when even the banded
solution scheme lacks-thé capability to create enough space

in the core memory, a frontal subroutine has been adapted

to the programs which uses the disc files in order to keep
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the major part of théiinformatioh..

| The programs should be tested throughly to see the
behaviour along the lines where_different boundariesrmeet,
thus, to see the singularity conditions. Zienkiewicz sfated “
that the curvature of the surfaces also effect convergence
whiéh gives another objective for the tests. |

The programs are developed in modular form each
consisting of subroutines that can easily be replaéed which
gives the ability to use different elemenﬁs in the same
‘program with minimum effort for adaptation.

The programs can be improved to enable the sdlution
Qf time dependent hea£ generation. Less readily can they be
modified to solve variable boundary conditions. The radiation
' boundarybcondition can be included in the programs when an
iteration procéss is adapted [3]. The.oscillation characteris-
tics of the résults may be taken care of when a three point
integraﬁion scheme in'the.time'domain is used rathér than
the two point finiﬁe difference approximation that the
programs already make use of.

In summaéy then, the finite element apprdximation
technique as applied to thﬁee—dimensional trénsient conduction
heat transfer problems:can bé considered_to be both reliable
and efficient. There is no reason th the prbgrams.should
"not be»extended to more complex‘forﬁs and applied to more

irregularly shaped bodies than a simple hexahedron.



APPENDIX A



ABOUT THE PROGRAMS

The programs are designed to apply the three-dimensi-

onal finite element method for the solution of linear, tran-

sient, three-dimensional, anisotropic heat conduction

" problems in volumes with random geometry with time indepen-

‘dent heat generation and time independent boundary conditi-

ons. Although the programs as they are presented can only

solve time independent heat generation problems, with not

3

much of an effort, they can be put into a form which would

enable the solution of heat generation problems with step

changes in time.

The programs are structured in banded form and,

thus, use much less space than that would otherwise be used.

For cases that require even more memory space, the frontal

method is applied at the cost of increased execution time.

[e., a, .0 0
act-a, a,; 0
0 a . a a-.0
~ 3%~
0 0 a’s.a, ag;.
0 0 0 a-~.a.
0 0 0 O a-

Mapping of [aﬂJ' =

Figure A-1

P ——] L -

(5 = k-i+l

au al?.'T

an azl

aa; 34

a, g

55 a,,-‘

a, O }

, for k>i) = (a 4)

J
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. The square matrix in Figure A-1 is showh being mapped
onto a banded matrix.

The programs stért with the data input and initiation
of.the'matriées.' The data is giVen in the following order,

a. fifst card gives number ofrnodes and number of

elements

b. nodal data_is given, coordinates and specified

temperatures .

c. time step and total number of steps is givén‘

d. the conductivities, density aﬂd the specific

heat are given |

e. the elément data follows.

After»the.element matrices ECM‘and EHCM are calculated,
they}are placed in the global matrices CM and HCM by using
fhe subroutine MASS in which the bandwidth of the banded
globai matrices is calculated. The subroutine BC calculates
the element convectiqn matrix and the surface dependent
vectors where they aré added onto the global matrix CM and
load vector Q, ;espectively.'

| Next step is to form the effective conductivity
matrix which aétually is on the left¥hand4side of equation
(19). The modification and reducfion phases follow in order
to include fixed temperatﬁre data and start the Gaussian
elimination.

The effective load vector is, only then, calculated
which is the right-hand-side of equation.(19i. This is the

pointvwhere step changes in heat generation vector can be
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’made.;

Then comes the solution and baCk substitution phases
of the Gaussian elimination method in a revised form for
baﬁded matrices. |

Last step is the printing of the temperatures at
- each node. The node number and the temperature at that point
are printed. |

The data have to be prepared carefully, where a
‘generation program can bevdeviSed.if the geometry of the
body permits, since the risk of making mistakes is highly
probable due to the difficulty in visualizing the eleﬁent

configuration in space.



APPENDIX B



. ABOUT THE FRONTAL SUBROUTINE

The FRONTAL method can be considered as a particular
technique for firsf assembling finite element conductivities
vand nodal fleld values into a global conduct1v1ty matrix and
'load vector, then solv1ng for the unknown dlsplacements by
means-of a Gaussian Elimination and back substltutlon process.
Although it is designed to minimize tne core storage require-
ment, it results with an increase in the execution time.

The suBroutine is modular, in that it is a self-
contained frontal solver which can be employed in any finite
element program. Itviszassumed thet the element conductivity
matrices.and the load vector have been generated elsewhere
and are available from disc file. It is further assumed that
each nodal p01nt has the same degree of freedom; however,
this number can be optional. Also, the matrices are assumed
- to be symmetric. Althqugh the quadratlc tetrahedron element
is exclusiVely used in the FE program, the frontalbsolver
presented will be.compatiblevﬁith_any type of element; subject
to above conditions. | |

The main idea of fhe Frontal solution is ﬁo‘assemble

-the equations and to eliminate the variables at the same
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time. As sooh as the coefficients of an equation are comple-
tely assembled, from the contributions of all relevant
elements, the corresponding variablevcan be eliminated.
Therefore, the complete global maﬁrices are never formed as
such, since aftef elimination the reduced equation is
immediately traneferred to back-up disc-storage.

The core contains, at any given instant, the upper
triangular part of a square matri# containing the equations
which are being formed at that particular time. These equa?
tions, theirVCOrrespondiné nodes and degrees of freedom are
termed the "front". The number of unknowns in the frent is
the "frOntWidth";’this length generally changes continually
during the assembly—reduction process that takes piace in |
the subroutine.rThe maximum size of problem which can be
solved is governed by the ﬁmaximum frontWidth". The equafione,
nodes and degrees'of freedom belonging to‘the front are ter--.
med "active"; those which are yet to be eonsidered "inactive";
thoee which have passed through the front and have been eli;
minated are said to be "deactivated”.

During the assembly/eliminetion process, the elemeﬁts
are considered each in turn according to a prescribed order
which is defined by the generation programvprior to the
applicetion of the FE program containing the subroutine
FRONT. Whenever a new elementAis called in, its element
matrix and element load vector are read from the disc file

and summed either into existing equations, if the nodes are
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already active, or into new equations which have to be in-
cluded in the front if the nodes are being activated for
the first time. vasome nodes are appearing for the last.
'ﬁime; the corresponding equations can be eliminated and
stored away 6nva disc file and are thus deactivated. In so
‘doing, they free spacé in the front which can be employed
during assembly of the next element. |
| Following this part is thé back-substitution phase

which can be_taken as a frbntal process in reverée.

The fixed temperaturés at‘certain nodes are taken
care of within the éubroutine FRONT.

The explanation in detail of thé subroutine FRONT

and subroutine listing can be found in [ ] pp 192-204.
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APPENDIX C

LISTING OF FE PROGRAM
USING A PARABOLIC TETRAHEDRON

WITH.' FRONTAL SUBROUTINE



U a?
N

b

T

_t‘:(;nﬁt‘:ﬁnﬁﬁﬁﬂ(‘.\ﬁﬁ()ﬂﬁﬁﬂf‘:ﬁ(’l(‘)ﬂ(’)f'ﬁ(‘:ﬁOﬁﬁﬁﬂﬁ(‘)ﬁﬁ COoOOOCCCOOOOCOOCOCOCOCOaGOa:

TERMINOLOGY f

A1 UK sATKL)ALLY
ATTJKs ATIKL yAILY

CXsCY,CZ

0T v ‘
ECODE )

HIJK,HIKL’H;LJ
TCOQUNT
INT

ABAND
MBMAX
NOT
. NE
. NeMAX
NNP
NNPHAX !
ulJK.QIKL,OILJ

i

DENS :
SlJQSIK’SIL,SKL’
SJKsSJL

SPH
TIHE
VULUHE

. B
XL(1)sTaly2s6e0slNP

XZ(I )9!“19290..,NNP
XS(I)’I=132’.uo,NNP

QGEN(I)s I=1s2sssas NE

PRUGRAM TRPAFR(TINPUT,0UTPUT,TAPES=INPUT 3T APEG=GUTPUT)

PARABOLIC ITI~-DIMENSIONAL TETRAHEORAL FINITE ELEMENT PRCGRAM FOR
Tde SOLUTION OF LINEARsTRANSIENT,T1T=DIMENSIONAL,sISOTROPIC FEAT
CONDUCTION PROBLEMS IN CUBIC VOLUMES WITH TIKE=INDEPENDENT FEAT
GENERATION AHND TIFE~INDEPENDENT BOUNDARY CONDITIONS

"AREAS ON FACES IJKs  IKLs & LJ RESPECTIVELY

AMBIEhT TEHPERATURES ON FACES IJKy IKL &
ILJ RESPECTIVELY
CONDUCTION PARAHETERS IN THE DIRECTIONS
Xe Y &2 RESPECTIVELY ) .
TIHE INCREMENT
ELEMENT CODE .. P o
U IF ELEMENT. IS AN INTERNAL ELEHENT
1 IF ELEMENT IS A SIDE ELEMENT =
2 1IF FLENMENT IS AN EDGE ELENMENT
3 IF FELEHENT:2IS A CCORNER ELEKENT -
CONVECTIVF HEAT TRANSFER COEFFI1CIENTS
ON EDGES TJKy IKL:E:]ILJ RESFECT!VELY
CCUNTING INDEX FOR PRINTING TFrE
COMPUTED TEMPERATURE DISTRIBUTICON
PRINTING INDEX FOR THE COMPUTED
TEHPERATURE. DISTRIBUTION
BANDWIDTH
HAXTHUH ALLOWABLE BANDWIDTH.
NUABER OF TIME INCREHENTS
NUHBER OF ELEHMENTS ...- .- N
HAXIBKUHR NUMBER OF ELENENTS
NUHBER OF NODAL POINTS- .
HAXIRUH NUMBER .OF NCDAL PGINT<
SPECIFIED INCOMING HEAT FLUX COHPGNENTS
ALONG THE NORMALS COF FACES IJKs IKL &
ILJ RESPECTIVELY ‘ S

" DENSITY OF THE HATERIAL,

LENGTHS OF SIDES IJs IKse ILy KLy JK &
JL ON RELATED FACESy RESPECTIVELY
SPECIFIC HEAT OF THE HATERIAL

*TIHE LEVEL

ELEHENT VULUHE

NPCODE (1151515254455 NNP BOUNDARY CONDITION ‘CODE OF THE ITH

NODE .
U IF TEMPERATURE IS NOT SPECIFIED AT
THE ITH NODE
1 1F TEMPERATURE IS SPECIFIED AT THE
ITH NOGOE
RATE OF HFAT GENERATION PER UNIT
VOLUHE WITHIN THE ITH ELEKENT AT
ALL TINES .
X=~COORDINATE OF THE 1TH NODE
Y-COORDINATE OF THE ITh NODE
Z-COORDINATE OF THE ITH NODE



[sXoN ol o OGO

T OCOOOOCOOCOCGOoOCOCGO0O0OOO0GOCC:

__:5‘\-_-‘ [

- ; THERMAL LOAD VECTUR,I#NNP
T - TEMPERATURE VECTORy L¥NNP. -
F

Ly ; : EFFECTIVE LOAD VECTQR,I*NNP

TX(Isd)sI=is29aaesNE  NODAL POINT LABEL OF THE JTH NODE

J=1525354 OF THE ITH ELEHENT. .
Cri ' EFFECTIVE CONDUCTIVITY HATRIX;NNP*HBAND
ECH - ' CLEMENT CONDUCTIVITY MATRIXj4%4
FHCH ELEMENT HEAT CAPACITY MATRIXsA4%4
HCH ' HEAT CAPACLTY HMATRIX,NHP%NBANC
DECLERATIONS'

* THE PROGRAM IS DESIGNED TO TREAT THE HATRICESs FCREFEL

DURING EXECUTIONy IN BANCED FORHs _

# THE DATA OBTAINED FROH PROGRAM GNRATE SHOULD BE UPCATED
Iil ORDER FOR IT TO INCLUDE THE VALUES FOR DTs NDTy SPH & DENSs
“ THE DATA SUPPLIES ONLY THE CORNER NODES OF THE TETRAREDRON
ELENENTS AND THE REMAINING SIX NODES ARE GENERATED WITRIN THE
PROGRAM ASSUMING STRTAIGHT SIDED TETRAHEDRONS,

* THE PROGRAM USES THE FRONTAL SOLUTION SCHEKE IN CROER TO

INTEGER E

DIHENSION X1(729)9X2(729) 9X3(729) " -

EQ(LO) EHCH(LO910) 9QGEN(384) yECODE(384), :
CEQTIK(384) yHIJK(384) yATIJK(384)5QILJI(384)5HILI(384),
EATILJU(384),QIKL(384)sHIKL(384)sATIKL(384)
COMMON NE sNNP9NMATs BANDy Ty JyKeLls VOLUKE
COMMON/SUBBC/ECH(1Gs1LN)

COHHUN/ SUBHGV/ELOAD(1LN)
CUHHUNIFRONI/T(729),ZASDIS(729)’NUFIX(729)-
COHHON/AAA/IFPRE(T72G41) ROy
CGHNU"/LGDATA/PRLSC(729’1)9IX(354’10) ‘LLV )
CUHMON/NPC/NPCUDE(7’9) R

le READ THE'DATA

READ(5,*¥) NNPsNE - '
READ(59*)(KoXl(I)sXZ(I)yX3(I),NPCODE(I)’T(I)’IiloNNP)
READ(54 %) DT 9 NDT

READ(59s*)CX9CY9CZ9DENSsSPH
RFAD(S,*)(K’(IX(IoJ)9J=1’4),ECUDb(I)’QGEN(I);QIJK(I),
tHIJK(I)9AT1JK(I)QQILJ(I)9HILJ(I)’ATILJ(I)’QIKL(I)yHIKL(I)s
EATIKL(I)y I=lyNE)

CALL GOFIX(NVFIK)

FORH ELEHENT CONDUCTIVITY AND HEAT CAPACITY MATRICES

a3 lud9 E=1,NE

?eINITIALIZE ELEHENT CONDBUCTIVITY AND FEAT
CAPACITY HATRICES

DN 1unsg H-l,lo
ELOAD (H)=f0y
00 1078 N=i,10 >
ECH{HyN)=De °
'&HCH(isN)“U'

DECREASE - THE COHPUTER HENORY USED DURING EXECUTION AT ANY. TIHE,



OO0

N

Au8  CONTINUE

—_— =

3, FURH ELEPENT CONCUCTIVITY ANL HEAT CAPACITY HATRICES
olaDFFINE THE VARIABLE NAHES I,JsK

I=LX(Ey1) )
J=IX{Ey2) !
K=IX{E43)
L=iX{Fy4)
XT=XL(1)
XJ=X1{J)
XX=X1{K)
-XL=XL (L)
YI=Xx21(1)
YJ=X2{(J) '
YK=X2{K} )
YL=XZ2 (L)
ZI=X3(1)
2J=X314)
LK=X3(K)
ZL=X3(L)

3¢2s DEFINE'THE OTHER NOCES ASSUMING STRAIGHT SIDEC
TETRAHEDRONS

500 X5=(XI+XJ)/2,

YS5=(YI+YJ)/2,
25=(21+24)/24 L
DO 501 TA=LsNNP .- ’ g S
IF(ABS(XL(IA)—XS)gLF._.E-S‘AND ABS(XZ(IA)-YB).LE.I.E-S.AND;
EABS (X3(IA)=Z5)4LEJL E=5)60 TO 502 _
51 CANTINUE
502 IX(Ee5)=lA"

X6= (X J+XK) /24
Yo=Y J+YK) /2,
16=(ZJ+IK)/2; ,
DO 503 IA=LsNNP
IF(ABS(XL{IA)=X6)¢LEs1s E—S.ANDgABS(XZ(IA)—Yb)oLE.l E=54 AND,
 EABS(X3(1A)=26)sLE41sE=5)60"T0D 504
503 CONTINUE ' _ : :
504 IX(E,60=1A ° o

x7=(xK+x1)/2.
Y7=(YK+YI)/20
17=(ZK+21)/2s
D0 535 IA=1,NNP - ‘ ~
IF(ABS(XL{IA)=X7)4LEsLoE=5,y AND,ABS(xz(1A)-Y7).LE.1,E-53AND,
EABS (X3(TA)=Z7)4LESLs JE=5)60 To 5% e
505 CONTINUE . °
506 IX(E,7)=1A

X8=(XL+X1)/2¢
Y8=(YL+YI)/2¢ Lo
18=(ZL+I1)/2¢ s
DO 507 TA=LsNNP ..
IF(ABS(XL(IA)=X8)eLEcleE=54AND, ABS(XZ(IA)-YB)aLE.l;E-S.AND--
EABS (X3(TA)=28), LE.l.E ~5)G0 TO 508 o

507 CONTINUE: !

508 IX(E98)=1A

X9=(XL+XJ)/Z. : o L o
YO= (YL+YJ)/ 2% ~ . IR S AT
29=(ZL+14)/24 . :

DA 509 TA=LsNNP - S
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OO0

IF(ABS(Xl(IA)-X9).LE~1 E~50AND.ABS(X2(IA)-Y9).LE.I E-5.AND¢ 4

aABs(xa(IA)-z9).LE.1.E-5)Gn AL 510 .
5N9 CONTINUE'

510 1X(Es9)=1A ! T R

X1u=(XL+XK) /25 S R RS

Yiu=(YL+YK) /2%
Z1=(ZL+ZK) /2,
00 511 IA=L4NNP

IFCABSIXLIIAY=X10), LEZ1LE~5% AND.ABS(XZ(!A)-Ylﬂ).LE.I.E— oAND-'

£ABS (X3(1A)=Z10)sLE¢1,%=5)60 TO 512
51L CONTINUE  °
512 IX(Esly)=TA '

c e .
C 343, CALCULATE GFOWETRICAL PARAHETERS UF THE ELEFENT
c
CALL EGOO(XI’XZ’X3)
c . . w&”
c 3.4.FDRH THE ELEMENT CDhDUCTIVITY HATRIX
c
' CALL ¢CHuﬂ(X19X21X39CXsCYsCZ) _ ,
c ':.?
c 3e5:FDRH THE ELEAENT HEAT CAPACITY NATRIX
C :
CALL FHCHOO(DENS’SPHaEHCh)
HRITb(?)EHCH‘
C' { P —i
C -:-aa::-a:aauaaaa::-::a:a:au:====.=-a--:a::-u:----.-s:a-u-a--.xnC
c BOUNDARY CONDITIONS di oy
C -na:::::::az::aa::x:n-:asasz:aua:as:aas-ass:ﬂttn----aazauannanua .
c R

IF(FCUDF(E).EQ.O) GU T0 42
CALL BC“U(XIoX29X3QQlJK;HIJKQATIJK:QILJ,HILJ’
GATILJQQIKLaHIKL’ATIKLvaECUD:9E)

42 CONTINUE.. 4

HRITE(B)ELOAD
c : bl :
C ' FORA THE EFFECTIVE CONDUCTIVITY. HATRIX »vﬁ.w o

C ~
DO 43 I‘lolO
DO 43 JU=1,10:
ECH(Llq4d)= FCH(I,J)+2n*EHCH(I J)/DT

43 CONTINUE

C BN P . e -
c YRITE THE EEFECTIVE ELEHRENT CONDUCTIVITYfHATRIX-UN DISC
C g
A WRITE (L)ECH
i9%9 CONTINUE = °
CALCULATE AND PRINT THE TEHMPRERATURE DISTRIBUTION

TIHF=03'

1COUNT=0,

1CASE=y :

INT =y H

L.PRINT THE INITIAL TEHPFRATURE DISTRIBUTIUN

"PRINT 133yTIHEy(IvT(I)'InlgNNP)
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62

(eX R N ¢

cooo

[N ¢

290

OaGoOa

a5

64
C

C

DO 64. ITIﬂEtI’NDT

ZuFORH THE EFFECTIVE ELENENT LGAD VECTUR

REWIND 8 3
REWIND 3 o
REWIND 7 '
DO 67 E=lyNE*
READ(7)EHCH
READ(8)ELOAD’
DO 62 1=1,410
DO 62 Jul,in’
ELUAD(I)=FLOAD(I)+2.*FHCH(IoJ)#T(IX(EoJ))ID

3, FORN THE HEAT GENERATION VFCTOR AND ADD IT INTD THE
‘THE FFFECTIVE LOAD VECTOR

I1=1X(Es1])

J=lX{Ey2)

K=IX(Es3)
L=IX(Es4) ¢

CALL EGOQ(X1§X2,X3)

CALL HGV(EyDENSyMNPCODE,QGEN)
WRITE (3)ELOAD

CONTINUE .

i

4.50LVE FOR NODAL TEHPCRATURES'#“
CALL FRONT(NVFIX,ICA5=)

)

.

DO 290 NalyNNP .
T(N)=2, ¥ZASDIS (N)=T (N)

5, UPDATE THE TIHE LEVEL AND PRINT: NUDAL
TEHPERATURES

TInE=TIﬂE+DT‘

ICOUNT=ICOUNT+1

IF(TCOUNT=INT) 64965565

PRINT 1369TINEs (15T (1)9I=1,NNP)
ICUUNT =0,

CONTINUE™

E C :ﬂ:aan::===a====;======-=:=é=:un:nn-;;;;;isl;;;lgi;uuun-aa:::i;;{:

FURHATS\: s;.:-

C ERI ===ﬂl=nﬂ=u.=====ﬂ= AR ITAITTLERERINER I-l-tu-------ssa IHHGS ,

C

133

136

13y

(o

FORHAT(1H1//15X,60(1H=)/£6X;'INPUT TA?LE-TEHPERATURF DISTRI'.

€9 "BUTION /15X 60 (1Ha) /37X o' TIME=" 9F12a5/15X960(1H=~) 740X 4 *NODAL PO*
€y "INT? /?7X,'NUABER'926X,'TENPFRATURES’/15X’60(1H-)/(28X,15’24XsE15
£4.6))

FORHAT(1H1//15X,60(1H=)/26X,'OUTPUT TbBLE-TEHPERATURE DISTRI'

Es 'BUTTON® /L5X960(1H=) /37X, TINE="4F125/15X+60(1H=) /40X, *NODAL PO*
E,'1NT'/?7X9'NUHBER'sZéX,‘TENPFRATURES'/15X960(1H-)/(ZEX,IS,ZQX,EIS
£,6))

Fokunrtauj,as(/),sox,'BANDuIDTH..f.?.. 913)
STUP !
END

SUBRUUTINE BCOU(X19X2,X3sGIJKyHIJK9ATIJK,01LJ,HILJ,
EATILJ9QIKLyHIKL9ATIKL 9QsECODEYE)

INTEGER E i

"DIKENSIDN X1(729)9X2(729)+X3(729),



-

GU(LO)sQIJK(384),HIJK(384),ATIJK(BB#),QILJ(BB#),
6HILJ(384),ATILJ(384),QIKL(384),HIKL(384):ATIKL(384)9

EECODE(384)9GK2(10910)9P2(10)4P3(1LN)
CONKON NE9NNP9yNMATy HBANDy Ty JyKyLy VOLUME
CORNOMN/SUBBC/ECH(LG,410)

- COHMON/SUBHGV/ELOAD (LN)

21

C #%#

COHNUN/LGDATA/TS(729),IX(384o1u)
COHMON/NPC/NPCODE(729)

I1=IX(EsQ) :
J=IX(Ey2) ‘
K=1X(Fy3) "’
L=IX(Ey4) ‘

XI=X1(1)
XJ=X1(J)
XK=X1 (K)
XL=X1 (L)
YI=axz(1l}
YJax2(J)
YK=X2(K)
YL=aX2(L)
ZTex3(1)
ZJ=X3() .
ZK=X3(K) :
ZL=X3(L)."

QTJKD=QTIK(E)
HIJKO=HTJK(E)
ATIJKD=ATTIK(E)
QILJ0=QTL J(E)
HILID=HILJ(E)
ATILJD=ATILJ(E)
QIKLD=QIKL{E)
HIKLD=HIKL(E)
ATIKLD=ATIKL(E) .
ECODED=ECODE(E)

DO 71 LL’lolG
P?(LL)'Ou 4
P3(LL)= 0% )
DO 2L LLL=1,10
GKZ(LL;LLL)’Uo

IF(FCUDED:EQ.Z) GO T0 200
IF(FCODFD«EQ.l) G070 10¢

FACE IKL

STK'SQRT((XI—XK)**Z1+(YI~YK)**2«+(ZI-ZK)**2§ ﬁ?v 

bKL=SQRT((XK—XL)**2,+(YK—YL)*¢2.+(ZK—ZL)*423

STL=SURT((XL=XT)##2 s+ (YLmYI )42+ (ZL=Z1)%42¢) -

SS=(STK+SKL+SIL)/ 2y
ATKL=SQRT (SS# (SS=SIK) #(SSmSKL)*(SS=SIL) )
CON1=HIKLD#AIKL/18U s

CON2=QIKLD*AIKL/30
CONA=HIKLD*AIKL*ATIKLD/3,

P2(7)=P2(7) +CON2

P2(8)=P2(8)+CON2

P2(1u)=P2(10) +CON2

P3(7)=P3(7) +CON3

. P3(8)=P3(8)+CON3.

P3(10) =P3(10) +CON3
2(1y1)= GKZ(lsl)*bn*LDNl
bK2(1s3)=GK2(1,3)-CUN1

- GK2(L94)=GK2{1y4)=CON1




2N

LG kR

GKZ2(191N)=GK2 (L y10) =44 %CONL
GK2(351)=6K2(3,1)=COH1
GK2(393)2GK2(353)+6%CONL
GK2 (354)aGK2(354)=CQNY

GKZ (398)2GK2(3y 8)=43%CaNL
GKZ (491)2G6K2(491)=CONY.
GK2(493)=GK2(493)=CON1
GK2{494)=GK20434) +6 3% CONL
GKZ(437)=GK2(4y7)=4y*CONL
GK2(794)2GK2(7y4)=4%CONL
GKZ(797)=GK2(757)+32, #CON1

GKZ(748)=2GK2(748)+16, *CON1

GK2(7917)=GK2(7513)+164*CGi1
GK2(893)aGK2(8,3)~=4 34 CONL
GK2(897)=GK2(8y7)+16%CONL
GK2(898)aGK2(898)+32,%CON1
cxz(a.ln)=GK2(8,10)+16.#CUN1
GK2(10s1) =GK2(10yL) =4, %CONL
GK2(LVs7)=GK2(1D97) +164*CONT

"GKZ(LN8)3GK2(L1Ny8) +16¢*CONL

GKZ(LNyly)= GKZ(lUsl“)+32u*CGN1
CONTINUE

FaCt ILS

STJ=SQRT((XI—XJ)**Z;+(YI-YJ)*#2.+(ZI-ZJ)*¢2 )
SJL=SQRT((XJ~XL)**2y+(YJ~YL)**2.+(ZJ-ZL)**2.)
SIL=SQRT((XL-XI)**2~+(YL~YI)**d.*(ZL-ZI)**2.)
SS=(STJ+SIL+SIL)/2,
ATLJ=SQRT(SS*(SS=SI J) #¥(SS=SJL)*(SS=SIL))
CONL=HILJD*AILJI/L8O

CON2=QILJID*AILJ/3¢

CON3=HILJD*AILJI*ATILID/3,

P2(5)=P2(5)+CON2

P2(8)=P2(8)+CON2

P2(9)=P2(9)+CON2

P3(5)=P3(5)+CON3

P3(8)=P3(8)+CON3

P3(9)=P3(9)+CON3 : S

GKZ(L9l)=GK2(1yl)+6e*CONL
GK2(192)=6K2(1y2)=CON1
GKZ(194)2GK2(1,4)=CON1
GK2(L99)aGK2(Ly9)=4 ¢ %CONL
ckz(2,1)=cK2(z,1)—cgu1
GK2(2492)=2GK2(292)+64%CONL
GK2(294)=GK21294)=CON1
GK2(298)2GK2(238)=4%CONL
GK2(491)3GK2(4,1)=CON1
GK2(492)=GK2(452)=CON1
GK2(494)=GK2(454) +62%CONL
GK2 (445)= GK2(495)-4;*C0N1
GKZ(594)=GK2(5y4)=4«#CONL
GK2(595)=GK2(555) +32, #CON1
GK2(598)=G6K2(548) +164*CON]
GK2(599)=2G6K2(5,9)+16, *CON1
GK&(B.Z)sGKZ(B;Z)-é .¥CONL
2(8,5)2GK2(8,5)+1&, *CON
cxz(a,a) GK2(898)+32, #CON1

 GK2(899)=GK2(859)+16y*CON1

:L"m

C %%

7
- v"’

GK2(951)=GK2(9y1)=4"¥CONL
GKZ2(995)=GK2(995) +1 € *CONL
GK2(9,8)2GK2(948)+16 #CONL
GK2(949)= GK2(9,9)+32;¢CON1
CONTIHNUE '

FACE IJK




™o,

-

er-soRT((xr-xa)t*z.+(vt—VJ)*#2.+(11-2J)*¢2.)
SJK-SQRT((XJ—XK)**2u+(YJ—YK)**25+(ZJ-ZK)**2;)
SIK=SQRT((XK—XI)**2.+(YK~Y1)**2;+(ZK-ZI)**2«)
SS=(STJ+SJIK+SIK) /24

ATJK=SQRT(SS*¥(SS=ST J)#(SS~ SJK)#(SS-SIK))
CONL1=HI JKD#*AI JK/180",

CON2=QI JKD*AL1 JK /33
CUN3=HIJKD¢AIJK*ATIJKDI3»
P2(5)=P2(5)+CON2

P2(6)=P2(6)+CON2

P2(7)=P2(7)+CON2

P3(5)=P3(5)+CON3

P3(6)=P3(6)+CON3

P3(7)=P3(7)+CON3
GK&(L,l)=GK2(1,1)+6.*CONl
GKZ(192)=GK2(1y2)=CONY.
GK2(193)=6K2(1y3)=CON1
GKZ(196)3GK2(1y6)=47%CONL
GK2(291)=GK2(251)=CCNT.
GK2(292)2GK2(292) +6 4% CONL
GK2(293)=GK2(253)=CgN .-
GK2(297)=6GK2(297)=4 3% CONL
GK2(391)=GK2(3,1)=CONL

GK2 (392)=G6K2(3,2)=CON1
GK;(3'3)=GK2(3,3)*64*C0N1
GK2(395)=GK2(395)=44%CONL
GK2(533)126K2(593)=4¢xCONL

GK2 (5+5)=GK2(595)+32, #CON1
cKz(5.6)=GK2(5,6)+16,¢CUN1
GKZ(597)=GK2(557) +1 6o *CONL

GK2 (69L)=GK2( 6y L) =4 % CONL
GK2(695)2G6K2(695) +1 6y ¥COH1

GK2 (696)=6K2(696) +32, *CON1
GK2(697)=GK2(657)+LE:*CON ‘
GK2(T7+2)2GK2(742)=4s%CONL : .
GK2 (745)=GK2(755)+16,%CON1
GK2(796)=GK2(796)+16; *CONL
ze(7,7)=cx2(7.7)+325*c0n1

DO 4 LL=L,10° - -
ELOAD (LL) =ELOAD(LL) - PZ(LL)+P3(LL)
DO 4 JI=lel0
ECH(LL,JJ)-ECH(LL9JJ)+GK2(LLoJJ)
RETURN t

END i

SUBROUTINE: EGOO(XI;XZ,XB)
DIHENSION x1(759),x7(729),x3(729)
- CORMON NE,NNPyNHAT,WBAND,I,J’KsL,VULUHE
XT=XL(I) ¢
XJ=X1(J) ,
XK=XL(K) . ‘ RGN,
XL=X1 (L) : ' ,
YI=X2(1) '
YJd=X2(4) !
YK=X2(K) !
YL=xe (L)
ZI=X3(1)
ZJ=X3(J)
ZK=X3(K)
ZL=X3 (L)
VULUnEa(XJ*YK*ZL+XK*YL*ZJ+xL*YJ*ZK-XL*YK*ZJ-XK*YJ*ZL—XJ*YL*ZK
WX TAYKEZLmXKAY LA Z X LEYI#ZK+ XL RYKEZI+XKEYI$Z L+ X1 AYLHZK
AXTRY JFZL+XIOY LS ZI + XLk YT ¥ Z Jm XL #Y JR 2T mX JEYTH ZL=XIAYL¥Z)




|
i
!

&

"

moriy

VOLUHE=ABS(VOLUME)

RETURN . :
END ‘ '

SUBROUT INE Ecnén(Xi,xz,xa,cxkcy,éiTT"
DINENSION X1(729)9X2(729)sX3(729) .
COMMON NE yNNP yNHAT s NBAND, Ty J5 Ky Ly VOLUNE
CONMOi/ SUBBC/ ECH (16 17)

XI=X1{1)}
XJ=X1(J)

. XK=XL{K)

XL=XL (L)
YI=x2(1)
YJ=X2(J)
YK=X2(K)
YL=X2(L)
Z1=X3(I)
ZJ=X3(J)"
IK=X3(K}
IL=Xx3(L)

Bl=YKHEZ J+YIFZIL YL BZ K YKHZ LY IR I K YL #Z J
B2uYK¥ZL+YI*ZK+YLHZ TmYK*Z 1YL ZK=YI*ZL
BA=YJIRZT+YL¥FZJ+YI#ZLmYI*ZLmY]1#Z JmYL*Z1]
BAZYIBZK+YIRZ I+ YKHZ T=YIHZ TmYKHZ J=Y]%ZK

CLaXK¥*ZL+XI¥ZK+XLHFZ JmXK¥Z JmXIJ¥ZL=XL *ZK
C2aXK¥Z T+ XL¥ZL+XL¥FZKmXK¥ZL=X]1#ZKmXL*Z1
CRaXJPZL+XIFZ I+ XL*Z2 T~ XJ*Z TmX]1$ZL=XL %2 )
Ca=aX J*ZT+XK*ZJ*XI*ZK- JEIK=XT#Z J=XK%Z1

01=XK¢YJ+XL*YK+XJ*YL-XK*YL-XJ*YK-XL*YJ -
D2=XK¥YL+XL¥YI+XI*YK=XKEY I~ XL ¥Y K= X12YL '
DI3=XJAY T+ XLFY J+ XIHY L X JHY L= XTI #Y Jm XL #Y T

D4 XIBYKE XTHY J+ XKEY T X JFY T XKBY J= XTI #YK

ECHAL9L) =3 ¥ (CX¥BL¥S2T+CYACL4#25+CZ#D1%4270)
ECN(L92)==CX®BL4B2=CY#C1%C2=CZ¥D1#D2
ECH(L93)==CX¥BL*B3=CY#C1#C3=~CZ#D1#D3
ECA(194)mmCXtBLEB4=CY¥C1%Ca=CZ¥D14D4
ECH(L95)=CX¥BLE(=BL+3.%B2)+CY#CL#(=CL+35%C2)+CZ#D1% (~DL+344D2)
ECH(Ly6)==CX4BL¥(B2+B3)=CY¥CL¥(C24C3)=C2¥01*(D2+D3)
ECH(Ls7)aCX#BI# (=BL+34¥B3)+CY#C1#(=C1+434#C3)+CZ#D1* (~L1+3,%D3)

ECA(Ly8)aCX¥BL¥ (=BLl+3¢¥B4)+CYHC1H (= Cl+3-*C4)+CZ*Dl#(—0143.*04)“

ECr(L99)a~CX%BLl%(B2+B4)=CY*CL*(C24CA)~=C2*DL#*(D2+D4)

ECH{L9LlN) ==CX*¥B1#(B3+B4)-CY*C1¥(C3+C4)=CZ*D1%(D3+D4)
ECH(29L)=ECiH(1y2)

ECn(292)53.*(CX*BZ**2-*0Y*C2**2.+CZ*DZ**Zo)
ECH(293)3=CX%*82#%B3=~CY#C2%C3=C2%02%*D3
Lun(dy#)=-CX*B’*84-CY*CZ*C#-CZ#DZ*D4

ECiH(245)= CX*BZ*(—BZ*S«*Bl)+CY*C2*(—CZ+35*C1)+CZ*DZ*(-DZ*3-*DI)
ECHh(296)=CX¥B2¥ (=B2+3,%¥B3)+CY#(C 2% (~C2+3a*C3)+CZ#D2% (=D2+3.%D3)
ECH (297 )==CX%¥B2%(BL+B3)=CY*C2¥(CL+C3)=~CZ%D2%*(D1+D3)
ECH(298)==CX¥B2%(B1+E4)=CY%C2#(CL+CA)~ CZ*DZ*(DI+D4)

ECH (299 )=CX¥B2% (=B2+3 . ¥B4)+CYHC2% (=C2+43,%C4)+CZ¥D2% (~D2+34%04)
ECHi(291N) ==CX*B2%(B3+B4 )~ CY*C?*(C3*C4)—CZ*DZ*(DB+D4)
ECiH(342)=%CH(1s3)

LCH(342)=5CK(293)

ECH(343)= 3.*(CX*B3**2~+CY*C3**2o+CZ*D3**2a)

ECH (394 )==CX¥B3%¥B4=CY#C3%C4=CZ*D3%D4
tCﬂ(3,5)=-CX*B3*(BL+B?)-CY*C3‘(CL*CZ)'CZ*D3*(D1+DZ)
ECH(396)=CX*¥B3% (= B3+3Q*BZ)+CY‘C3*( =~C3+3, *CZ)*CZ*D3*(—D3+31*DZ)
ECH{397)2CX#B3% (=B3+3.%¥RL)+CYHCI* (=~ C3+34,%C1)+C2Z4D34% (=D3+43.%D1)

-XI*YJ*ZK-XJ*YK*ZI-XK*YI*ZJ*XK*YJ*ZI+XJ*YI*ZK*XI¥YK*ZJ)16-



“Eék(3{8)--cx*aa*(81+s4)-cv*c3*(c1+c4)-cz¢03*(01+04)

T

tCH(3'9)'~CX*BB*(BZ+34)~CY*C3*(C2+C4)-CZ*DB*(DZ#D4) :
bCh(3710)=CX*B3*(-83+3.*B4)+CY*C3*( C3+3a‘C4)+CZ*D3*(-D’*3.*D4)
ECHi{441)=ECH(1y4)

ECA(4492)=ECH(244)

ECA(493)=cCH(394)

ECH(444)= 3q*(CX*B4**Zu*CY*C4¢*Zn+CZ*DQ**Z )

ECH (495 )a=CX#B4%*(BL+B2)=CY*C4%(CL+C2)~C2%D4*(DL+D2)

ECH (496 )==CX%B4%(BZ+B3)=CYXC4¥(C2+C3)=CZ%04%(D2+D3)
an(4s7)=-CX#BQ*(BI+B3)~CY*C4*(CL+C3) =CZ*¥04*(D1+D3)
bCh(4Q8)=CX'B“*(—B4+3«*BI)+CY*C4¥( CQ*3¢*C1)+CZ*D€*(-04*30*01)
ECH(499)xCX¥B4% (m~ 34*39*82)+CY*C4*(-C4+3n*C2)+CZ*D4*(-D4’3.*DZ)
cChi(49LN)=CX¥B4%# (=B 4+3, *B3)*CY*C4*( C4+3¢*C3)+CZ*04*( =D4+3,%03)
ECH{541)=ECH(1,5)

LCH(H92)=ECH(245)

EC{543)=ECK(345)

EC(5+4)=CCH(445) - B
ECH(595)=8s*(CX*(Bl‘*2¢+BZ**2;+Bl*BZ)

£ +CY*(CL*%2 *C?**2a+C1*C2)

& ‘ +CZ*(Dl**?¢+DZ**29+DL*DZ)) .
tPH(b;b)=4!*(CX*(BZ183+81*B?+?.‘BI*B3+BZ*¢2-)

& +CY*(C2*C3+C1*C2+2.*CI*C3+C2**ZQ

& ' +CZ*(02*03*01*02+20*01*D3+D?#*2.))

ECH(547)a 4,*(cx*(31*33+51+sz+z.*Bz~33+a1*¢z.)
& TOACYR(CLACI+CLIC 242, #C24C34C14424)
& o +cz*(01403+01t02+2.*02#03+01*¢2.))
ECH(598)= 4.*(cx*(sx*az+31#aq+z,*Bz»aq+31*¢z,)
3 T +CYH(CL¥C2+Ci%CA+2,#C2¥C4+CL¥325)
& : +CZ*(Dl*02+Dl*04+2.*DZ#D4+DI*¢Z ))
ecn(b,9)=4.*(cx#(81#82+Bz¢34+2a*81*84+az*¢2 )

£ h +cv#(c1*cz+c21c4+zu¢01#c4+c2*t23)

£ : .+cz#(01*02+02*04+z.*01404+02*¢2.));
ch(D’Lﬂ)34-*(CK*(81*83+82¢83+81*B4+BZ*84)

& “+CYR(C1%C3+C2%C3+C1%C4+C2%C4)

& +c2v(01v03+07*03+01404+02*04))

ECH(69L)=ECH(Ls6)
ECH{692)=5CH(246)
ECrH (693 )=ECH(346)
ECr (694)=ECii{446)
tCH(b95) ECH(546) :
£Cit(646)= 8.*(CX*(BZ**2-+B3**20+BZ*B3)

& S +CY*(C2**2-+C3¥*2r+C2*C3)
& . #CZ%(D2#%2 ‘+D3**2.+CZ*03)) :
hCM(bo?)=4.*(Cx*(BZ¢81+Bl*B3*2.*31*82+83**2o)
T & +CY*(C2*C3+C1*C’+2;*C1*C2+C3¢*2o)
- & S +CZ*(DZ*D3+01*03+2,*DI*DZ+D3*¢2.))

ECA(b48)= 4.*(CX*(Bl*BZ+BZ*Bﬂ+Bl*BB+B3*B#)
& ’ +CYH®(CL#*C2+C24C4+CL¥C3+C3#%C4)
& +CZ#(DL¥D2+D2*D4+D1*D3+D3#%D4))
ECii(699)=4p % (CX*(B2¥B4+B2#B3+2, #B3%B4+B2%%24)

& +CY*(C2*C4+C2*C3+Z¢*C3*C4+CZ*¢22)

& +CZ¥(D2%D4+D24D3+2, #D3¥D4+02%%25))
ECN(b,l“)=4.*(CX*(82*83+83484+2 *B2¥B4+BI*e2, )

& *CY*(CZ*CJ*C34C4+29*C¢*C4+C3**2.)

€ +CZ#(D?*03*03*0&+Za*DZ*D4+D3**Ze))

ECH(T7sL)=ECH(1s7)

ECH(T792)=2ECH(247)

ECh(793)=ECH(3,7)

ECH(744)=ECH(4,7)

ECh(795)=ECH(547)

ECH(746)=ECH(647)

ECIH(T747)= 8.*(CX*(Bl*¥2c+B3**Zo+Bl*B3)

& T 4CYR(CLI*2,+C3%%2<+C1L¥C3)

& +CZH(DLA¥Z, +D3%¥2,+D1#D3)) .
ECri(748)= 40*(CX*(81*83+81484+2n*B3*B4+Bl**n-)

& +CY*(Cl*CB*Cl*Cq*?g*C3¢C4+C1**Z{)




(9]

£ T eCZ%(D1AD3+DL4D4+2, FDIXD44DII2T))
ECH (799 )24y % (CX+(B24%B3+BL ¥84+B1+82+B3%B4)

e ot e .

& ’ +CY*(C23CI+CLACA+CL¥C2+C3*C4)

& : +CZ*(D27D3+DL#D4+DL#D2+D3%D4)).
EC“(?oln)=4.*(CX*(83*BQ*BI*BB+2n*Bl*Bé+83*¢Zo)
& +CY*(C3*04+C1¢C3+2q*C1*C4+C3**2 )
& "+CZ%(D3I*D4+D1¥D3+2, *Dl*04+03#*2c))

ECH(8sL)=ECH(L,8)
ECH(B+2)=FECH(2,8)
ECH (893)=ECH(3,8)
ECH{894)=ECH(448)
ECH(895)=ECH(543)
ECH(836)aECH(648)
ECii(897)=ECH(7,8)
ECn(BgS)=8g*(CX*(Bl**?c+84*# .+Bl*84)
& *CY*(Cl**25+C4**2g+Cl*C4)

& +CZ¥ (DL %2, +D 44 %2,+D1%D4))

20

ECH(849)= 4.*(CX*(81#84+BZ 4B 4+2.*51$BZ+84##2,)

& +cv#(c1*c4+cz#c4*zg¢c1¢cz+cq*¢z.)
3 - +CZ*(D1*D4+D2%D4+2, ¥D1%D2+DA%*23))
:CH(8slﬂ)=4o¢(CX*(BI*B4*¢3*B4+23*Bl*83+84**2.)
3 -+cv*(c14cq+c3vC4+z$4c1¢c3+c4**2.
3 *CZ¥(D1¥D4A+D3I#D4+24%D14D34D4442,))
hCh(9,l)=FCH(1g9)

ECH(942)=ECH(2+9)

ECA{943)=ECKI3,9)

ECH(994)aECH{449)

ECIi(945)=ECH{5y9)

ECH(946)uECH(649)

ECH{997)=ECH(74+9) oo EEE
ECH(998)=ECH(899) N
eCh(9,9)=s.*(cx*(Bz¢¢2.+34¢¢2.+82*84) o
3 +cv#(cz*¢2.+c4**z,+cz*c4)

3 o +CZH(D2¥42,+D4%325+02%¥D4)) . ° .
ECA(991N) =44 # (CX+(BI¥BL+B2¥B4+2 *BZ*BB+84**2.
3 +cv*(c3*04+c2#C4+2.#c2#c3+c4#*2.)-
3 “4CZH#(D3I*D4+D2% D4 +2 .*04*03+04**2 ))

LCH(14,1)=ECH(19l0)

ECA{LNy2)=ECK(2+1D)

ECH{1N93)=ECH(3,410)

ECr (1794) 3ECH(4419)

ECit(LDs5)=ECK (5411)

ECH(LD56)=ECH(6910)

ECH(LNy7)=ECH(7510)

ECHA (LN 8)=ECH(8510)

ECH{LO9) =ECH (9,510)

tCn(Ln,lu) 8.*(CX*(B3**2u+84**23*85*84)
“ +cv*(c3**2.+c4#¢z,+c3#c4)

+cz¢(03¢¢2.+04**2.+03¢o4))

m o,

DO 20 M31sl0
DO 25 N=lsl0'
£CH (HsN)=ECK(HyN) /(1804 %V OLUAE)

R ETURN S
END o | o

SUBROUTINE EHCHDO(DFNSySPHs EHCH)
DTHEHSION EHCH(10517) :
COrivON NE’NNP,NWAT9VBAND,I,J,K,L,VULUNE
CON=DTNS#SPH*VOLUHE .

EHCHI1,1)=CON/T0¢

EHCH(] 92)=CUN/‘iZ(Jn
EHCH(193)=CON/420«
EHCM(194)=CON/4200



EHCH(155) ==CON/105,
EHCH(Ly6) ==CON/ 704"
EHCH( Ly 7) ==CON/1US,
EHCH(Ly8) 2=CON/ 155,
EHCH(159) ==COMN/ 794
EHC¥ (151D )==CON/70,
EHCN(251) =EHCH(142)
EHCH(292) =CON/T70,

EHCM(253) =CON/42U 4
EHCM(254) =CON/420,
EHCHM(255) ==CON/ 105,

. EHCH(246) 2=CON/1Y5,

EHCH(247) =2=CON/TU,
EHCH(248) ==CON/704

" EHCH(2 99) 3=CON/L45,

EHCM(2,10)==CON/T0,
EHCN(3,1)=EHCh(1,3)
EHCM(3y2) =EHCH(2,43)
ERCH(343)=CON/79,
EHCM(3y4)=aCUN/4200
EHCH(395) =«CON/ 704
EHCH(3496)==CON/ 1USU ]
LHCM(3,7)=—c0N/105-
EHCH(398) ==CON/TUs
EHCH(3459) ==CON/ 7048
EHCH(3,10)==CON/105,
EHCH{44 1) =EHCH(Ly4)
EHCH(492) sEHCH(294)
EHCH(493)=EHCH( 344)
EHCH(454)=CON/T0y
EHCH (45 5) ==CON/ 704
EHCH{446)==CON/ 704
EHCH{447)3=CON/TUy .
EHCH(4498) ==CON/L0O5,
EHCM(459)2=CON/ 105,
EHCH(4910)==CON/105,
EHCM (55 1) =EHCI(145)

‘EHCM(542)=EHCII(245) .

EHCHK(553) =EHCH(345)
EHCH(554) =EHCH(445)
EHCH(555) =84 *CON/LUS,
ERCH(556) =44 %CON/LOS,
EHCM(557) =4a%CON/ 105,
EHCH (59 8) =4 9%CON/10 5,
EHCH(559) =43%CON/105e
EHCM(5910)=2,%CON/1155
EHCH(651) =EHCH(156)
EHCH(692) =EHCH(246)
EHCKE(693) =EHCHK(3,6).
EHCH(654) =EHCH(446)
EHCM(695) =EHCH(596)
EHCH(696)=84%CON/105,
EHCH(697) 34¢*CON/10 5%
EHCH(698) =24 #CON/10 5y
EHCH(6359) =4 ¢#CON/105, |
EHCM(6510)=4,%CON/105,
EHCH(751) =EHCH(1,7)
EHCH(752) =EHCH(2,7)
EHCH(793) =EHCH(3,7)
EHCH(794) =EHCH(4,7)
EHCH(795) =EHCH(557)
EHCH(796) =EHCH(647)
EHCH(757) =8 ¢#CON/L05g

;’EHCN(7,8)=4.*CON/105;

EHCH(759) =2%*CON/L0 5
EHCH(?:IU)=4.*CUN/105.

e e —— e
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EHCH(891)=EHCH(1,8)
EHCH(8,2) =EHCH(2,8)
EHCR(B53)=EHCH(3,8)
EHCH(844)=EHCH(4,8)
EHCH(895) =EHCH(548)
EHCH(896)=EHCH(648)
EHCH(897) =EHCH(7,8)

EHCK(8,8) =84#CON/105,
EHCH(899) =44#CON/105,
EHCH(B9L0)=4 ¥CON/LO5 S

EHCH(991)=EHCH(1,9)
EHCM(9492) sEHCH(2,49)

EHCH(943)=EHCH(3,9) -
EHCH(944) =EHCH(449)

EHCH(945) =EHCH(5,49)
EHCH(946) =EHCH(659)
EHCH(947)=EHCH(74+9)
EHCH(998) =EHCHM(849)

EHCH(999) =8 4%CON/105,
EHCH(991u)=44*CON/115,
T EHCH(10sL)=EACH(L,11)
EHCH(1092)=EHCH(291)
EHCH(1093)=EHCH(3y10)
EHCH(1094)=EHCA (4917
EHCH(LU45)=EHCH(5410)
EHCM{1096)=EHCH(6410)
EHCM(1Us7)=EHCH(7410)
EHCHM(1048)=EHCN(8414)
EHCHM(1099)=EHCH(9410)

EHCH(LU 1 0)=84%CON/ 154

RETURN
END

SUBROUTINE HGV(N.DENSsNPCODEsQGEN) -
DISAENSION QGENC384) yNPCODE(729)
COAMON NEsNNP9oNHAT» HBANDy Iy JyK9Ly VOLUNE
COil#ON/ SUBHGV/ELOAD (1LM)
CGdHUV/LGDATA/PRESC(729,1),IX(384a10)

CON=—QGEN(N)*VULUWE/20.

d

DO 20 M=ly4
I=IX(Ns#)

IF(uPcuoE(i);Eo.l)cn T0 20

ELOAD(I)= ELOED(I)+CCN

CONTINUE

CON=QGEN(N)*VOLUAE/ Sy

DO 21 H=5,10°
I=1X{NsH)

IF(NPCUDE(I):EQ-I)GD T0 21

ELOAD(I)= ELUAD(I)+CON

CONTINUE

RETURA i
END !

SUBROUTINE FRONT(NVFIX:ICASE)

DINEUSION FIXED(729)9FQUAT(120)9VECRV(120)9GL0AD(120),GSTIF(?ZbO)

EsESTIF(14s10) s IFFIX(729)y NACVA(120) 3L OCEL(L6) 4NDEST(16) 9ASDIS(729)

COHRON/LGDATA/PRESC {72951 )9 LNODS(384510)
COriHON NELEhQNPOIN’NhAT’“BAND’I’J’K,L,VCLUHF

COHKON/ AAA/TFPRE(726,1)

CGHFQ%/FRDNI/T(729),ZASDIS(?ZQ),NOFIX(?ZQ)
COMMON/SUBHGV/ELOAD (1)



» Rl .
et e e e e

OO

I

Loy

acgeo

CONTINUE

U . . T

NFUNC(LyJ)m(J¥=yg)/2+1
ICASE=ICASE+1

NEVAB=10

NDLHE=3

HFRON=120"

HSTIF=7260

INTERPRET FIXLTY DATA IN VECTOR FORM

NTUTV=NPOIN*Y

DO 1ud TTATValyNTOTV
IFFIX(ITOTV)=0
FIXED(ITATV)=0,.0

- DO 103 TVFIX=LyNVFIX

NLOCA=(NOFIX(IVFIX)=L)%1

DO 117 IDOFN=1,1
NGASH=NLOCA+IDOFN _
IFFTX(NGASH)=IFPRE(IVFIXy IDCFN)
FIXED(NGASH)=PRESC(IVFIXs IDGEN)

I3

Pl

CHANGE THE SIGN OF THE LAST APPEARANCE OF 'EACH NODE

ng 140 IPUIN-I,NPDIN

KLAST =y !

DO 130 IbLEH=lsNFLEd

D3 120 INODE=l1s1u .

IF(LHODS(TELEH, INUDE)QNF;IPCIN)GD TO 120
KLAST=1ELEH ' :

NLAST=1NODE

CONTINUE

TF(KLAST, NE.b)LNODS(KLAST;NLAST)a-IPOIN
CONTINUE

START BY INITLALIZING EVERYTHING THAT FATTERS 10 ZERO

23 150 ISTIFSL PASTIF
GSTTF(ISTIF) =040 _
DO 160 IFRON=1yHFRON
GLOAD (IFRON)=040
EQUAT (IFRON)#0¢0

‘VFCQV(IFRON)BOMO

NACVA(IFRGN)=0
‘AND PREPARE FOR DISK READING AND HRITING UPERATIGNS

.

&

REHWIND
REWIND
REWIND
RENIND

DSWN .

ENTER!HAIN ELEMENT ASSEHBLY~REDUCTION LOOP -
i N ‘ (SN N
NFRON=L
KELVA=y = %
DO 389 TCLEH-l,NELEN
READ(3) ELOAD?
KEVAB=9

_ READ(1) ESTIF




SO0

idu

GO

O
c

COOoOnRNOOOa CrF
i~
< C

oG

22w

OGO

(e N ¢

GO T0 290

DO 170 INODE=1410
DO 170 IDOFN=1,1"
NPOSI=(INODE~L) *L+I1COFN
LOCNO=LNODS (IELEH,INODE)
IF(LUCNOaGTnU)LOCEL(NPDSI)=(LOCNU-1)#1+IDOFN.
IF(LUCNU»LT.U)LDCEL(HPOSI)=(LUCNO+1)*1-IDUFN ‘
CONTINUE :

START  BY LOOKING FOR EXISTING DESTiNATiows

DO 210 TEVAB=1,NEVAB
NIKNO=1AB8S(LOCEL(IEVAB))

KEXIS=y

DO 132 IFRONﬂl,NFRONv
IF(NIKNO,NE, NACVA(IFRDN))GU TO 180

" KEVAB=KEVAB+1

KEXIS=1
NDEST(KEVAB)=IFRON
CONTINUE
IF(KEXISgNE;G)GU'TU 210

WE NOW SEEK NEW EWPTY PLACES FOR DESTINATION VECTOR

DT 190 IFRON=1,{FRON

IF(NACVA(TFRON) ZNE¢Q)GO TO 190
NACVA(LFRON)=NIKNO

KEVAB=KEVAB+L R
NDEST(KEVAB)=IFRON o N

CONTIHNUE

THE NEW PLACES HAY DEHAND AN INCREASE
IN CURRENT FRDNTHIDTH

IF(NUEST(KEVAB)-GTgNFRUN)NFRONﬂNDFST(KEVAB) ;.b
CONT1NUE ¢ v

ASSEMBLE ELEMENT LOADS

DN 24P TEVABS1,NEVAS
INEST=NDEST(IEVAB) |
GLOAD(IDEST)=GLOAD( IDEST) +ELOAD (IEVAB)

ASSEHELE THE ELEMENT STIFFNESSES=BUT NOT IN RESOLUTION

IF(ICASE«GT»I)GD TO 23
DQ 227 JEVAB=1,IEVAB .~
JDEST=NDEST (JEVASB)
HGASH=NFUNC(IDESTyJDEST)

NGISH=NFUNC(JOESTHIDEST)
IF(JDEST, GE.IDhST)GSTIF(NGASH)-GSTIF(NGASH)+ESTIF(IEVABQJEVAB)

IF(JDEST, LTolDEST)GSTIF(NGISH)=GSTIF(NGISH)+ESTIF(IEVAB’JEVAB)
CONTINUF™ , ;

CONTINUE

CONTINUE

RE=EXAHINE EACH ELEHENT NODE 5TO
FNQUIRE YHICF CAN BE ELININATED

DO 370 IEVAB=1,NEVAB
NIKNU==LOCEL(TEVAB)
IF(NIKNOGLEW0)GO TO 37¢

FIND POSITONS OF VARTABLES READY FOR ELIMINATON
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270
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OO0

3w
324
330
34y

‘DO 33N JFRUNBlsNFRON

S

T e e e e e e e el

00 3590 IFRON-laNFRUN T
IF(NACVA(IFRUN)nNE y NIKNO) GO TO 350

"EXTRACT THE COEFFICIFNTS DF THE NE “ EOUATIGN
"FOR ELIHINATIDN w4

IF(ICAS‘ ,6Te1)GO TO 26v

D3 250 JFRON*l,HFRDN
IF(IFRGNQLT.JFRON)NLUCAﬂNFUNC(IFRON,JFRUN)
IF(IFRDN,GE.JFRGN)NLUCA=NFUNC(JFR0N91FR0N)
EQUAT(JFRON)=GSTIF(NLOCA)

GSTIF(NLOCA)=0,

CIONTINUFE '

. AND EXTRACT THE ‘CORRESPONDING RIGHT HAND SIDES

EQRHS=GLOAD (IFRON)
GLOAD (IFRON) =0,
KELVA=KELVA+L ~

HRITE{EQUATIONS 70 DISK CR TO TAPE

IF(ICASE,GT»1)G0 TO 279
HRITE(Z)EQUAT:EQRHSaIFRONoNIKNO S oo
GO TG 28u SR
WRITE (4)EQRHS : 5 S
READ(2)EQUAT s DUMMY s IDUHHy NIKNC
CONTINUE :

DEAL HITH PIVOT

PIVUT=EQUAT(IFRON)
tQUAT(IFRON)=0.0

'ENQUIRE WHET HER THE PRESENT VARIABLE IS FREE OR PRESCRIBE
IF(IFFIX(NIKNUD.EQ.J)GO 70 360 |
DEAL HITH A PRESCRIBED oEFLEcrloN*757‘

00 290 JFRON=LsNFRON - b S T
GLUAD(JFRON)=GLUAD(JFRON)-FIXED(NIKND)*EOUAT(JFRON)
GO TO 340

ELIMINATE A FREE VARIABLE = DEAL HITH THE RIGHT FAND SIDE
FIRST - L
. ,!,;,

bLU&D(JFRON)‘GLOAD(JFRON)-EOUAT(JFRQN)*“QRHS/PIVOT
NOW DEAL WIHT THE COEFFICIENTS IN CORE

IF(ICASE,GT+1)G0 TU 32¢
I F(EQUAT{JFRON) JEQ0:N)GO TO 330
NLOCA=NFUNC (0 JFRON)”
D0 3.0 LFRON=1, JFRON
NGASH=LFRON+HLOCA
GSTIF(NGASH)= =GSTLF(NGASH)=ECUAT (JFRON)#EQUAT(LERON) /P IVCT
CONTINUE '
CONTINUE
EQUAT(IFRON)ﬁPIVOT

RECORD THE NEW V&CANT SPACE +AND RECUCE FRONTWIDTH IF
POSSIBLE
NACVA(LIFRON)=C




390

OO0

40y

O G

31lv

coeaooads

32
]

(%3
<

" READ(4)EQRHS™

60 TO 360

COMPLETE THE ELENENT LOOP IN THE FCRWARD ELININATION

CONTINUE
IF(NACVA(NFRUN)»NE-Q)GU T0 37n.
NFRON=aNFRON~1

IF(NFRON,GTwG)GO TO 360
CONTINUE™ ‘

CONTINUE

ENTER BACK=SUBSTITUTIOGN PHASE,LGCP BACKHARDS
THROUGH VARIABLES

D3 419 TELVA=L,KELVA
READ A NEW EQUATION

BACKSPACE 2
READ(2)EQUATsEQRHS s TFRONs NIKNC
BACKSPACE 2 .

IF(TCASE,EQY1)GO TO 390
BACKSPACE 4

BACKSPACE 4
CONTINUE

PREPARE Tn’aAcK-SUSTITUTEeFRnﬁ{THEfCUgRéNT ECUATION

PIVOT=EQUAT (IFRON)
IF(IFFIX(NIKNG) EUa 1)VhCRV(IFRON)=FIXED(NIKNU)
'IF(IFFIX(NIKNO).EQ.O)FQUAT(IFRUN)=0.. —

BACK-SUBSTITUTE IN TH& CURRENT EQUATIUN .

DO 400 JFRON=LyMFRON
EQKHS=EQRHS~ VECRV(JFRUN)#FQUAT(JFRUN)

PUT THE FINAL VALUES HHERE THEY EELONG

IF(IFFIX(NIKNO)aEQ.ﬂ)VECRV(IFRUN)=EQRHS/PIVBT
LFCIFFIX(NIKNO) sEQq 1) FIXED(NIKND) ==EQRHS
ASDIS(NIKNO)=VECRY{IFRON)

CONTINUE i

D0 450 . IPOINa1,NPOIN

HGASH=TPOIN®L

HGISH=NGA SH=1+1

ZASDIS(IPOIN)=ASDIS (NGISH) : L
CANTINUE : , ; T

POST FRONT = RESET ALL ELEMENT CONNECTION NUNBERS
T0 POSITIVE VALUES FOR SUBSEGUENT USE IN STRESS
CALCULATION

Da 52 IELEN=1,NELEH
D0 520 INODE=1l,y10 :
NUDS(IFLFﬁ;INODE) IABS(LNUDS(IELEH,INUDE))

RETURN
END

SUBROUTINE GOFIX(K)

CUnHUN HE sNNP
FON/FPONl/T(?ZQ)9ZASDIS(729)’

ENOFIX(729) :

CUﬂFUN/LGDATA/PRESC(72911),IX(384910)

CORMON/ NP C/NPCODE (729)




L

14,487

COMHON/AAA/IFPRE(T72G9 1)
K= -
DO 1 T=14NNP
LF(NPCODE (1) EQVL)THEN
Kagk+}) . .
NOFIX(K)=T
IFPRE(KyL)=]"
PRESC(Ksl)=T(I)

ENDIF '

CONTINUE

RFTURN :

END fo

45, UCLPy BUy PU3 ’

1.171KLNS,

C




APPENDIX D

?ISTING OF A FE PROGRAM

USING SIMPLEX TETRAHEDRON



OO OGO OGO OO0

~("("‘¢':-

C OGO CC G CGOOoOC OGO OGO oCOaEoaeanc

[}

o

PRUGR&H TRSIHP(INPUT,GUTPUT;TAPE5=INPUT9TAPE6=0UTPUT)

bl

TERPINOLOGY

ST UK 9 ATKLSAILY
ATTIK ATIKLSAILY

CxsCY,CZ

v
ECODE

HI JKsHIKLsHILJ
TCAUNT
INT

MBAND o ‘
“BHaAX !
NUT. ’
NE:
HEMAX

NP

HNPHAX

QL JKQTKLyUILY

DEHS :
)lJ,SIKsSILQSKL,
SdKySJl

SeH
Ti s
vulu'le

)

LINEAR T1T=-DIHENSIONAL TETRAHEDRAL FINITE ELEMENT PROGRAK FCOR THE
SOLUTTUN OF LINEARyTRANSIFENTsTIT~DIMENSIONALs ISCTROPIC HEAT
COMDUCTYUN PROBLEHMS IN CuUBL1C VvOLUHES NITH TISNC=~INDEPENDENT FEAT
GONERATION AND TINE=~INDEPENDLNT BCOUNDARY CONDITIGNS

R eSS S S S N S N S S S S N S S I S S S A S S S S SN EE AR SO AR AR E XTI EREX ITTEDBTEESRR

AREAS ON FACES IJKs IKLs & LJ RESPECTIVELY

AIIBLIENT TEMPERATURES ON
ILJ ESPECTIVELY

FACES TJKy IKL &

CONDUCTION PARARETERS IN TH& DIRECTIUNS

Xy Y & Z RESPECTIVELY

"TIME INCREMENT

FLEIENT CODE

#

N IF ELEMENT IS AN INTERNAL ELEHENT

1 IFf ELENENT IS.A SIDE

ELEXENT

2 IF ELEMENT 1S AN EDGE_ELEMENT

3 TF ELEMENT IS A CORNERAELEMENT
CONVECTIVE HEAT TRANSFER COEFFICIENTS

ON EDGES IJKs IKL & ILJ: RESPECTIVELY
COUNTING INDEX FOR PRINTING THE

COHPUTED TEHPERATURE DISTRIBUTION
PRINTING INDEX FOR THE COWPUTED

TEHPERATURE DISTRIBUTION

BANDHIDTH

HAXINUM ALLOWASBLE BANDWIDTH
NUMBER OF TIMNE IMCREMENTS

NU¥BER OF ELEMENTS

MAXIBUM NUMBER OF tELEHENTS

NUMBER OF NODAL POINTS

MAX1MUN NUMBER OF NODAL '/

SPECIFIED INCOMING HEAT.

OINTS
LUX COMPONENTS

ALGIG THE NORaALS OF FACES 1JKs IKL &

ILJ RESPECTIVELY .

DENSITY GF THE HATERIAL

LENGTHS OF SIDES 1Js 1Ky

1Ly KLy JK €

JL UN RELATED FACES RESPECTIVELY
SPECTIFIC HEAT OF THE FATERIAL

TIXE LEVEL
CLERENT VOLUNME

i

HPCUDL(1)9I 192’0s1,NNP BOUNDARY CGNDITIUN CODE OF THE ITH

QGEHII) s I=14525 eve o NEE

Xa(l),T l’Z,oor9NNP
K2 (1) yT=1925my s 9 NNP
X3(1)9T=V923a50esNNP

NODE

A IF TEAPERATURE IS NOT SPECIFIED AT

THE ITH NUODE .

1 IF TEHPERATURE IS SPECIFIED AT THE

ITH NODE ;
RATE OF FEAT GENERATION
 VOLUME WITHIN THE ITH
ALL TIHES
X-COCRDINATE OF THE ITH
Y-COORDINATE OF THE ITH
Z-~COCRDINATE OF THE ITH

PER UNIT
ELEHENT AT

NODE
NODE
NODE



T o
f

3

IX(19J)9T7=13290co 9 NE

J=1929344
Cii :
2CH
FHCI
HC
DECLERATIONS'

R YR R At 2 A X A N A A S A A 2 XY

THER¥AL LOAD VECTORsL*NNP

TEMPERATURE VECTOR1%#NNP
SFFECTIVE LOAD VECTORs1#NNP

NODAL POTHT LABEL OF THE JTH NODE
0F THE ITH ELEMENT s NE#*4
EFFECTIVE CONDUCTIVITY HATRIXsNNP#HBAND
ELEMENT CONDUCTIVITY MATRIXs4%4
ELEHSENT HEAT CAPACITY iMATRIX4%4
HEAT CAPACITY MATRIXsNMP#*HBAND

* ThE PROGRAK IS DESIGNED TO TREAT THE HATRICESs FORMELD
DURING EXECUTIOMs TN BANDED FORH.

¥ THF DATA-OBTAINEC FROit PROGRAM GNRATE SHOULD: BE UPEDATED
H OGRDFR FOR IT TO INCLUOE THE VALUES FOR DTy NDTy SPH & DENSg

PARAAFRTER (NEMAX=1296,NNP¥AX=343:NHHAXal’HEﬂAX=70)

INTEGER E !

DTLEHSION IX(NhﬂAX,4)’XI(NNPVAX)’XZ(NNPHAX)’X3(NNPMAX)$ :
EQCHNPIHAX) sELY (NNPHAX) sECH (494) 9 EHCM (434) s TINNPHAX) s CGEN (NEKAX) s
ECHINAYPHAX 9 iBRAX )Y s HCHINNPHAX 9 RBHAX) s NPCODE (NNPMAX) 9 ECUDE (NEBAX)
EUTJIKCMEPAX) sHTURINEBAX) sATI JK(NFKAX) s QILJINEHAX) sHILJI(NEKAX )
EATILJ(NFH\X)idIKL(N[i‘X)sHlKL(NEHAX),ATIKL(hEHAX)

C Oiil’aM NP,JNP,’QhT,uBQNP’4,J9K9L9V0LU

READ(5, %) NNPyNE

READ(S, *)(K9X1(I),X7(I)sX3(I),NPCGDE(I)9T(I)QI=1sNNP)

READ(S 9%} DTy KDT

RTaD(54%)CXyCY9CZaDENSsSPH

READ(S9#) (Ke (IX(I9J)yJ= 1,4)9ECODE(I)aQGEN(I)’QIJK(I)a o
,HIJK(I)sATlJK(I),QILJ(I),HILJ(I)sATILJ(I)’QIKL(I),HIKL(I)Qv -

EATIKL(1)yI= JQNL)

¢

[

C

v

c

¢

C

C
HBAND =) i
D3 1ud4 I=lsNNP
u(1)=ﬂ*

ZLV(L)SN

00 1004 J=l’HBHAX

CH(Tydr=ns ¢

HCA (L5 4)=0; °
U4 CanTIAE 7

DI 1409 E=1,NE

[N N el el

030 1478 h=144
DI U8 H=Lls4
ECH CigN) =N, ¢
EHCU( Yy M) =mua

E R AR R kR L P L R 2 L RIS R R LR L R R 22 R 2 R LRSS X

FURit SYSTEH:CONDUCTLIVITY AND HEAT :CAPACITY HATRICES

EE 2 S ST S22t T 2 L R E R P Al R R i RN RESEF

Lo THITIALIZE THE BAMDHIDTH,SYSTEM CONDLCTIVITY AND
HEAT CAPACITY MATRICES,AND LOAD VECTORS: :

vINTTTALIZE ELEMENT COMDUCTIVITY AND HEAT
‘CAPACITY MATRICES



‘ﬁﬂﬁ"thHEFMMMW"”MM S v
(VI A A
C quORﬁ ELEHENT CONBUCTIVITY AND HEAT CAPAC j”ATRICES
[ K D S
v 5 chEFINF THE VARIQBLE NAH[S I,J’K ,
C 1 ,. '
1=IX(Ey1) t
JEIX{E42) B
K=I1X(%,43) S
L=IX(Ey4) ! ) . )
c - ' : o R SRR
c 3;2:CALCOLAEE GFOMETRICAL PARAMETERS OF THE ELENENT
. .
CALL an“(NNPHAXQXl,XZ,XS)
C
¢ Jq3nF9RH THE ELEAENT CONDUCTIVITY HATRIX
C
cALL KC"UG(NEHAKQNNPHAX,“NHAX’Xl!XZ!X3QCX’CY’CZ’ECH)
C - ’ :
C 3:4;FORH‘THE'ELFHENT HEAT CAPACITY MATRIX
C .
CALL EHC“OU(NFHAK’NMH&X DENSSSPP!EHCH)
c
C SabnADD ELFMENT AATRICES TO GET SYSTEH HATRICES

CALL 1ASS“O(NEMAX,NNPWAX,HBPAX,F,IX’ECH,EHCH,CH,HCH)

',&“ug convTInue.

O

¢
346, PRINT THE BANDHIDTH

[ N o)

PRINT 138 ,H4BAND

c R . ‘ .
¢ BUUNDARY CORDITIONS : i
‘d =R == =—=—==========8'—== === a= ====88:=’-'===-3'-.8:-=ﬂ EEEREARKE R
¢ T v
: DN 42 E=boyNE! _ ; i
IF(ECODE(E) e£Q,0) GO TO 42 S S
CALL ecnn(NNPnAx,HBHAx,XL,xz,xa.oIJK,HxJK,ATIJK.QILJ,HILJ.
EATILJ9QIKLyHIKL s ATIKL 9Q9CHy ECODEsEy IXsNEKAX) :
2 CONTINUE ‘

EE RN SR OO NS S I NSNS IR RS RS I E S SN NS R E A IR NS IR S NN NS AR E IR A EARS

FURM THE EFFECTIVE COHNDUCTIVITY MATRIX

===============..====::..==_=====-==—=:=z==:-=-:=nn===llle:!a ESEmE

OGO GE

DA 43 1=11NNP

DO 43 J=L.HBAND

CH(Ts4) CW(I,J)+Z.*HC“(I:J)/DT
CINTINUE :

w

‘UDLFY THE EFFECT1VE CONDUCTTVITY'HATRIX AND THE THERHAL
LOAD VECTURY

=2z == ===—===="S=—==== B S TS I E T E SISO RS SIS EITASNTITI ISR RNETRI N

GO o s

CaLL ﬁDFuﬂ(N?PHAXxﬂEH&XaNPCQDE,T,Q,CH)

IR TN T T T I TSI SIS IS IR AS SNSRI NRN AT E N ATNER

UCE THE EFFECTIVE CONCUCTIVITY MATRIX

I OSSNSO IR IS RN IS SRS RS S SN EC S S IEBENERNSRE S ARKBES R

sE==o =

le"‘ll
llO!l

DN 280 H=1yHNP
DO 26N L=a2yMBAND'
C=CH(MaL) /CK(Ny1)
I=ti+l-l . !




100

'1F(NNP-I)260,240,243

244 J 3y
- DJ 25D K=L,ABAHD
N J=J+1
250 CiltTyJ)=CH(L3J)=C*CH(NyK)

26y CH(H,L)=C
283y CONTLHUF

E SN N ERE XA AN SN SRS IS RS RS S IS SN SR SN MRS E ICE NSRS EIE SR ISR S

<
¢
C Cal.CULATE AND PRINT THE TEMPERATURE DISTRIBUTION
C

> R T E S SR SO S S S S S e I S S R S A e N I T R S R NN X E R NS E I N ARSI RIS E TSN EREEE N

w

TIaf=0,
1COUNT=0,
INT=1

o

1. PRINT THEfINITIAL TEMPERATURE DISTRIBUTION

PRINT L33 TINES(I9T(X)sI=14UNP)
07 64 1TINE=14NODT

<o

2 FURH{ THE EFFECTIVE LOAD VECTOR

D1 62 I=L9lNP .
ELV(1)=FLV(I)+Q(1)
IF(NPCODE(1)aEQol) GO TO €2
DI 1,62 J=LsABAND
K=] +J=} ;
EFCIK=HNP ) ¢GTou) 60 TO luéz
LLv(I)srLV(I)+2 FHCHUT» J)AT(K) /70T
LF((J~1) NEey) GO TC 1lué62
DO 2062 =Z,RBAND
xl"f."L"'L
IF(HoLE-U) GO TO 2062
eLV(I)=ELV(I}+2 *HCM(*,L)*T(%)/BT
2002 CONTIMNUF d
N2 CONTINUE ®
02 CONTIHUE -~ %
3 {, ) Lo ) 1 : "
C 3. FORH "THE FEAT GENERATION VFCTUR AND ADD 1T INTU THE
(W . .
C

‘THE FFFECTIVC LOAD VECTOR.

DI 58 E=19NE‘
1=1X(Fy1) ?
J=1X(E42) !
K=1X(E43) i
L=IX{Ey4) !

Call. EGNU(HNPHAXs XL 9X29%X3)

' CALL HbV(NEFAXsNNPHAXQNHHAXoh,DENS,NPCUDEQELVQQGENsIX)

8 COMITINUF 3

[ SN SR ¥

4, SOLVE FORTHODAL TENPERATURES R
' 1 .

DT 290 H=1,NNP
DO 485 L=?,hBAND
Isbl+l=)
| 1F(unp—1)?7o,2a5,285
" 289, ELV(I)sSELV(I)=CH(NsL)*ELVIN)
485 COUTLIHIUE '
ATy ELVIN)=ELVIN}/CH(Ny2)
290y CIMTINUF |
: N=(INP ’
300 H=N~L
i ‘ 1F(h)3bn,500§350
350 U 400 Ka2, KBAND
LM+l ‘




coOCao

37y
4

5%

L36

&35

ELVIN)=ELVIN)=CH(NyK) #ELV (L)

IF(NNP=L)400%370,372

CANTINUE, ‘
G0 TO 300 ;
CONTLINUE i
DD 63 I=loNNP
T(1)= ELY(D)=T(I)
:lV(I) n '
CONTINUE ' ‘ _
a.UPDATt THE TIME LLVCL AND PPINT NUDAL )
TLSPFR‘TUREJ

TIHF=TIHE+DT'

ICOUNHT=TCOUNT +).

LFCICOUNT~INT) 64965965

PRINT L36sTIHES (IaT(1)yI=1yNNP)

ICOUNT=0, ;

CANTIHUE™ f

FOR: i‘\TSc aceto

FnkﬂﬂT(lHli/isx,en(1H=)/26x,'INPUT TABLE~-TEMPERATURE DISTRI'

€9 "BUTTON® 715X 67(1H=) /37X,  TIHE=* 4F1225/15X960(1H=) /40X *"NGDAL PO*

& '1N1'/?7X,'NUH8ER'9"6X9'TERPFPATURES'/15Xy60(lH-)/(28X915,24X9515

£.6))

FOK#ATCLHL/ /25X 60 (1H=) /26X s ' QUTPUT TABLE-TEHPERATURE DISTRI®

€9 'BUTTON' /L5X+61(1H=) /37X + ' TINE=' yF125/15X+60(1H=) /40X, 'NGDAL PO*
€3 LT/ 27X, 'NUABER? 526X ' TEKPERATURES '/ 15X, 60 (1H=)/ (28X 154 24X F15
&3 6)) - ,_ s o
FnhvnT(1H1,35(/),sox,'ehmuwrujnzsfﬂsfi',xa)

sTap

EMD

SUBROUTTHE BCOU (NNPHAXHBMAXs XL 9X29 X390 TJKaHI JKsATIJKsQILIsHIL Y,
FnTlLJ,UIKL,HIKL,ATIKL,O,C",ECDDF, ,TX9NEHAX)

ITNTEGER E ’
OIHFASION Xl(NNPdAX),Xc(NhPFAX)yX3(NNPhAX),CH(NNPHAXQFBFAX)1
GUMHNPMAX) QT IKCNEHAX) sHIJK(INEMAX) ATI JK (NEHAX) 9y QILJ(NEKAX)
EHTLICHEXAX) s ATILICNENAX) 9 QI KL (NEHAX) s HTKL (NERAX )} 9 AT IKLINEMNAXD
EECODE (INFHAX) 9 IX(HERAX14)9GK2(454)9P2(4) 4P3(4)

CiInHON ME gHNP s NIIAT s MBAND,y I9 J9 Ky Ly VOLUNME

I=1X(Ey1)
J=IX{Ey2)
K=1X(Es3)
L=IX{Es4)

XT=XL(I) : P
XJ=XL{J) ¢
CXK=XL(K) R
XL=XL{L) ¢
YI=X2(1)
YJ=Xz(J)

K=X2 (K)
Yh=Xz (L)
TZT=X3(1)
23=X3(4)
ZK=X3(K) s
ZL=X3(L) !
QTIKD=UTIK(E)
HTJKD=HTJK(E)



C #xkx

3
>
'™

A2
ey

C #%x%

in3

104
PRIV

G dw

ATLIKD=ATIJK(E)
QILJD=QILJ(E)
HTILJO=HTL J(E)
ATILJIO=ATILJ(E)
QIKLD=QTIKL(E)
HIKLD=HIKL(E) . . L N
ATIKLD=ATIKL(E) : ,
g CODED=FCODE(E) o -

DO 2L LL=1,4"
PA(LL)=0,
PI(LL)=D, '
DI 21 LLU=1,44
GKZ2(LLsLLL) =0

LF(ECADEDEQS2) GO TO 27y
IF(FCODED.EG(L) GO TU 10y

FaCi LKL
STK=SQUKT((X1= XK)¢*25+(YI-YK)$*2,+(ZI-ZK)**2.)
SKL= SQRT((XK—XL)*#Z 4 (YKo YL Y242 A+(ZK-ZL)*#2 )
SIL=SQRT( {XL=XT )%#2" +(YL-YI)**2.+(ZL—ZI)*44.)
SS={SIK+SKL+SIL)/2¢
ATKL=SURT(SS*(SS«SITK)H(S5S~ SKL)*(SS—SIL))
COdL=HIKLD®*AIKL/L2
COMZ2=QIKLDYAIKL /3
CONI=HIKLD*AIKL*ATIKLD/3,
DY 1ol Kaly4:
P2(K)=P2(K)+CON2
PI(K)=P3(K)+CON3
DT 1yl L=l,4"'
GKZ(KsL)=GK2UK, L) +CONL
LF(KoFQXL) GKZ(KyL)=bK?(K,L)+CUNl
PA2)=P2(2)=C0N2
P3(2)=P3(2)=CON3
Dg 12 Va2 K=’.,4
GK2(K92)=GK2(Ks2)=CON1
GK2(29K)=GK2129K)=COH1
CONTLNUE St

FACE ILJ

STy= SORT((XI—XJ)#*2g+(YI—YJ)*¢Zn+(ZI-ZJ)#¢2%)*
SJL= SukT((XJ-XL)¢*2a+(YJ—YL)** .+(ZJ-ZL)**2.)
51IL= SQRT((XL—XI)V#2,+(YL—YI)#*2a+(ZL-ZI)4¢2-)“
SS=(STU+SIL+STIL)Y/2¢
AILJI=SURT (SS%(SS5-~ SIJ)*(S>~SJL)*(SS-SIL))
CINY=HILJD¥AILJI/L2:
CHIZ2=RILJIDRAILI/3e

C3= HILJD*AILJ»ATILJD/B
DO 233 K=ly4?
P2(K)=P2(K)+COH2
P3I(K)=P3I(K)+CON3
D3 1u3 L=l,4’
GKZ (KoL )=GK2(KsL)+CON1
IF(K.EQsL) GK2{KsL)=GK2(KsL)I+CONL
P2(3)=P2(3)~CON2
PI(3)=P3(3)=COi3
DO 1u4d K=ly4?
GK2(K93)=GK2({K93)=~CONYL
GKe (39K )=GK2T34yK)=CONL
COWTINUE

(. 2 J
FACE LUK ¢




195

1%

PR

STy= SQRT((xléxJ)*t23+(Y'»YJ)*#2,+(11-ZJ)*#2,)
S JK=SQRT ( (XJZXK)HE2'g+ (YI=YK)#£213+ (2 J=ZK)#424)"]

STK= SQRT((XK_XI)#*2u+(YK—Yl)¥*20*(ZK'ZI)4‘2.)  Jy

$S=(STJI+SIK+SIK) /24
AIJKnSQRT(SS*(SS—SIJ)*(SS SJK)*(SS-SIK)) :
CONL=HI JKD*AIJK/ L2, . R
Cﬂd2=QIJKD#AIJK/3e '
COHI=HIJKD*AT JK*ATI JKD/3,
DI 15 K=ly4¢ '
P2(K)=P2(K)+CON2
P3(K)=P3(K)+CON3 v i , o -
DD 145 L=ly4? . T : S TR
GKZ (KsL J=GK2(KyL)+CONL , to
IF(KeEQWL) GK?(K,L)=GK2(K,L)+CON1
P2(4)=P2(4)~CON2
P3(4)=P3(4)~CON3
DA 1y6 K=ly4!
bKZ(K,ﬁ) GKZ(K,4)-CUN1

2 (44K)aGK2 (49K)~CON

D 4 LL=Ls4

LSIX(FyLL) -
u(l)=u(I)~P2(LL)*P3(LL)
DI 4 MN=l,.4 ;

K=l X(Ey4M)
JaK=[+1
IF(BAND,GEsJ) GO TO 2
MBhND=J

IF(J.LE~u) co TO 4

CHITH ) cn(I,J)+GK2(LL,P
CONTINUE

H

RETURN t
END 0

SUBRUUTINE EGHJ(NNPFAX’XL9X73X3) :
DIRENSION Xl(NNPHAX),XZ(NhPHAX)sX3(NNPHAX) o
COn 0N NLQNNP’N”AT'MBAND, ’J,K’L'VOLUHE :

XT=X1(1)
XJ=X1(J3)
XK=XL{K)
XL=XL(L)
YT=X2(1) f
Yi=X2(3) !
Y=X2(K) E

S YL=X2(L)

o g

2T=Xx3(1)

2J=X3(4) »
Z4=X3(K) !
ZL=X3(L) :

VOLUuF= (XJ#YK*ZL+XK¢YL¥ZJ+XL*YJ’ZK-XL#YK*ZJ-XK*YJ*ZL-XJ‘YL*ZK
~“XTRYK#ZL=X KAYL¥ ZI=XLFYIAZK+XLAYKEZI+XKEYI#ZL+ XTI 2 YLRZK
+XIFEYIFZLAXIIVLFZY +XLFYIAZ Jm XL AY JF L X JRY IR Z L= X1 YL 2 7Y

e e sl

~XT#YJIFIK=XIPYKEZ]= XK*YI*ZJ+XK*YJ*ZI+XJ*YI*ZK+XI*YK*ZJ)/60

VULUHF=ABS(VDLUHh)

RETURN :
ENU . !

SUBROUT INE EC“UJ(NEﬂAX,NNPHAX,NHHAX1X1,XZ;X3,CX,CY,CZ,ECH)
DTHRFHSION X](NWPHAX),XZ(NNPWAX)yX3(NNPHAX),ECﬁ(4’4)

C{)h"l]“ HE sNNP sHIAT s MBANDs T4 Jy K,L' VULUFE




AN

TXI=X1(1) :

SYT=X2(D)

RETURN

XJ=X1(J)
XK=XL(K)
XL=XL (L) "

YJ=Xx2(J)
YK=X2 (K)
YL=Xx2(L)
ZT=X3{1)
ZJ=X3(J)
IK=X3(K)
ZL=X3(L)

e i aarte et

PR

BLl=YKHZJI+YIFZL+YLHZKmYKEZL =Y JHZK=YLHZJ
BRuYKAHZL+YIHZK+YLAZ T YK*Z T YL #ZKmYI#ZL

BAaYINRZT+YLHZI+YIFZL=YIFZLmYIAZ JmYL %21

B 4= YJ“ZK*YI#ZJ+YK*ZIuYJ*ZI-YK*ZJ—YI*ZK '

Cl= XK*ZL*XJ*ZK+XL*ZJ—XK*ZJ-XJ*ZL-XL*ZK

CaXK¥Z I+ XTI+ ZL+XLFZKmXKFZL-=X1#ZK=XL*Z]

CA=XJFZL+AXIHZ I+ XLAZ X IR T=XTHZL=XLHZ )

CAsXIRTT+XKFZ I+ XTHZ Kna X JHZ K XTI B Z Jm XK*Z L.
i

Di=XKHFY I+ XLFY K+ A IHY Lm XKHY L X JFY K= XL2Y J
D2=XKEYL+XL2Y T+ XTI #YKm XK¥Y I= XL #YK=XI®YL
U3sXI¥YT+XLFY J+ XL FY Lm X JRY L X &Y I XL 3Y ]
Dﬁ=XJ*YK+XI*YJ+XK*YI»XJ*YI~XK*YJ—XI*YK

ECH(LyL ) =CXABLAND ofCY*C1**2»+CZ*Dl**2a
ECH(L92)=CXABLRBR+CYRCL¥C2+CZ#D14D2
ECH(L93)=CX¥BL*¥B3+CY*CLACI+CZ*D1#D3
ECH(L94)=CXABLluB4+CYXCLHC4+CZ¥D1%D4 . .
ECHl(291)=3ECH(L,2)

ECH (292 )=CX¥BRE%2 0+ CYSC24420+CZ4D24 %275
ECH(293)=CX*B2%B3+CY®C2#C3+CZ4D2%D3
ECii(294)=CX¥B2%B4+CYRC2%C4+CZ4D2%D4 -
ECH(3451L)=RECHIL,3)
ECH(342)=ECHTI2,43) - U
ECh({343)= cx#ea**z.+cv*czw12,+cz*03*#2.
ECH(344)= cx*31*34+cv*c3¢c4+cz*03¢u4
LCinlagL)= rCﬂ(l,lf)

ECii(492)=ECH(2,4) -

ECri{443)=2CH(344) :
ECil(4ya)= cx#a4v*2.+cv*c4**2.+cz*04¢#z.

DO 2u H=ls4 §
00 2u N=ls4 ' )
£CH (h o) =ECHIN, N) /(36 ¥ VOLUNE )

¢
ND ¢
‘ |

SUBROUTINE EHCHOU(NEHAX,NHNAX,DFNS9SPH;EHCh)

DINENSION EHCY(444)
CAnPON NEGHNP yNMAT 9y NBANDs Iy Js Kol 9 VOLUKE

CO=DENS#SPH# VOLUHE /2N,
D3 20 H=Le4

0D 20 Nalge4

EHCIN(yN) =COR
IF(N,Eush) FHC!(H,N) EHCI (N 9N)+CON
CETURN ‘
END o

v




| e e e e

'

?

44

45

46

47
43
49

4900

17245:22:UCLPa Bu,

¢ CONTINUE

SUBROUTINE HASSNO(NERAXsHNNPMAXs MBHAXs Ny IXJECK4EHCM s CH9HCH)®
DINEHSION IX(NLHAXa4),LCP(414)aEHCH(4s4),CH(NNPHAX,FBxAX)y
EHCH {NNP HAXs NBIAX) S
CAAMUH NP;NNP’NHﬂT;HBAND,I,J,K,L,VULUME

00 4 LL=‘14 %
I[=1X(NsLL) ®
DI 4 Halyg °
K=1XHBH) i

-1+l !
,IF(HBANDoGL J) G0 TO 2
434ND=J

IFUJLEW) GO T0 4 ,
C"(TyJ)=CH(I§J)+ECHILL,IT)
CHCH (L9 )=HCH(T 9 J)+EHCH(LL 4H)
CONTIHUE ‘

RETURN
i ND !

x

SUBROUTTINE KDFOG(NNPHAX 9MBSAX4NPCODEsTyGQyCH),
DTEFNSION NPCODE (NRPAAX) s TUNNPHAX) s GUNNPMAX),y

ECH(NNPHAX $HBRAX)

COAHON NE,NNP;NHAT,HBAND,I;JaK)L,VULUHE

DN 490G L=L,RANP -
IF(NPCODE(1)$EQa0)GO TO 494D
DN 49 J=2sﬁBAND
K=1~J+)

-IF(K)46,46,45
u(K)=Q(K)~CH(K;J)*T(1)
CH(Kyd)=ipm 1

L=l+J=l =~ ! '
LF(NNP—L)48,47,47
Q)= O(L)-C?(I,J)*T(l)
CHMTy )= 3

CONTIHUE: ,

CitT, =170 ¢
Q(L)=T(T) ¥

CONTINUE 4

RETURN
iz ND

SUBRUUTINE HGV(NEHAXyHNPIIAX s NEHAX sNsDENSs NPCODE ELV sQGEN IX).
DTAFHSION QGEN(HEHAX) yNPCOOE (NNPNAX) 2 ELVINNPHAX) 3 TX (NENAX24)
CUAHON NE JHNP sNHAT ) MBAND, T J Ky Ly VOLUKE .

Coit= uGtN(N)*VOLUMF/4g R
DN 2y @=Lyd ! : 4’,;,n
[=IX(NyH) 2 SRR
IF(HPCODE (1)3EQs1)GO TO 20 D
ELV(I)=FLV(IJ+CON e

KETURH ‘
END ‘ SR
 po3 ) 0¢625KLNSs

SO SR S
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LISTING OF A FE PROGRAM

USING SIMPLEX HEXAHEDRON
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G

OO OO0 OO O o OO G OGO OO OO OO0 C OO0 OO aOOOOaGOOOn0

PRUGRAN TRCUNUN (INPUT »QUTPUT, TAPES=INPUTy TAPEG=OUTPUT)

PR IR I RS R A R N SN T I S R S I S S I O I SN EE NI N E IS AR NS E IS NN A RE RN R
LINEAR TII~-DIMENSIOMAL HEXAHEDRAL FINITE ELEKENT.PROGRAH FOR THE
SIOLUTION OF LINEARs TRANSIENT,III-~DIMENSIONAL,sISOTROPIC FEAT
CONOUCTION PROBLEMS IN CUBIC VOLUMES WITH TIKE=TINDEPENDENT FHEAT
GENERATION AND TIME~INDEPENDENT BCOUNDARY CONDITIONS

R R A IS N A T TR IEINIASSIEIT AIIERISITII IR EERERBARENT AR CEEIIRTIREED

TERNINOLOGY °

ATASATByATCH

B
CX4CYsCZ

D)

DENS
DETY

V) R

KA s KBy KC

Ha sHB 9 HC
TCOUNT
INT

JAC
JACI,
HBAND
HBMAX
NDT
Nk
NEHAX
NNP
NNPHAX
QA sWB,yQC

SHAPE
SPH
TIHE
vOLUlE
W

NPCODE (1),

AXBIENT TEHPERATURES ON FACES Ay B &
C RESPECTIVELY
B HATRIX IN DEFINITION OF CONDUCTIVITY hATRIXv
CONDUCTTON. PARAMETERS IN THE DIRECTIOAS
- Xe Y & Z RESPECTIVELY
D HATRIX IN DEFINITIGCN UF CUNDUCTIVITY HATRIX
DENSITY OF THE MATERIAL ..
DETERMINANT OF THE JACOBIAN
TISE INCREHENT = .
ELEMENT CODES SPECIFYING THE FACES ON THE
BODY SURFACE = '
CONVECTIVE HEAT TRANSFER CUEFFXCIENTS
ON EDGES Ay B.E C RESPECTIVELY
CCUNTING INDEX FOR PRINTING THE
COKMPUTED TEKXKPERATURE CISTRIBUTION

VPRINTING INDEX FUOR THE CO®PUTED

TEAPERATURE DISTRIBUTION
JACOBTIAN PATRIX
ADJOINT OF THE JACOEIAN KATRIX
BANDWIDTH
NAXTHUA ALLOWABLE BANOWIDTH
NUHBER OF TIHE INCRENENTS
NURBER OF ELEMENTS ' )
KAXTHUH NUMBER OF ELEH:NTS
NUHMBER OF NODAL POINTS: -
HAXIMU# NUHBEP OF NODAL POINTS:
SPECIFIED INCOAING HEAT FLUX COMPONENTS
ALONG THE NORMALS OF FACES Ay B &
C RESPECTIVELY
NODAL SHAPE FURCTIONS
SPECIFIC HEAT OF THE PATERIAL

" TIME LEVEL

ELEMENT VCLUHE

HELGHTS I GAUSS.QUADRATURE .

I=1;2:--a,NNP BOUNDARY CONDITIOh CODE OF THE. ITF NOLCE

QGEN(I ),

@ IF TEHPERATURE IS NOT SPECIFIED AT -
THE ITH NODE.

1 1F TEFPERATURE IS SPECIFIED AT THE
ITH NODE

=l’2’t.p’NE RATE OF HEAT GENERATION PER UNIT

VOLUXE HWITHIN THE ITH ELEMENT AT
ALL TIHES

xl(l),r=1,2,-..,NNP X=COORDINATE OF THE ITH NODE
X2(1)9T2Ly2y¢se9NNP Y--COORDINATE OF THE JTH NODE
X3(I)9T=1929e0a9NNP Z~-COORDINATE OF THE ITH NOOE

Ry Sy -T2

LOCAL COORDINATES OF THE NODES



cnnnnnnannnﬁnnnnonnooonr:nn[

ooOoOOoOCOCae

; Ne4

LOCAL COGRDINATES OF COLLOCATION POINTS

RRy SSs TT

: USED IN GAUSS CUADRATURE
¢ THEREAL LOAD VECTORgs1#NNP
T TEMPERATURE VECTOR 91%#NNP
LV

2

IX(L19d)gI=lg2sbcesNE

EFFECTIVE LOAD VECTOR» 1#NKP

NODAL POINT LABEL OF THE STH NODE

J=1329344 OF THE ITH ELEMENT:
cn CONDUCTIVITY MATRIX,NNP*MBANC
SCH ELERENT CONDUCTIVITY MATRIXs4%4
EHCH FLERENT HEAT CAPACITY MATRIXs4%4
HCH ‘ HEAT CAPACITY HATRIXsNMP*HBAND
DECLERATIONS

H

¥ THE PROGRAM IS DESIGNED TG TREAT THE HATRICES,
CURING EXECUTIONs IN BANDED FORMe

* THE DATA OBTAINED FROH PROGRAK GNCUBE SHUULD BF UPCATED

"IN URDER FGR IT TO INCLUDE THE VALUES FOR DTs NDTs SPH & DENSs

FCRMED

P ARAHETER (NEHAX=400,NNPHAX=343,NHHAX=1,HBHAX~75)

INTEGER E~ °

REAL JAC(353)5JACI(353)

DINENSION IX(NEHAXsB) 9X1(NNPHAX)yX2 (NNPKAX) sX3(NNPHAX s KC (NEKAX) s

EQINNPYHAX) sELVINIIPHAX) ¢ECH(898) s EHCK (B9B )y TINNPHAX) s CGEN(NEHAX)

ECHUNNPHAX sHBHAX) s HCH(NNPHAX s HBHAX) 9 NPCODE (NNPHAX) s KA(NEFAX) y
EUACNEHAX) sHAUNEHAX) sATAINEHAX) 9 QB (NEHAX )9 HB INEHAX) 9 KB (NEKAX) o
EATB (NEMAX) s QCINEMAX ) g HC(HENAX) 9 ATCIUNEHAX) 4B (398)9D(393) 3HGV(8B)
COHHUN/BC/H(3)9S(8)gR(B),TZ(S);SHAPE(G)oPRUU(898)’PRODl(898)’
ERR(3) 9SS(3)sTT(3) : :
C OMMON N&¢NNP¢HBANDyIlsIZoI3,14:15;16917:18 o

READ(S549%)NNPyNE
RFAD(5’*)(K’Xl(l),XZ(I)’X3(I)’NPCODE(I),T(I)DI=19NNP)
READ(S4*%)DT4NDT

READ(59%)CX9sCY9CZ9DENSySPH

READ(S59%) (Ky(IX(LI9d)yJ= 1’8)’KA(I)'KB‘I)!KC(I),QGEN(I)’QA(I),

EHACT) 9ATA(I)9QB(I)sHB(I)sATB(I)sQCLI)sHCUT) 9ATC(I) 9 T=1,NE)

PR I ST R N R R T I I I O R N SR I R S I TN N IR ERN S E IR AN SR SN ANREE AR AR RS

FORM SYSTEM CONDUCTIVITY AND HEAT CAPACITY HATRICES

z::’:::-x::a::::xu::::: I RSSO SS IS ESIIREE R ERN NI NI 88-3-8‘38

i

1. INITIALLZE THE BANDNIDTHsSYSTEN CONDUCTIVITY AND
"HEAT CAPACITY HATRICES ,AND LOAD VECTORS

HBAND=Y . :

DO luNg 1=1,NNP
a(1)="0,

ELV(I)=Nn, i

DO 1u04 J=1,HBHAX
CH4(1, J)=Os
HCH(I9J)=0¢
CONTINUE ~
ﬂ(l)="5555555555556
N(’)3058888888888889
d(3)=,55555555555556
RR(1)=—§77459666924148
RR(2)=ye




OGO

‘ue

o or

110l

lluz

RR(3)= 377459666924148
$S(1) == 77459666924148
$S5(2)= nc ¢
$S{3)= .77459666924148
TT(l)--.77459666924148
TT(2)= N,
TT(3)= 477459666924148
D(lyl)=CX !
D(242)=CY , ) ,
D(3+3)=CZ : ' R
D(Ly2)= 0(1,3)=D(2,1)=D(2,3)=D(3.1)-n(3,2)-0. ‘
R(l)a-l, Sol
R(2)= lﬁ
R(3)= 1,
R(4)=-1,
R(5)==1"0
R(6)= 12
R(7)= 1,
R(S)"lc
S(l)a"le
s(b)=-1‘
$(3)= 15
S(4)= lﬁ
)(5)=-lv
S(6)a=1'y
5(7)- lf
S(8)= 1.
T2(1)==1,
T2(2)=—1; £
T2(3)==1, ?
T2(4)==1, :
T2(5)=" 1,
T2(6)= 15 ;
T2(7)= 10 ;
T?2(8)= 1a C

DO 1009 E=loNE

Z.INITIALIZE ELEMENT counucrrvxrv AND rEAT'f'ff7
CAPACITY HATRICES ‘

DN 1uy08 H=l,8

‘DO 1008 N=L,.8

ECK(NaN)=N,
EHCH(HyN) =0
CONTINUE !

3eFURH ELEHENT CONDUCTIVITY AND HEAT CAPACITY HATRICFS

Da llﬂU I=l,3
DO llﬂq J=143
00 11929 K=1§3

DO 1101 II=1,8

B(LoII)=R(II)*(1+SS(J)*S(II))*(1+TT(K)*TZ(II))/8,
BU2sIT)=S(II)*(L+RR(IV*RITIINI¥(L+TT(KI*T2(11))/8,
B(J,II)=T’(II)*(l*RR(I)*R(II))*(l+SS(J)*S(II))IB.

DO 1172 11=1,3 : o
D0 1102 JJ=1,.3 R P
JAC(IIyJd4)=0p

DO 1103 1l=1,8 a
CONT=ROIIVA(L+SS(J)AS (11D )& (L+TT(KI#T2(11)) /85"
CONZ=S(II)* (L+RR(I)#R (I1) )# (L+TT(K)#T2(11)) /8¢

COH3=T2(1I)*(1+RROLI¥R(TIID)I¥(1+SS(J)I*S(1I1)) /8%




o

Llu3

Llu4

L1luvb

L1lué

1108
Lilu?

L1049

e ExX%!

L1119

Calald

™, Moo

- DO 1109 JJ=1,8

JAC(LsL1)=CONLEXT(IX(EIT))+JAC(L,y1)
JAC(192)=CONL¥X2(IX(EsII))+JAC(1,2)
JAC (L 93 )=CONL*X3(IX(EsIT))+JAC(1+3)
JAC(2+1)=CON2*XL(IX(EsI1))I+JAC(2,1)
JAC(24+2)=CONZ*X2(IX(E+1I))+JAC(242)
JAC(23)=CON2*X3(IX(ESIT))I+JAC(243)
JAC(391)=CON3¥XL(IX{EsII))+JAC(3,1)
JAC(392)=CON3*X2({IX(ESIT))I+JAC(342)
JAC(393)= CUN3*X3(IK(E911))+JAC(3;3)

JACT(191)=JAC(242)%JAC(353)~ JAC(B,Z)*JAC(213)
JACT(152)=JAC(392)%JAC(193)=JAC(192)%JAC(343)
JACT(133)=JAC(Ls2)%JAC(253)=JAC(2+2)%JAC(1,3)
JACT(291)=JAC(3s1)%JAC(293)=JAC(2+1)%JAC(353)
JACI(292)=JAC(Le1)%JAC(393)=JAC(391L)%JAC(1,43)
JACI(293)=JAC(291)%JAC(193)=JAC(Ls1)%JAC(243)
JACT(341)=JAC(291)%JAC(342)=JAC(34+2)%JAC(2,2)
JACI(392)=2JAC(351)%JAC(L,2)=JAC(191)%JAC(3,2)
JACT(393) =JAC(L L)% JAC(2,52)=JAC(291)%JAC(1y2)

DETJ= JAC(151)#JAC(252)%JAC(3,3)
+JAC(291)*JAC(352)%JAC(Ly3)
+JAC(L92)%JAC(253)%JAC(3,41) .
~JAC{3s1)%JACL292)*JAC(L+3) i
JAC(29L)%JAC(142)4JAC(343)
=JAC(191)%JAC(392)%JAC(2+3)

DO 1104 II=133 :

PROD(IIsdJd)=0e

D0 1104 KK=133 ‘
PRDD(IIgJJ)=PRDD(II;JJ)+JACI(IIvKK)*B(KK,JJ)

DO 1105 11I=1,3 .

DO 1105 JJ=1;8 _ . S
PRODL(IIsJJ)=0y : ' L e e
DO 1105 KK=1,;3"

PRODL(ITyJy)= PRODl(II,JJ)+D(II,KK)*PRUD(KK,JJ)

DO 1106 11=1,3
D0 1106 JJ=1,8
PROD(II9dJ) =00
DO 1106 KK=133
PRUD(IIsJJ)=PROD(IlsJJ)+JACI(KK,II)*PROUl(KK,JJ)

0Q 1197 IIﬂl 8
DO 1107 JJ=1,8
PRODL(ITyJJ)=yg
DO 1108 KK=1,3 . : :

PRODL(IT4JJ)= PRUDl(II,JJ)+B(KK,II)*PRUD(KK,JJ)
PRUDl(II,JJ)’PRUDl(II’JJ)/DETJ! el ”

Da 1109 II=1’8

ECn(II,JJ)=ECM(II,JJ)+H(1)*H(J)*H(K)*PRODI(II,JJ)

i
;
Py

3?4?F0RH’THE ELEHENT HEAT. CAPACITY HATRIX

DO 1100 IT=1;8 AR ' .
SHAPE(II) = (1+RR(I)*R(II))*(1+SS(J)*S(II))*(1+TT(K)*TZ(II))18.

DO 1111 IT=1,8
D0 1111 JJ=1,8
PPUD(II9JJ)=SHAPE(II)*SHAPC(JJ)*DETJ*DENS*SPH



T ..
SN
s

1100 CONTINUE

Cocococ

DO 1112 II=1,8
. DO 1112 JJ=1,8
L1112 nHCH(II,JJ)=&HCH(II,JJ)+H(I)#H(J)*H(K)*PROD(II’JJ)

PN )

C 3%56ADD ELEMENT MATRICES 7O GET SYSTEH HATRICES

CALL lASSOQ(NEﬁAX,NNPHAX,HB“AX,EyIXQECH’EHCH$CHsHCM)
L0u9 COhTINUF ' :

3,6.PRINT THE BANDWIDTH

SO

PRINT 138,MBAND

BOUNDARY CONDITIONS

R I I I I I I E I R I N e T I S I R I I AR E A N S I IS AR EEEE B AEATETNRE

OGO

D0 42 E=lsNE ‘
1F(KA(E)oEQe0) GO TC 42 : ; o

CALL BCOG (NNPMAXsMBHAXyXL9X29X39QAsHA9ATA QB HB s
EATByQCIHC sATC Q3 CHyKA» KBy KC sE 3 I Xy NENAX)
CCONTINUE

N

FORH THE EFFECTIVE CONDUCTIVITY MATRIX

Iy X s XN gl

DO 43 I=LyeNNP

DO 43 J=1,HBAND
CH(I,J)=CH(I, J)+2.*FCH(I,J)IDT
CONTINUE- = ¢

w

RIS =NEITIRII 35‘&8.88;. IzcATIBTIER ﬂﬂﬂ!.a."’..lv--.-t.--A--..B L : & 2 ] I-S--
_HODLFY THE EFFECTIVE CONCUCTIVITY MATRIX AND THE' THERNAL
" LOAD VECTOR

acaaacodcs

CALL HonO(NNPMAx,HEHAx,NPCDDE,T.Q,Cﬂ)

IZAI A ER S OIOICINATISTXSTIAITITISITIACBRARABDTAD EZIZTTRERNODITETTIZILITRER

REDUCE THE EFFECTIVE CONDUCTIVITY: MATRIX

ESNNT AT TIBNITRNZIICISATIDTIIIAIIIAIIR T ISR a-sn-aaan:.-nn.:usa:aanzlanlz

GGG

DO 289 N=LyNNP
DO 260 L=29HBAND
C=CH(N,L)/CH(N91) .
IaN+L=-l - ]

1r(NNP-I)260,240,24n
24y NEN

DN 250 K=L’MBAND

Jajg+l
25¢ LH(I,J)=CH(I,J) C*CH(N,K)
264 CHM(NyL)=C
48y COMTINUE

CALCULATE AND PRINT THE TEXPERATURE DISTRIBUTION

TINE=0, ‘
ICOUNTS0, C
INT =10 : | :




, \:\_

i
i

GO

e XgX I

2162
LYo2

GO0

1199

L12ul

L1203

L2u4
4200

1 PRINT THE INITIAL TEHPERATURE DISTRIBUTIGN

PRINT 133,T1HE9(I,T(I),I=1sNNP)
DO 64 ITIHE-;;NDT

2, FORM THE EFFECTIVE LOAD VECTOR

DN 62 I=1,NNP ,

ELV(I)=RLV(I)+Q(I)

"IF(NPCODE(I)4EQsl) GO TO 62

na 162 J=l,ﬂBAND :
K=l+J=l

iF((K=NNP)4GTs2) GO TO 1062

tLV(I)nFLV(I)+2.*HCV(I,J)*T(K)/DT

IF((J=L) NEeL) GO TO 1062

DO 2062 L=2sHBAND N o

Kal=L+1 i

IF(H,LEY0) GO TO 2062 -

bLV(I)=FLV(I)+2.¥HCH(1;L)¢T(H)/DT

CONTINUE

CONTINUE

CONTINUE -~ !

3.FORH THE HEAT GENERATION VECTOR “AND ADD IT INTO THE

THE EFFECTIVE LOAD VECTOR

00 58 E=1,NE,
DO 1199 1=1,8
HGV(I)=0y
DO 1290 I=1,3
DO 1200 J=1,3
D0 12N K=1,3

DO 1271 I1=1,3
DO 1201 JJ=1,3
JAC(IIyJJ)=Q&

DO 1292 II=1a8
LON1=R(II)*(l+SS(J)*S(II))*(1+TT(K)*T2(II))/8.
CON2 =S(II)*(1+RR(I)*R(IT))*(l+TT(K)‘T2(II))/85
CON3=T2(II)*(1+RR(I)*R(II))*(1+SS(J)*S(II))/8o
JAC(LsL)=CONL*XL(IX(E+IT) }+JAC(1s1)
JAC({12)=CONL#X2(IX(ESIT))+JAC(1,2)
JAC(L43)=CONL=X3(IX(EZIT))+JAC(1,y3)
JAC (241 )=CON2¥XLIIX(EHIT) }+JAC(241)
JAC(292)=CON2%*X2(IX(EsIT))+JAC(242)
JAC(243)=CON2*X3(IX(E9II))I+JAC(243)
JAC(341)=CON3*XL{IX(ELIT) )+JAC(341)
JAC(342)=CON3*X2(IX(EsIT))I+JAC(3,42)
JAC(393)=CON3*X3(IX(EWII))I+JAC(3,3)
: !

DETJ= JAC(Ls1)#JAC(2,2)%JAC(3,3)
+JAC(292)%JAC(352)#JAC(L+3)
+JAC(L92)%JAC(293)%3AC(3,1)

=JAC(391)%JAC(252)%JAC(L3)
~JAC(2yL)%JAC(132) ¥JAC(343) ./
~JAC(Ly1)¥JAC(3,2)#JACLZ53) :

MMM

DO 1293 II=1,8

SHAPt(II)B(l+RR(I)*R(II))*(1+SS(J)*S(II))‘(I*TT(K)#TZ(II))*DETJ*

EUGEN(E) /8%

DO 1204 IT=1,8
HGV(lI)-HGV(II)+H(I)*H(J)*N(K)*SHAPE(II)
CONTINUE

‘




: "{,;s.‘.

285
485
270
29%
SQQ
35u
37u
490

590

oGO0

65

64
c

' DO 1205 H=l,8

- CONTINUE -

I=IX(EsH)
IF(NPCUDE(I).EQ-I)GU TO 12495
ELV(1)=ELV(I)+HGV(H)
CONTINUE

CONTINUE

4+ SOLVE FOR NODAL TEHWPERATURES

DO 297 N=l,NNP

DO 485 L=7,HBAND

[aN+L=1 :

IF(NNP=T) 2705285285
ELV(1)=ELV(I)=CH(NyL)*ELV(N)
CONTINUE : o ‘
ELV(N)=ELV(N) /CH(N,1) T S
COWTINUE :

N =NNP

N=N=1

1F(N)350,500,35n

D0 400 . K=2,HBAND

LaN+K~]

IF(NNP-L)400.370,370
ELV(N)=ELVIN)=CH(NyK)*ELV (L)
CONTINUE -

GO TO 300

DO 63 I=1sNNP = -
CT(L)=24%ELV(I)=T(I)
ELV(I)=0g
CONTINUE

i

5.UPDATE THE TIHE LEVEL AND PRINT NODAL
TEAPFRATURES

TIHE"TI HE*DT . St T : S
ICOUNT=ICOUNT+1 . B )
IF(TCOUNT=INT) 64365465

PRINT L369TIMEs(IsT(I)sI=14NNP)
ICUUNT’OR i

CONTINUE ’

L‘ 2=I=ZIZ :::H:Bﬂ:ﬂ::ﬂﬂﬂ::ﬂ:,======= =====8=.ﬂaﬂ-.ﬂ-=-.--.‘==H‘-. EERTER

C

FURP‘EATS“ o:o.o

C
L33
136

L38

c

FURPAT(IHl//l5Xs60(1H=)/26x,'INPUT TABLE—TEHPERATURE DISTRI®

&9 "BUTION' /15X 5670 (L1H=) /37Xy TIME=! yF12W5/L5X 960 (1H=) /40X *NODAL -PO*
£5 'INT'/27Xy 'NUNBER" 126X ' TEHPERATURES /15X, 60 (1H=1/ (28X s 15 24X, EL5
£46))

FORAATCIHL/ /15X 60 (1H=) /26X QUTPUT TABLE=TEMPERATURE DISTRI®

€y 'BUTION' /15X 960 (1H=) /37Xy  TIHE=' yF1295/15X960(1H=) /40X ' NODAL PO
E3 'LNT'/27Xs 'NUMBER® y26X» ! TEXPERATURES '/ 15X 60 (LH=)/ (28X 1151 24X, F15
£46)) oy _
FORNAT(!H1,35(/)950X,'BANDWIDTH.. PP = P

sToP
END

SUBROUTINE BCOO(NNPHAX9HBHAX;XIQXZ;XBQQA,PAQATAoﬂBsPBn

'F.ATB 9QCoHCHATC 90 9CHyKAY KB’KC sE s IXaNEHAX)

INTEGER E

REAL JAC(242)

DIHENSION Xl(NNPHAX),XZ(NNPHAX)yX3(NNPHAX)yCH(NNPHAXy?BPAX)"

EQ(NNPMAX) 9QA(NEHAX) sHAINEMAX) s ATAINEHAX) 3 QBINEKAX) 9 KA INENAX)

EHBUNENAX) ATB(HEHAX) s QCINENAX) 9 HC(NEHAX )9 ATCUNEMAX) oKBINEMAX )y



- EKC(NEHAX),IX(NENAX$5)9GK’(8’8)’P2(8)’P3(B)QGKZD(898)QPZC(3),P3D(8)
EaVEC(S)
CUH“UN/BC/N(3)’S(8)’R(B)’TZ(B)QSHAPE(B)’PRUD(G’B)QPRDDl(BQB)Q
ERR(3)9S5SS(3),TT(3) et
COHKEON ME ’NNP +HBAND 91 1. 112,1 3’ 14 915,16,I7| 18

QAD=QA(E)
HAD=HA( E)
ATAD=ATA(E)
Q8D=QB(E) '
HBD=HB(E)  ’
ATBDSATB(E)
4CD=QC(E)
HCO=HC(E)
ATCD=ATC(E)
KAD=KA(E)

K80 =KB(E)
KCD=KC(E)

DO 2L LL=1,8"

P2(LL)=0, : . :

PI(LL)=Ng R L

.. DO 21 LLL=1,8 , :
21 GKZ(LL:LLL)=U. ' L
. 185ag
22 1F(185,NEX0)' GO TO 23
GZ=QA0D j
HaHAD - - i
AT“ATAD :
IF(KAD-EQ.I) GO TO 100
IF(KADQEQ.Z) G0 TO 270
IF(KAD.EQ;3) GO TO 30y
IF (KADy *EQe4) GO TO 400
IF(KAo.eo.s) G0 TO 500
IF(KAD-EQ.b) GO TO 60y
23 IF(IBSaNEol) GO TO 24
QZ=uBD :
H=HBD - !
AT=ATBD 4 .
TF(KBD.EQ.B) GO TO 300
IF(KBDaEQu4) GO TO 40U
IF(KBDEEQ,S) GO TO 500
IF(KBDgEQ,6) GO TO 60U
IF(KBD.EQu?) GO TO 790
24 IF(IB5,NEs2). 60 TO 25
GZ=0Ch
H=HCD
AT=ATCD . !
IF (KCD's EQ 5) G0 TO 500
IF(Kcozeo.é) GO TO 60
IF(KCD+EQy7) GO TO 79
25 IF(IBS«EQ.3) G0 T9 709

Chirt FACE I

1% -DO 90N.I=1,8" o
SHAPE(I)=0, : :
P20(1)=0y
PID(I)=0¢
DA GuN J=1,8° o
90 - GKZ2N(T9Jd)=le:
DO 119y 1=1,3
D0 11no 4=1,3 v x

J&C(lyl)=( S(l)*(1+TT(I)*TZ(l))*XZ(IX(E;l))-T
& S(4)*(l+TT(I)*T’(4))*Xd(lX(Fsh))-



m gron

1luvl

ile3

C #%%

9911

o o

oyt N

4

& : S(5)*(1+TT(I)*T2(5))*XZ(IX(E;S))—
& : S(8)#(L+TT(II*T2(8))%*X2(IX(E48))) /4%
JAC(192)=(—S(l)*(1+TT(I)*TZ(L))*XB(IX(E’I))-

' S(4)*(L+TT(I)AT2(4) )& X3(IX(E94) )=
S(S)F{L+TTIIIHT2(5) )% X3(1X(Ey5) )=
S(8)*(1+TT(I)*T2(8))*XB(IX(E,B)))Iﬁo

JAC(&ol)*(TZ(l)*(lu?S(J)*S(‘))*XZ(IX(F91))+
T2(4)%(1=~SSJIXS(4) )% X2Z(1X(Ey4) ) +.
T2(5)%(1=SS(J)%*S(5)I#X2(IX(Es5) )+ -
T2(8)*(L=SS(J)*S(8))%X2(IX(E»8))) /4,

AC(&;Z)*(TZ(‘)*(l—SS(J)*S(’))*XB(IX(Esl))+
T2(4)#(1=SS(J)*S(4))%X3(1X(Ey4) )+~
T2(5) % (1=55(J)%S(5))%X3(IX(Ey5) )+ o
T2(8)*(1=SS(J)%S{8))*X3(IX(Es8))) /4.

oy gen 6

mmm

DFTJ= JAC(LsL)#JAC(252)=JAC(291)%JAC(Ly2)

SHAPE(1)=(1*TT(I)*T2(1))*(l-SS(J)*S(l))/4§
SHAPE (4)=(L+TT(I)*T2(4) )% (L=SS(J)*S(4)) /4,
SHAPE(5)=(1+TT(I)*T2(5))*(l-SS(J)*S(E))/QE
SHAPE(8)=(L+TT(I)*T2(8) )% (L=SS(J)*S5(8)) /4" -

D0 1111 I1=1,8

VEC(IT)=SHAPE(II)*DETJ

D0 1101 JJ=1,8
PRUD(IIQJJ)=SHAPE(II)*SHAPE(JJ)*H*DETJ

D0 1102 [I=1,8 -
P’D(II)=P?D(II)+H(I)*N(J)#VFC(II)*QZ
P3D(II)=P3D(IT)+H(I)RW(J)FVECCII) *H*AT .

DA 1LN2 JJI=1,8 :
uKZD(IIyJJ)ﬂGKZD(II’JJ)+H(I)*H(J)*PROD(II’JJ)
CONTINUE :

DO 1113 I=ly8
P2(I)=P2(1)+P2D(1)
P3(1)=sP3(1)+P3D(])

DO 1LN3 J=148. v
GK2(I4J)=GK2{IsJ)+GK20(T,y J)

[35=185+1
GO TO 22

FACE 1T '

DO 9ul I=l,8"

SHAPE(I)=0,

P2D(1)=0y

P3D(L)=Ny .

00 901 J=1,8°

GK2D(TsJd)=0s" : /
D0 1200 I=L,3

DO 1270 J=1,3

JAC(LyL)=(S(2)¥(L+TT(I)I*T2(2))#X2(IX{Ey2))+
SE3)*(L+TTITI*T2(3) )% Xx2(IX(Es3) )+
SO (L+TTLI)HT2(6))*X2(IX(Ey€) )+ “
S(7)*(1+TT(I)*T2(7))*Xz(lX(E;?)))/4.

JAC(L2)=(S(2)*(L+TT(I)*T2(2))*X3(IX(Ey2) )+

' SE3)*(L+TTII)*T2(3))%X3(IX(Ey3) )+ ¢

& SEO)*(L+TT(T)*T2(6) )% X3(IX(Ey6))+

& S(7)R(L+TT(IIAT2(7) )%X3(IX(Ey7))) /4%

JAC(Z9L)=(T2(2)*(L+5S(J)%S(2))I%X2(IX(E42))+
T2(3)*(1+S5S(J)I%S(I))®X2(IX(Ey3) )+
T2(6)*{1+SSUJI*S(6) )3 X2(1X(Ey€) )+

o

T2(7)#(L+SS(I)*S(T7))4X2(IX(Es 7)) /4



JAC(2’2)-(TZ(?)*(I*SS(J)*S(Z))¢X3(IX(E’2))+

& o T2(3)#(1+5S(J)*S(3))¥X3(IX(Ey3) )+~ :
& o T2(6)*(1*SS(J)*S(6))*XB(IX(F:&))*/‘g
& : T2(7)¢(1+SS(J)*S(7))*XS(IX(E;?)))/#.‘;f:

DET J= JAC(l,l)*JAC(Z,Z) JAC(Z’l)*JAC(iQZ)

SHAPE(2)=(1+TT(I)*TZ(2))*(1+SS(J)*S(2))/4§
SHAPE(3)=(L+TT(I)HT2(3) )% (L+SS(J)*S(3)) /4’
SHAPF(6)=(1+TT(I)*T2(6))*(l+SS(J)*S(b))I4. .
SHAP&(?)-(1+TT(I)*T?(7))*(l+SS(J)*S(7))/4-‘l o

Do 1201 II=1.8
VEC(II)=SHAPE(II)*DETJ
DO 1201 JJ=138 - .- ’
1241 PRUD(II,JJ)-SHAP&(II)*SHAPE(JJ)*H*DETJ
" DO 1202 11I=158 ; T
P’D(II)=PZD(II)+A(I)*H(J)*VFC(II)*QZ :
P?D(II)=P30(II)+H(I)*H(J)*VEC(II)*H#AT
. D0 1272 JJ=1,8 :
1202 GKAD(IIsJJ)-GKZD(II,JJ)+H(I)*N(J)*PROD(!I;JJ)
L2uN  CONTINUE :

N .;‘«\_.‘

. 00 1203 I=1,8
! P2(T)=P2(1)+P20(I)
P3(XI)=P3(X)+P3D(I)
; - 00 1203 J=l,8
L203 GK2(IyJ)= GKZ(I,J)*‘GKZD(I’J)

185-185+1 :
6o T0. 22 ..

C %+ FACE III .2

3y 00 9u2- 1=1,a1

" SHAPE(I)=fg
 P20(1)=0, "

S P3ID (I )=yt

; DO Su2- J=ls8'
902 GK2D(TsJ) =0y
DO 1300 1=1,3

DO 1300 J=1,3

JAC(LsL)=(=R(LI*(1+SS(JI%S(L2))I&X3(IX(Ey1))
& RE2ZI*(L+S5S(J}*S(2))*X3(IX(E92))=
& RE3)F(L+SS(IIAS(3))#XI(IX(E 93 ) )= i ?i il -
& RO4IH(L+SS(IIAS(4))I#XI(IX(Es4)) ) /40

JAC(192)=(~R(1)*(1+SS(J)*S(l))*Xl(IX(Esl))- BTN

£ , RIZ)I*(L+SS(J)*S(2))X1CIX(E92) )=
€ © R(3IE(L+SSCIIAS(INIFPXTI(IX(E9R) )= f
& RE4A)*(1+SS(JI*S(4))¥XI{IX(E94))) /4,

JAC(291)=(S(L)*¥(1~RR(TI*R (1) )#XI(IX(E9l)) +
S(2)#¥(L=RRIT)AR(2))#X3(IX(Es2)) +
SI3)*(L~RRIIV*R(3)IAXI(IX(E93))+ .
S{4)*(L=RR(T)IAR(4))¥X3(IX(E94)))/4¢

JAC(292)=(S{1)*{1L=RR(TISRILIIFXL(IX(ESL))+
SE2)*({1=RROTI*R(2))*XL(IX(Es2)) +
S(3)#(1=RR{IIAR(3)I¥XL(IX(E93))+
S(4)*(1—RR(I)*R(ﬁ))*Xl(IX(E’ﬁ)))/45,‘

otnm

mmcv-

DETJ= JAC(Ls1)#JAC(2,2)=JAC (291 )%JAC(Ly2)

SHAPE(l)ﬂ(i-RR(I)*R(l))*(1+SS(J)*S(1))/4,




T lay
i

13ul

i3¢2
13092

133

C *uek

Qﬁq

933

¢ Laul

7rSHAPE(21=(1-RR(I)*R(2))*(1+SS(J)*S(2))14.

&
&
&
&

&
&

&
&
‘&

&
&
€

S A N

SHAPE(3)= (1-RR(I)*R(3))*(1+SS(J)*S(3))/4-:
SHAPL(é)-(l-RR(I)*k(4))*(1+SS(J)*S(4))/4«

D0 1301 1I=1;8 - -
VEC(IT) =SHAPE (11)#DET J

00 1391 J4J=1;8
PROD(IT»JJ)=SHAPE(IT) *SHAPE (JJ) #H#DET J
00 1392 II=1,8

P2D(IT)=P2D (11)+W(I)%U(J)#VEC(IT)*QZ
PADCIT)=P3D(I1)+H (I )*H(J)#VEC(LIT) #H*AT
DO 1302 JJ=158 -
GKZD(II,JJ)=GKLD(II’JJ)+H(I)*H(J)*PROD(IIoJJL
CONTINUE

00 1303 1=1,8"
P2(1)=P2( 1) +P2D(I)
P3(I)=P3(I)+P3D(1)

DO 1303 J=l,8
GK2(19J)=GK2(IsJ)+GK2D(IsJ)

[85=0185+1" ' .
60 To 22 '

FACE 1V

DO 903 I=1y8"
SHAPE(I)=f, *
P20(1)=0, ~
PID(1)=0, :
DC 903 J=l,8
GK2D(T4J) =)y’
DO 1490 I=1,3
DO 14N J=1,3

JAC(L,l)-(R(S)*(l+SS(J)*S(5))*X3(IX(E;5))+ S
R(6)E(L+SS(II*S(6))*X3(IX(E6))+
RI7IE(L+SSCIIES(TIIXI(IX(ES7 D)+~
R(BI*(L+SS(IIAS(8))4X3(IX(E98)))/4s

JAC(Ly2)= (RUSIH(L+SS(IIAS(5))4XT(IX(ES5))+ .
R(6)E(L+SS(JII#S (6))4XLIIX(EL6))+
RU7)E(LSSOIIHS(7I)¥XTCIX(E97) )+ 7
R(B)*(1+SS(J)*S(8))*X1(IX(E,8)))14.;_g

JAC(Z,L)=(S(5) % (L+RR(TIHR (5))*X3(IX(Es5))+. 0 -
S(6)#(L+RR(I)#R (6))#XI(IX(Es61)+
SU7)#(L+RRITIHRR(TIIAXI(IX(E STV 4. 70 o
S(8)*(L+RROTI#R (8))#X3(IX(E+8)))/4y

JAC (242 )= (S(5)%¥(L+RRITI*R(5))¥X1(IX(E95))+
S{6)% (L+RR{TIAR(6))#XLIIX(E6)) +.
SU7)#*(1+RR(II#R(T)I#XLIIX(E97)) 4 i
S(8)*(1+RR(I)#R(B))*XI(IX(EsB)))I43t.

DET 4= JAC(l,l)*JAC(Z, )= JAC(Z;I)*JAC(I,Z):x;»‘w“‘

SHAPE(5)=( 1+RR(I)*R(5))*(1+SS(J)*S(5))/4931*1f5f~
SHAPE(b)a(l*RR(I)*R(b))*(1+SS(J)*S(6))/4;- ’
SHAPC(7)=(1+RR(I)*R(7))*(1+SS(J)#S(7))/4Q:
SHAPL(8)=(1*RR(I)*R(8))*(1+SS(J)#S(8))/4-

00 1401 11'1’8

VEC(II)’SHAPE(II)*DETJ

DO lafl JJ=1s8
PRUD(IIQJJ)=SHAPE(II)*SHAPE(JJ)*H*DETJ
00 1402 11=1,8
P2DCIT)=P2D(II)+H(I)®*H(J)AVEC(IT)*QZ -




'

L4u2
L400

L4u3

C #%x%

500 .

974

fis01

L5902
L5350

L5u3

P?D(II)=P3D(II)+H(I)*H(J)#VEC(II)*H#AT
DO 1402 J4J=138 - - ' T

GKZD(II;JJ)ncKZD(II,JJ)+H(I)*H(J)*PRUD(II,JJ)‘7_ L
CONTINUE ! [

DO 1403 1-1,8 .
P2(I)=P2(1)+P2D (1) . S
P3(I)aP3(I1)+P3D(1I) R B
DO 14H3 J=l,8

GK2(19J)=GK2(IyJ)+GK2D(T1sJ)

185=185+1
69 T0 22 ,
FACE V ‘:
ou 9u4 I=1,e
SHAPE(I)=0, *
P2D(I)=N, ~ !
PID(I)=0; . !
DO 904 J=1,8°
GK2D(15J) =03
DO 1500 1=1,3
DO 1500 J=1,3

JAC (L1 )=(T2(3)#(L+RR(IV#R(3)I*XL(IX(Es3) )+ .
T2(4)*(L+RR(I)*PR(4) ) *XL(IX(Eg4) )+ .
T2(7)*(L+RR(IDXR(7IIEXLCIX(ES7) )42
T2(8)*(L+RR(1)%R(8))I¥XL(IX(EsE))) /4,

JAC(L92)=(T2(3)*(1+RR{LI*R(3)I¥X2(IX(E9y3) )+ . .

€ T2(4)#(L+RR (1) *R1U4)I*¥X2(IX(E94) )+

& T2(7)4(L+RROIIER(7)IXX2(IX(E, 7))+ -

€ o T2(8)*(1+RR(I)*R(8))*XZ(IX(E,B)))I4¢.

JAC(29L )= (RU3I*(L+TTCIIHT2(3))EXLAIX(E93) D4l ]

& REAIR(L+TT(IIRT204) )R XL{IX(Ey4) )+

& REZTIHCL+TTLIIRT2(7) I%XL(IX(ES7) )+

& R(8)*(l+TT(J)*T2(8))*Xl(IX(EaB)))149

JAC(292)=(R(3)*(1*TT(J)*TZ(B))*XZ(IX(E,3))+
€ CRAIE(L+TTONIHT2(4) 1% X2(IX(E 4) )+

& R(7)*(1+TT(J)*TE(?))*XZ(IX(E;?))f"a

& REBI*(L+TT(IIAT2(8))*X2(IX(E8))) /4

mnen M

DFTJa'JAc(1,i)*JAccz,Z);JAc(2.1)43£éii;2)“

SHAPE(3)=(1+RR(I)*R(3))*(1+TT(J)*TZ(3))/43
SHAPE (4)= (L+RRUTI#R (4D ) (1+TT(J)*T2(4)) /4
SHAPE(7)= (L+RR(I)H#R(7))#(L+TT(JI*T2(7)) /43¢ o
SHAPE(8)=(1+RR(I)*R(B))*(1+TT(J)*T2(8))/4»¢V Atm

DO 1501 11=158 = .
VEC({II)=SHAPE(II)*DETJ . ‘-i
DO 1591 JJ=138 ; SIS
PROD(II9JJ)-SHAPE(II)*SHAPE(JJ)*H*DETJ FoTL AR '
DO 1502 I1=138 o
P20CIT)=P2D(II)+H(I)%#W(J)3VEC(ITI*QZ /
PIVCITI=P3D(II)+H{I)#HW(J)SVEC(IT) *H*AT

DQ 15n2 JJalyB
bKAD(IIyJJ)ncKZD(IIsJJ)+N(I)¥H(J)*PROD(II,JJ)
CONTINUE :

DO 15N3 I=1,8 , B
P2(1)=P2(1)+P2D(1)
P3{I)=P3(I)+P3D(I)

b0 1503 J=1,8 '
GRZ(I9J)=GK2(I5J)+GK2D(TyJ)




C wkk

60y
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185=185+1
G0 TO 22

FACE VI

DO 995 I=1,8"
SHAPE(1)1=0,

P20 (1)=0, ,
P30(1)=0,
DO 995 Ja1,8’
GKZD(T5J) =04
LD 1600 1=1,3
DO 160y J=1,3

'JhC(l,i)=(T2(1)#(1-RR(I)*R(1))*Xl(IX(Eal))+

&
&
&

Mmoo mmm

Mmoo

T2(2)*(1~RR(I)*R(2)I*¥XL(IX{Es2))+
T2(5)#(1=~RR(I)¥R(5))*XLIIX{Es5) )+
T2(6)#(L=RRIII¥R(6)I#XL{IX(Es6))) 747
JAC(L92)=(T2(1)#(1=RR{II*R(I)I*X2(IX(Eyl) )+
T2(2)*¥(1=RR(I)=R{(2) )% X2(1X{(Ey2) )+
T2(5) #{1=PROII=R(5)I*X2(IX(E»5))+ .
 T2(6)*(1=RR(I)*R(6)I*X2(IX(Ey6))) /4
JiC(d,l)=( =RELY*(L+TT(IITZ (1)) 3XL(IX(E9l) )~
RAZI*(L+TT(IIXT2(2))*XL(IX(Ey2) )=
RE5I*(L+TT(IIAT2(5) I*XLAIX(Ey5) )= .
RI6)#(L+TT(IIST2(6)IEXL(IX(Es6))) V40
JAC(292)=(=RILIE(L+TT(II%T2(LI I #X2(IX(E9yl) )=
RE2)*(L+TT(INIAT2(2) )% X2(IX(Ey2) )=
RE5IEAL+TTCIIRT2(5))#X2(1X{Fy5) )= .
R(6)#(1+TT(J)*T2(6))*X7(IX(Fs6)))/4.

DETJ= JAC(lbl)#JAC(ZaZ)-JAC(Z,l)*JAC(lqz)

SHAP&(l)B(l-RR(I)*R(l))*(1+TT(J)#T¢(1))/4
SEAPE(2)= (l-RR(I)*R(Z))*(I*TT(J)*TZ(Z))IQQ
SHAPE(5)= (l-RR(I)*R(S))4(1+TT(J)*T2(5))/4-
SFAPC(6)=(1-RR(I)*R(6))*(1+TT(J)#TZ(6))/40
DO 1leNl I1=1,8

VEC(II)=SHAPE(II)*DETJ

DN 1601 JJ=148
PRUD(IIsJJ)=SHAPE(L IV *SHAPE(JJ)#H¥DETJ

DO 1602 1I=1,8.
P20CIT)=P2D (1Y) +H(T)}¥H(J)HVEC(IT)I*QZ
PIDCII)=P3D(IT) +H(II*W(J)IVEC(IT) *HPAT

D3 lof2 JJ=1,8

GK20(TII, JJ)=GKZD(119JJ)+N(I)*H(J)*PROD(IIsJJ)
CONTINUE '

DS 1603 I=1,8 .
P2(1)=P2(1)+P2D (1) N
P3(T)=P3(I)+P3D(I)

DO 1603 J=1y8 :
GKz(194)=GK2(I5J)+GK2D (15 J)

185=185+1
GO TO 22

00 4 LLal,8 °
I=IX(EsLL)  °
Q(1)=Q(I)~P2(LL}+P3(LL)
D0 4 H=1,8

KaIX(EyH)
JaK=1+1 ,
IF{HBANDLGEWJ) GO TO 2

f

e e e e et s e



[

5 HBAND=J X
b2 IF(J, LE.D) 60 T0 4 .. .
P CH(T3J)=CH(T,J)+GK2(LLyH) . :
4 CONTINUE., .} ¥
RETURN i
END :

SUBROUTINE HASSOU(NEHAX;NNPHAX:HBHAX,N’IXQECHoEHCH,CﬂsHCH) e
DISENSION IX(NEHAX;G),ECH(BsB)’EHCH(898)9CH(NNPHAX9FB”AX), L
EHCH (NNPHAX HBIHAX) w0
COHHUN NE,NNPQHBAND,IIQIZ,13114915’16117’18

u‘\d’,,_.
i SN

: DO 4 LL=1,8
R I=IX(NsLL) "¢
s 00 4 H=1y8 °
KaIX(NgH) f R
JaKk=1+1
IF(HBAND.GE.J) GO TO 2
HBAND=J
2 - LIF(J.LEYD) 60 TO &
CH({T9J)=CH{IyJ)+ECHILL,yH)
: HCA (I3 J)=HCH(IyJ)+EHCH(LL yX)
P4 CONTINUE ,
: RETURN
' END

SUBROUTINE HDFOO(NNPHAXsHBHAAXsNPCODEs Ty Q9 CH).
DIHENSION NPCODE(NNPHAX),T(NNPHAX),Q(NNPHAX)’
ECH{NNPHAX sMBHAX) |
CUOiMON NEQNNP’NBAND,119129I3a14’151!6117918;

DO 49N I=LaNNP
IF(NPCDDE(I)SEO?O)GO TO 490¢
44 DO 49 J-Z,HEAND R
. K3leJ+l
IF(K)464+46445 s
45 Q(K)=0(K)-CH(K,J)*T(1)
CH(Ky I =0T
46 La]+J=)
1F(NNP-L)48,47,47
47 u(L)zo(L);CH(I,J)*T(I)
48 C”(!,J)’Uu {
49 CONTINUE e
CH(I.1)=1.0 :
. QIN=T() ;
49459 CONTINUE - °

i RETURN .~ ¢ : -y
. CND PR . : - o
ia, 49.56aUCLP9 BU9 PUB ’ NeF48KLNSe . ;"

B
)
7
1
i
i
'
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