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ORTHIS, ORTHAT — TWO COMPUTER PROGRAMS FOR SOLVING TWO-DIMENSIONAL
STEADY~3TATE AND TRANSIENT HEAT CONDUCTION PROBLEMS

“R. C. Durfee and C. W. Nestor, Jr.

ABSTRACT

The two programs, ORTHIS and ORTHAT,* are designed
to zclve steady-state and transient heat conduction prob-
lems, respectively, in two-dimensional geometrieg. Either
Cartesian (x-y) or cylindrical (r-z, r-8) coordinate
systems may be used. Thermal properties, heat generation
rates, and boundary conditions may be functions of position,
time, or température. The firgt program uses the iterative
method of successive overrelaxation (SOR) to solve the
steady-~state problem. In addition to overrelaxation it
also uses a dominant-error-mode extrapolation procedure
to increase the rate of convergence. The second program
uses a modified alternating-direction implicit method
(ADT) to solve the transient problem. The input for
both programs has been designed in an easily usable

free-form style.

1. INTRODUCTION

We have written two FORTRAN IV programs, ORTHIS and ORTHAT, to solve
heat conduction problems iIn two-dimensional geometries. The first pro-
gram solves the steady-state problem while the second solves the transient
problem. Many featuresg are common to both programs, and therefore no

distinction will be made between the two except when necessary. The user

* ~ k
Note: ORTHIS = Oak Ridge Tranzfer of Heat in Steady State
ORTHAT = Oak Ridge Transfer of Heat at Transient

—



has a choice of either the Cartesian (x-y) coordinate system or the
cylindrical (r-z, r-0) coordinate system. Thermal properties, heat~
generation rates, and boundary conditions may be functionsg of position,
time, or temperature as specified by the user. In the transient program
we have included an approximate treatment of nodal melting and freezing.

The first program uses the iterative method of successive over-
relaxationl (SOR) to solve the steady-state problem. In addition to
overrelaxation it also uses a dominant-error-mode extrapolation procedure2
to increase the rate of convergence. We are also planning to include

some type of regional heat rebalancingj’

to further accelerate convergence.
The second program uses a modified alternating-direction implicit methodl
(ADI) to solve the transient problem. We found that the normal alternating-
direction method was unstable for very small nodes such ag those which
occur in air gaps. This instability was due to the explicit approxi-
mations used in evaluating the time integral. Therefore we modified the
ADI method by removing this explicit dependence and thereby removed the
instability. This modification reguired a double mesh sweep at each
time step.

The major goal in the development of these two programs was simplicity
from the user's point of view. One of the most tedious jobs in setting
up a heat transfer problem for the computer involves the geometrical
description of the body to be studied. The body must first be zoned into
regions, the regions muist be divided into some type of nodal lattice,
materials must be assigned to the proper nodes, boundary conditions must
be applied to the boundary nodes, and so on. We have attempted to

minimize the amount of effort required to develop the geometrical



descripticn and to prepare the corresponding input for the computer. In
so doing we have designed an easily usable free-form style of input using
keywords and symbdls intermixed with the necessary numeric information.
Another headache which ig often encountered involves the readability of
the computer output, especially the tempesrature distribution. To help
solve this problem, we have developed routines for printing and plotting
the temperatures in a map-1like framework so that 1t is easy to see what
the temperatures are anywhere over the whole mesh. In addition to
temperature maps, the steady-state program can also plot temperature
traverses. In the future we hope to increase the output capabilities of
both codes.

We discuss the numerical techniques in detail in Section 2. The use
of the codes is presented in Sections % and Y%, illustrated by a sample
problem. Finally, in Section 5, we point out some improvements which

should be made in the codes.



2. MATHEMATICAL ANALYSIS
2.1 General Problem Description

The two programs, ORTHIS and ORTHAT, were originally developed for
use in the analysis of heat transfer problems associated with the design
of shipping casks for reactor fuel elements. Since the shipping casks
were cylindrical in shape, these codes were designed primarily to handle
cylindrical gecmetries. fter these codes were written and used with
shipping casks in the r-z geometry, we found that with a few modifications
the x-y and r-9 geometries could be included. The internal composition
of the assembly was assumed to be homogeneous within each of several
regions, defined by the intersection of coaxial cylinders and planes

perpendicular to the cylinder axis as shown in Fig. 2.1 below.
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A different material may be placed within each region if desired.
Thege regions are divided into nodes both vertically and horizontally as
degcribed in Section 2.2. Heat may flow from a given node to any of its
four neighbors along paths which are parallel to the axes.

The center line of the assembly (r = 0) is always a symmetry axis,
so the boundary conditions must be gpecified on the other three boundaries

only. The boundary conditions may be specified by a fixed temperature,

., or a relation of the form
)

o,

T, + (l/a)(éT/Bn)b = T (2-1)

ext

which can represent forced convection. When using Eq. (2-1) as a boundary

condition, the user must specify the external tewmperature, Te and the

xt’
effective boundary layer thickness, l/a. This boundary layer thickness
is simply the thermal conductivity of the surface material divided by

the heat trangfer coefficient, h. Of course, any part of the boundary
may be insulated from the outsidé.

An dnitial temperature digtribution must be used to begin a calcu-
lation. The distribubion will probably be an educated guess in the case
of a steady-state problem. However, in the case of a transient problem,
thig distribution will usually come from a previous steady-state solution.

Heat sources and sinks may be placed inside any node within the
asgsembly. The user may wish to specify a regional heat scurce rather
than a nodal heat source. In this case, the heat source at each node in
the region is the total heat source divided by the volume of the region.

As stated previously, the codes will handle x-y and r-8 geometries

as well as the r-z. Although the x-y geomelry uses a spacing different



(@)

from the r-z, it looks the same since both are rectangular in shape.
However, the mesh layout for the r-6 geometry is slightly different as
described in Section 2.2. Since the three geometries are so similar,
we will refer only to the r-z system unless some distinction is abso-

lutely necessary.



2.2 Mesh Layout and Description

As was mentioned previously, the boedy to be studied is approximated
by dividing it into regions, depending on its shape and material struec-
ture. These regiong are formed by drawing lines parallel to the r and
7z axes as shown in Fig. 2.2 below. These lines must extend the complete
length or width of the asgembly. ZEach region may contain only one
material (however, many regions may contain the same materizl). These
regions are numbered horizontally (1H), vertically (LV), and internally
(L) as shown. The user must specify the thickness (H) of each horizontal

region and the thickness (h) of each vertical region.

ORNL-DWG 71-3952
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Once the regions have been constructed they must be divided into

nodes both horizontally and vertically.

This is done by specifying the

number of nodes (n) in each horizontal region and the number of nodes (m)

in each vertical region as shown in Fig.

0.3,

The center of each node

is called a nodal point, and it 1s at these nodal points that the tewpera-

tures are calculated.

cally (I), and internally (K) as shown below.

S B
I=¢4
m1Z3 I=2
3
1_~W_m
4

my=2
IMAX=5

The nodes are also mumbered horizontally (J), verti-
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Although the user specifies the number of nodes in each region, he
does not specify the actual position of the nodes or the nodal points.
This iz done by the program itself in such a way that every node within

5
a given region has the same volume. As a regult of such a procedure in
r~z and r-0 geometries, the nedal points are not equally spaced in the
radial direction. However, the vertical intervals are egually spaced

within a given region. Figare 2.4 and Egs. (2-2) through (2-5) show the

radial and vertical distances of the nodes and their nodal points.
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n_
Zpo= 2Zp, Y (2-2)
"Ly
Z. t+ 7
1 I-3
%_
2 : 2
(H1 +H o+ HLH) - (hl +H }&Hml) )
TJ rJ-nl + " (2_,1',)
IH
r_+ 7T
J J-
RJ - 5 2 (2-5)

A1l of the previous mesh description for the r-z geometry also applies
to the x-y geometry with one exception. The nodal points are now equally
spaced in the horizontal direction. Thus the equations for the horizontal

and vertical spacing are simply:

H X + X
_ o, - Y -1 s
307 Xya * Ay ’ XJ B 2 (2-6)
h Vo vty
_ v I S L3S
yT - NS + s Yl - 2 . (2'"7)

L 1-1 mLV

When using the x~y gecmetry, boundary conditions must be specified for
all four sides of the mesh.

In the case of the r-6 geometry, the equations for the horizontal
and vertical spacing are identical to those in the r-z geometry. However,
the mesh looks a lot different, as shown in Figure 2.5. As can be seen,
the radial axis still represents the horizontal direction, but the vertical
z axis has been replaced with an angular theta axis. The user might
think of this r-9 mesh as being a deformed r-z mesh where the bottom has

been stretched clockwise around the origin until it touches the top



1l

(z = 0 line). DNotice that the angular thicknesses are now given in units

of radians rather than units of length such as feet or inches.

ORNL- DWG 71-3955




12

The equations for the r-8 spacing are

h 6. + 8
LV I I~1
b, = 6 e S Y W (2-8)
I T-1 mLV T 2
1
(Ho+ o B )2 o o+ ... YT
. Lt g . e Hpp
£ S I S I 5
TH
r + r
J J=-1
RJ - 2 hd (2'9)

When using the r-8 geometbry, boundary conditions can be specified for only
one side of the mesh (the outside edge), since the range of 8 is from O
to 27 in this version of the programs.

When laying out the mesh spacing, the user should try, within reason,
to keep the same number of nodes per unit length in each region. This
improves the accuracy of the calculations, especially at region boundaries
where the internodal distances might be gquite different on each side of

the boundary.
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2.5 Numerical Technigue for Steady-State Heat Conduction

The partisl differential equation which represents steady-state heat

ceonduction in an isotropic material may be written in vector notation as
- —
VekVI+qg = 0 (2-10)

.
where V is the gradient operator, T is the temperature, k is the thermal
conductivity, and g is the heat-generaticn rate per unit volume. Inte-

grating over the nodal volume, VK’ we have

S - .
f Ve kv TAav +f qgdv = 0 . (o-11
R Vi

59

Through the use of (reen's first identity (or Gauss' theorem) we can re-

write this equation as

5 o
f r L oan g dv = 0 (p-12
a, o v
K ‘ K
where we are now integrating over the nodal surface, AK' The %% represents
the partial derivative of T with respect to the outward normal to the sur-
face of the node, K. Assuming that k does not vary as we integrate over

the surface area, and assuming that ¢ does not vary as we integrate over

the nodal volume we have

. AT :
, 9T g s -0 . 5.
g fA o A A Vg 0 (2-13

A thin portion of one of the nodes in the mesh is shown in Fig. 2.6.
The four surfaces over which the surface integral ig taken are numbered
. . AT , - _— .
as shown. Agsuming that Y does not vary over each surface of integration,

we can write Egq. (2-13) as

L’L hY
oT
+ = - Jh
e Qs Tt AT = 0 (2=

3

w2
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where AK g is the area of side S, for node K, in the mesh. All that re-
J

"

mains to be done now is to evaluate 5 on each of the four sides of

n
K,S
the node. This evaluation will depend upon whether a given side is

touching (1) a node in the same region, (2) a node in a different region,

or (3) the outside boundary. Regardless of which case we are considering,

aéT may be approximated by an equation of the form

|
T - T
T < ]
ai" R (2-15)
K, S K S
where K. S is a neighboring temperature, TK is the temperature of the node
, .
itself, and BK,S is an internodal distance. TK,S and BK,S will depend

upon the type of neighboring node (or boundary) touching each side of the

given node, K. Since there are two types of boundary conditions allowed



the evaluation of B

for the side, S = 2. Appendix G contains a derivation of Eg. (2-15).

[
K,

(2~l)), there are four different eguations to be chosen from in

These four different cases are shown in Fig. 2.7

By substituting Eg. (2-15) into Eg. (2-14) we now have

kYA
K g
b
TK TK+1
'.’ *
| |
1 ! !
E I ]
| |
I i
RJ R\J‘f“l
Ty Tkt
[ ] »
ki K 44
2. L !
i i |
| | |
1 | |
Ryt Rya
r4
* //
' 77
3. % '/Z//ééé
b
Ry TJ
727
T | T/
7 22225
i
4. : /’zégé
L
Ry 1y

(2~16)

ORNL-DWG 71-3957

NEIGHBOR = NODE IN SAME REGION
By o =Ry Ry

Ty, 2= Tt

NEIGHBOR ==NODE IN DIFFERENT REGION
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1+

Tk,2 == Tkay
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After rewriting this equation so that T, appears on the left-hand side,

K

we obtain our final equation for the tewperature at node, K.

Y W
K,S K,S
I Vgt Ry ) B
S=1 K, S ,
T = . (2-17)
K LA
K KZS
e s

The temperature of node K is expressed in terms of 7T the tempera-

K, s’
tures of its four surrounding neighbors. Since al the beginning of the
steady-state problem we do not know any of the temperatures within the
mesh, we must make an initial guess for all of them. An iterative pro-
cedure is then carried out in which new temperatures are calculated from
0ld temperatures using Eq. (2-17). If the mesh sweep moves from left
to right and top to bottom, then any given node will use new temperatures
for the neighbors on sides 1 and 4, and old temperatures on sides 2 and 3.
It is desirable to increase the convergence of the iterative pro-

cedure described above by 'overrelaxing'" the temperatures at each iteration.

This is done by using the constant, B, in the following manner:

—hew el =1
T = BT+ (1 - 8) i . (2-18)

n . . . . -
TK are the tewperatures calculated during the nth iteration using Eq.

(2-17). TE_I are the final "overrelaxed, extrapolated” temperatures
resulting from the (n-1)th iteration. T;ew are, of course, the '"over-

relaxed" temperatures being calculated during this nth iteration. The
B factor is an input quantity which must lie in the range, 1 < B < 2,
and usually lies between 1.6 and 1.9 for the best coavergence. TIf a
given problem does not converge in one machine run, B may be changed

(usually decreased) for the next run.



After the overrelaxation is finished, another acceleration technique,
"dominant-error-mode extrapolation,™ is applied. At each iteration an

error term 1s calculated for the mesh as a whole.

e = - 17 . (2-19)

Then a ratio of these errcor terms gives an extrapolation factor, f,

£ e (2-20)

which is used to calculate a better estimate of the temperatures.

final ew £ 1w n-1 }
Ty = T e (T - T (2-21)
Tﬁew‘and TE-I are defined above in Egq. (2-18). Tglnal may now be referred

to ag the final "overrelaxed, extrapolated"” temperatures, Tij for the nth
iteration. This extrapolation’is not done if the factor, £, in Eg. (2-20)
is greater than one. Actually, we found that this extrapolation should
only be used every 40th or 50th iteration, depending on the problem, so
that the temperatures have a chance to settle down before being kicked
again. The frequency of extrapolation is an input quantity which is used
for the whole machine run.

Successive iterations are carried out until

Te
max = - 1] < e (2~22.
. o
K K

where ¢ is the specified convergence criterion. Note that this error
term ig calculated for every node in the mesh, but only the maximum

is used in Eq. (2-22).
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2.4 Numerical Technique for Transient Heat Conduction

The partial differential equation which represents transient heat

conduction in an isotropic material may be written in vector notation as
SN
V. kVT+q = pC=<r (2-23)

where t represents time, p is the density, and C is the specific heat (k,
—d
T, q, and V were defined in Section 2.3). Integrating over the nodal

volume, V., and using Green's first identity (as was done in Section 2.3)

K}

we have

o Jﬁ Jf o
k <= dA + g dv = o C <= av . (2-24)
b/; on v v ot

N
. oT .
Again we assume that k and <5 do not vary as we integrate over any of the

L

four surface areas (see Fig. 2.6). In addition, we assume that q, p,

m

C, and S%'do not vary as we lntegrate over the nodal volume. The re-

sulting equation is

I
T oT

k ~——+ q, V. = p, C_V_ =<t (2-25)

K 32% AK,S anK,S K 'K K "K 'K ot

where AK g vas defined in Section 2.3.
2

Next we integrate Eg. (2-25) over the time step, At:

At tHAL t+AL -
u/; at +w/; qy Uy dt = L/; px C Vi St 4t -

(2-26)

oT
K K, S BnK,

S

Assuming that k, g, 0, and C do not vary appreciably over At, Eq. (2-26)

becomes
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Ly tHat o ‘
Ky AK)S k/p Sy At + qp Vi 8t = pp Cp Vi [TK(t + At) - TK(E)]
1 t -

g=
' (2-27)

The standard alternating-direction methodl may now be used by developing

two forms of (2—27) to be used alternately in successive time steps. The
first finite~difference equation is implicit in one direction (say z) and
explicit in the other (say r); in the second egquation the directions are
interchanged. This procedure results in a set of simultaneous equations
which may be solved for new temperatures by the direct inwverszion of a
tridiagonal matrix. No iterations are required. However, when we used
this method, we found that the explicit approximations on two of the four
sides caused instabllities gimilar to those in a one-step explicit method.

m

In the conventional ADI technique a term of the form g , is neglected
t+AL

on the two explicit faces. By including approximationsg for these terms,
we obtained a set of finite-difference equations that appeared to be fully
implicit but which could still be solved by the direct inversion of a tri-
diagonal matrix.
, oT ) . )
We assume thatb S5 varies linearly over a time step and apply the

trapezoid rule to Bg. (2-27). Defining T = T(t), T = T(t + At),

ég = o and A dT we then have
e 2
3n . on ‘ 5 on bat
At aTA aT ,
k. E == +q,.V_ At = p (T T.) . (2-28)
D
K el AK 2 K S K g K K K K K K K

Putting the t + At terms on the left we have



At L A
r % orh
Pk Cx Vx Tk 2 ZAK,S Sn T dg Vg A ey Cp Vg Tyt
S=1 K, S
k. At L4
K oT
+ A : (2-29)
2 GHKS anK’S
. s oT . .
Using the approximation for S5 given in Eq. (2-15) we have
N A , i B
v Te - ), W g TKBS i = ug by Tt ) Wy g TKBS x (2-30)
S=1 7 K, S Ss=1 K, S
where Vs V- ,S are defined as
= q, V. At ; v = p, C_ V., ; . M (gmjl)
Uk kK 'k °" >k Kk ‘K> %k,s 2 '

Equation (2-30) is implicit in both the r and z directions so that a com-
plete matrix must be used to solve for all the temperatures simultaneously.
However, if we consider only the nodal points in one particular column

of the mesh (as shown in Fig. 2.8) and assume that we know the tempera-
tures at time, t + At, on either side of this column, we may then re-

write Eq. (2-30):

- how, -
:Kl Tﬁz* ‘BKS+VK T + :Kg L T S
K1 s=1 K, S K,a|
I T - T o2
\* K,S K K S K S
+ Z; W o |5 + }: 5 . (2-32)
ss1 K, S 5=5, K, S

This Eq. (2-32) represents a set of IMAX simultaneous equations in-
volving only the temperatures in column J. For an internal point, X,

which has nodes above and below it, we can rewrite Egq. (2-32) as
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A PR N . o
ar T max ¥ Pr Tk 1 Teax T Pr (2-23)
or in mabtrix notation:
‘ b = ™ N
rbl ©1 , TI=1,J Py
dd
2 2 2 IE,J Py
: A : = -3l
% by s Ty ,T = by, (2-34)
X . il
9 % 4 T, ,J g
vax  PTMAX Timxgr Pﬂmml
L. L " L

ORNL~-DWG 71— 3958
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Figure 2.8
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The coefficients and TI J are defined as
2
- N i .
& = "%KLL bp = ) %§i§'+ Vg €r = "gKLi
K,1 S=1 K, 8 K,3
& K, s T K Y. 8 Tﬁzs
Pr = vt v Tt %, s 5 Fo) " *
S=1 K, S S=5, 4 K, S

T = T

1.7 x > where K = (T - 1) » JMAX + J . (2-35)
2

The only thing remaining to be done is to supply the tewperatures, Tﬁ s
2

and Tﬁ o’ which are used on the right-hand side, Py of our watrix equation.
)

Since we move from left to right by columns, the previous column of

temperatures, Tﬁ o’ has already been calculated., Thus ve only need an
2

approximation for TA
K,=2

A BTK .

K,z St At K,z (2-36)

In evaluating %% let us define 12 = 1(t - At) so that we have

-
3 -
K,z _ K2 K=

St TOm - (2-57)

Substituting Eq. (2-37) back into Bq. (2-36), we now have an approximation

for T% , Which can be used in calculating p, in Eq. (2-3%). When using
2
this approximation for 2 to solve real heat problems, we found that

i
K, 2

the results were not quite good enough (l~2% error). Therefore it was
necessary to repeat our mesh sweep a second time using the temperature

just calculated for Té , Tather than the approximation in Eq. (2-3%6).
2
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The equations for the row sweep are the same as those for the column
sweep, except for the interchange of referenceg to faces 2 and 3 (rightk
and lower sides) and faces 4 and 1 (left and upper sides). There are
JMAX equations, one for each row.

To summarize the transient calculations, we first move across the
megh, column by column, sclving the tridiagonal system for each column
of temperatures. It is necessary to repeat this column-by-column sweep
a second time at thé same time step. We then increment the time by At
and move down the mesh row by row solving for each row of temperatures.
Again, 1t is necessary to repeat the row sweep a gecond time at the
same time step. The time is again incremented by At and we start all
over with the column sweep, and so on, until the desired time period

has been spanned.
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2.5 Position, Time, and Temperature Dependent Functions

There are four quantities which may be functions of position, time,
or temperature in both the steady-state and the transient programs. These
four quantities are the thermal conductivity, k, the specific heat, C,
the density, p, and the heat-generation rate, gq. In addition, the tran-
sient code allows the boundary conditions to vary at any btime step. When
any one of these quantities, such as thermal conductivity, is to be
treated as an external function, the FORTRAN program calls a user-written
subprogram to calculate the appropriate conductivity value. This FUNCTION
subprogram is called at every iteration for each node in the mesh. Actually,
a skeleton subprogram exists for each of the quantities, and the user
needs only to add the necessary FORTRAN statements describing his particular
function. Upon entry to any of these subprograms, all variables within
the program (such as nodal position, nodal material, elapsed time, nodal
temperature, time increment, etc.) are available to the user. Thus the
thermal conductivity of a given node may be a function of that node's
temperature or position, or it may vary with time. Ratner than using some
type of equation to calculate the thermal conductivity, the user may wish
to input a table of thermal conductivities versus temperature so that he
can calculate the proper conductivity using linear interpolation. The
user indicates in the input data those quantities which are to e external
functions, and the rest remain constant throughout the problem.

When using temperature~dependent properties in the transient code it
is necessary to approximate the temperature, T(t + At), using the following

equation:
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T(t + at) = T(t) + %—% At (2-38)

where %% is calculated at time, t. This approximation has already been
coded’in the gkeleton subprogram so that the user needs only to evaluate
his function using the T(t + At) supplied. In steady~state problems the
user should evaluate his temperature-dependent function using the most
recent value of the temperature; ™ (e Egq. (2-18)).

When the boundary conditiohs are allowed to vary in a transient prob-
lem, the user must specify two things. First, he must specify the time
gteps at which the boundary conditions are to change, and second, he must
specify a mumerical gquantity to be used in calculating this change. This
numerical quantity may be used within the skeleton subprogiam in any way
the user wishes. At present, the subprogram ig set up to treat this
numerical quantity as either a new boundary value replacing the old one, or
as a rate of change in the current boundary values. Thereiare two types of
boundary values which may be changed within this subprogram. The first is

an outgide temperatﬁre, either the external temperature, T or the surface

ext’

temperature, T The second is the effective boundary layer thickness, 1/a,

b
explained in Section 2.1. There’is one subprogram which is called when
changing the outside temperature and another subprogram called when changing
the boundary layer thickness. Both subprograms are called only once at

the beginning of each time step so that the boundary conditions may be
changed for any of the nodes along the outside edges. By letting the
boundary layer thickness (effectively, h) be temperature dépendent it is

very easy to consider a radiation-type boundary condition. In termg of h

we simply let
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-3 4 2 2
= - - = ol 5
h o Fse(Tb ) (T =T ) o Fse(Tb + Text)(Tb + TeXQ (2-39)

ext

where ¢ = Stefan-Roltzmann constant, Fse = radiation interchange factor,

T = temperature of boundary surface, and Tnx

b - external temperature.

£ =
There is a total of six different subprograms which may be supplied

by the user to lmplement the various position-, time-, and temperature-

dependent functions previously described. These six subprograms are

listed in Table 2.1 according to the physical quantity which each is supposed

to calculate. A skeleton subprogram has been written for each of these

six subprograms so that the user will already have the calling sequence and

preliminary calculations set up. A FORTRAN listing of each subprogram is

given in Appendix B  The commentary in these listings should prove helpful

to the user. There are two listings for the CONDF function, one for the

steady-state and another for the transient.

Table 2.1

Physical Quantity To Be Calculated Subprogram Called
1. Thermal Conductivity -k CONDF
2. Specific Heat - SHEATF (Transient only)
3. Density -p SMASSF (Transient only)
. Heatb-Generation Rate - q QF
5. Boundary Temperature = T or T, TORARF (Transient only)

Boundary Layer Thickness - l/a ARATEF (Transient only)

When solving heat-conduction problems involving temperature-dependent
properties, it should be pointed out that the numerical procedures de-

scribed in Sections 2.3 and 2.4 are inaccurate when severe thermal gradients
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arise.6 Equations (2-13) and (2-25) assume that the thermal conductivity,
kK’ of node K 1s the same on all four faces of the node.  This assumption

is not correct when the temperatures on the four faces of the node are gquite
different. Therefore we have included a procedure in the steady-state code
to calculate the conductivity on the node interfaces as a function of the
interface temperatures. Of course this procedure is only used when the

conductivity is treated as an external function (CONDF is used). The

interface temperatures are calculated by Eq. (2-40) below.

oT
= T+ . . -
Tpace = Tk T % AX (2-40)
We plan to include this procedure as an option in the transient code so
that the effects of variable conductivity in problems with steep temperature
gradients can be investigated. One-dimensiocnal calculation56 have demon-

strated that serious errors can occur.
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2.6 Approximation of Nodal Melting and Freezing

In many transient problems it is desirable to consider the effect of
nodal melting and freezing within certain materials. We have included an
approximate treatment of the change of state. The user must first specify
which materials may melt, along with their melting temperature, Tm’ and

latent heat of fusion, H Then as the temperature within a meltable

oo
node reaches its melting point, a heat bank, H, is set up for that node

to absorb the latent heat of fusion as it changes to a liquid. While the
node changes state its temperature remains constant at the melting tempera-

ture given. The equation describing the amount of energy absorbed by the

heat bank at each time step is

AL = C - (T - T (2-h1)

proj m

where Tproj is the projected temperature which would be reached within

node, K, if no heat were lost to the heat bank. Eventually the amount of
energy absorbed by the heat baunk equals or exceeds the latent heat of
fusion for that particular wmaterial. At This point the temperature of node,

K, is set to:

- 7 q - -
Ty Tt (# Hm)/C (2-42)

and new properties (k, p, C) characteristic of the liquid material are
assigned to that node. The temperature is now allowed to rise, as before,
according to the laws of conduction. During the time of melting or freezing
it might be helpful to use shorter time steps, thus improving the approxi-

mations involved.
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of course, a liquid material will transfer heat by means of natural
convection as well ag conduction. The hotter ligquid will move upward
whilejthe cooler liquid will fail due to their difference in densities.
Thus the user may wish to accouﬁt for this extra transfer of heat by
using a thermal conductivity which is slightly higher than that of the
liquid material. The best way to simulate natural convection in this
program would be to let the liqaid conductivity be a function of tempera-
ture differences between nodes.’ Then the higher temperature gradients
would create greater conductivities (and vice versa) with the normal liguid
conductivity as a floor. |

The process of freezing is handled in exactly the same way as melting
except that energy is removed from the heat bank rather than added. This
situation will arisé when a material first becomes hot enough to melt and
then later cools off enough to freeze, or i1s initially molten and freeges

as the assembly cools.
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%. INPUT DESCRTPIION

3.1

General

All of the input for both the transient and steady-state codes has

been designed in an easily usable free-form style with keywords identifying

each item of information.

Since there are several different types or

categories of information which must be supplied, we have divided the
S 2

input into seven sections (only six sections are used in steady-state

problems). To show the type of information which must be supplied in each

section, let us consider Fig. 5.1 below.

HEAT SOURCE

6 in

ORNL.-DWG 7i- 3959

6in 3
s S
3in : URANIUM STEEL L
3 in. CLEAD STEEL
l i

LeTeyt = 130.0°F
Ya = 6in.

.lb

oOO°F///

Figure 5.1
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This particular example solves the transient problem for the hypo-
thetical cylinder shown in Fig. 3.1. The initial temperatures are specified
as 130.0°F for every node in the mesh, and ﬁhe problem is to be run for five
minutes with temperatures calculated every second (300 time steps). The
input which would be required to run this problem is given in Flg. 3.2.

Bach section contains information dealing with a different aspect of
the problem. The alphabetic keywords are used to identify the information
given and where 1t is to go within the mesh. The numeric values may be
followed by a units field such as B/P'F, which represents BTU per pound
per degree Fahrenheit. All-of the input given in Fig. 5.2 could be punched
on cards as shown, and it would be acceptable to the transient code. Each
of the geven input sections must begin with a section definition card
(*¥**3Section Name¥***), and each ends when the next sectionidefinition card
is read. These sections may appear in any order except for the first
two. Within any of these seven sections (except the ***MESH*** gsection),
the various items, themselves, may appear in any order. Thusg in Fig. 3.2
we could have given the HEAT SOURCE value before the MATERIAL NO speci-
fications. EFach section has a certain syntactical format which uses key-
word names, equal sgigns, and numeric values. These syntactical formats
are called expressions, and there are three different types of these ex-

pressions. The first and simplest ig the "arithmetic-expression” of the

form:
exp-neme = values (35-1)
HORZREGS = 2 ‘
where values are either numeric or alphabetic (YES, NO, ...). The second

type of expression is the "mame-expression” which is of the form:
ype © P P
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Title Card :

Section 1

Section 2

Section 3

Section U

Section 5

Section 6

Section T

Endata Card:

TRANSTENT PROBLEM TITLE CARD - k4

REGIONS, 144 NODES

LISTMESH = YES
SAVEUNIT = O
TEMP = 'FAHREN
NTIMSTEP = 3500

VERTREGS =

TOP. SIDE

. SIDE .
.SIDE .
-SIDE .

R,7%.REGION (1,1)
Z.REGION (2,1) ,

R,Z.
COL.
MAT .
MAT . NOS
MAT. TOS
.08
.NOS
.NOS
. NOS
.08
.NOS

REGION 2
NOS

A A AO I AN A I e © A I o

FOR ALL.MESH .
FOR AILL.MESH .

FOR TIM.STREPS 1-300 .

FOR ALL.TIME .

FRKIEADER* &%
INITIALZ = YES  LISTINPT = YES
LISTINCR = 1  SAVETEMP = NO
MASS = POUND TIME HOUR
STARTIME = O H. STRTSTEP = 1
RREMESHFA*
SYSTEM = R,7Z HORZREGS = 2
HORZDIST = 6.0 1. 6.0 I.
HORZNODE = 6 6
VERTDIST = 5.0 I 3.0 I.
VERTNODE = 6 6
*ARNAMES &k
MATERTAJL, MO = 1 FOR URANIUM ,
2 FOR LEAD R
3 FOR STEEL
*KKBOUNDARY #*%
EDGE TEMP = 500.0 'F. FOR
600.0 'F. FOR BOT
EXT TEMP = 130.0 'F. FOR RHS
GRAD DIST = 6.0 I. FOR RHS
*KRAMATER [ALS* %%
MATERIAL NO = 1 FOR
2 FOR
3 FOR
CONDUCTIVITY = 10.0 B/FH'F. FOR
15.0 B/FH'F. TFOR
20.0 B/FH'F. FOR
DENSITY = 100 P/FFF.  TFOR
200 P/FFF. FOR
300 P/FFF. FOR
SPHEAT = .1 B/P'F. FOR
.2 B/P'F.  FOR
.3 B/P'F. FOR
HEAT SOURCE = 20 B/HFFF. FOR
*XKRTEMPERATURES# %%
TEMPERATURES = 130.0 'F.
MAX TEMP ALIOWED = 800.0 'F.
KERT [ME*A*
TIME STEP INCR = 1.0 S.
TEMP LIST FREQ = 60
*RKENDATARK*

9]
o

LISTTEMP = YES

LENGTH = FEET
HEAT = BTU
MAXSEC = 0

LREGION (1,1) .

Filgure 3.2
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The second type of expression 1s the "name~expression” which is of the form:

exp-name = value

MATERIAL NO

FOR material-nane .

-y~

(3-2)

1t
1_‘

where material-name is an eight- (or less) character alphanumeric name.
The third and most complicated type of expression is the "for-expression"

which is of the form:

exp~name = value FOR location-name integer-exp
SPHEAT = .1 B/P'F. FOR MAT.NOS 1 :
HEAT SOURCE 20 B/HFFF. FOR  R,%.REGION (1,1) .(3-3)
TIME STEP = 1 8. FOR  TIM.STEPS 1-300 .

A more complete definition and description of these three expressions is
given in Section 3%.2.

Although most users will pfobably include all seven sections in their
input, it is possible to omit any of the sections or any of the items within

a section when desired. When this is done, default values will be used

for those variables which are undefined.

Table 3.1 lists all of the

input sections, the type of expression used in each, and thelr respective

gsequence in the input stream.

Table 3.1

No. Section Name ExpreSSion—Type: Required Sequence
FPirst Title Cards Yes First
1. **XHEADER*** Arithmetic-Exp Optional Second
2. kR AMESH* %% Arithmetic~Exp Optional Third
5. *RANAMES* %% Name~Exp Optional Any Order
. %%kBOUNDARY**% For-Exp  Optional  Any Order
5.  *%*MATERTALSHsk%* For-Exp  Optional  Any Order
6.  ***TEMPERATURES**+ For-Exp Optional Any Order
7. *%kT TMEF4* For~Exp Optional Any Order
ILast. **kENDATA**% Yes Last
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In describing the format of each of these expression-types, it should
be stressed that everything is free-form. This means that the various
input entities (names, numbers, equal signs, periods, etc.) may go anywhere
on the card as long as they are separated from their neighbors by one or
more blanks. Thus the blank which is between the keyword, INITIALZ, and its
equal sign in Fig. 3.2 is absolutely nescessary.

A detailed description of each of these seven sections is given in
Sections 3.4-3-10. Any differences between steady-state input and transient
input will be explained in the appropriate section. Section 3.3 explains
the use and choice of available units. Many times a user wishes to run
the same problem several times with slight variations in some of the
parameters. This is discussed in Section %.11. Section 5.12 explains how
to start (or restart) a problem from temperature distributions previously
saved on cards, tape, or disk. The maximum problem sizes which are cur-
rently allowed are given in Section 5.13. These limits may be increased

if necessary.
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5.2 Expressions

As was explained previously, all input to these two codes must be
written in the form of alphanumeric expressions. There are three types
of expressions which are used during the preparation of the seven input
sections. However, only one type of expression is allcwed in each input
section as shown in Table 3.1. kBefore explaining each expression-type
individually, let us define the notation which will be used. Whenever
items appear withiﬁ brackets [ ] they are optional and may be omitted at
the user's discretion. Whenever items appear within braces { ] they are

required and must not be omitted. If items are stacked within a pair of

item
brackets or braces {item 2) , this means that one item may be chosen from
item 3

the stack. If an item is not enclosed within any pair of brackets or braces,
this means that it is ignored (treated as commentary) while the expression
is being deciphered. Again it should be stressed that every item must be
separated fram its neighbor by one or more blanks. Also numeric values,
unless otherwise gpecified, may be written as fixed or floating-point
numbers with or without an exponent (E or D).

Using the notation defined above, we may write the general form of

the "arithmetic-expresgion” as:

{exp-name} {=} {valuel [unit] {value} = [unit] ...
example 1:  HORZDIST = 6.0 I. 6.0 I (3-1)
example 2:  SAVETEMP = NO

The expression-name (a 1-8 character keyword) always comes first followed
by an equal sign and then the proper number of alphabetic or numeric values.

Certain types of numeric values may have units attached to specify length,
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time, etc. When alphabetic values follow the equal sign, they must con-
form to what is expected by the particular input section in which they are
used. Note that the expression-name must be spelled exactly right, and
there is no final period at the end of the expression.

The next type of expression which is slightly more complicated is the

"name~expression” written in general form as:

[ exp~name] = {integer value} {FOR} {material-name} {’]}
exanple 1: MATERIAL NO = 1 FOR URANITUM ,
2 FOR LEAD (3-5)
example 2: MATERTAL NO = 3 FOR STEEL

Here the expression-name is reguired only at the beginning of the expres~
sion and need not appear again as long as commas are used as separators
(see example 1 above). This allows the user to specify several material~
names and numbers in one expression. Ancother important difference between
the expression-name used here and that described earlier is that only the
first three characters (MAT) are needed here. Everything after these
three characters is ignored until the numeric value is read. Thus the
equal sign is not really needed except for readablility. The value itself
should always be a positive lnteger without any units field attached.
Following the numeric value should eventually come the word FOR. Immedi-
ately following the FOR should come a 1-8 character material-name. This
material-name may contain any number of alphanumeric characters except
lanks. Only the first eight characters are retained. Following the
material~-name should come a comma (indicating continuation of the expres-
sion) or a period (indicating the end of the expression). If the expres-

sion is continued, as indicated by a comma, the next item expected is



another numeric value. At present the '"name-expression" is used only in
the ***NAMES*** gection of the input data.
t

The last and most complicated type of expression is the "for-expression'

which may be written in general form as:

[ exp-name] {value} [units] FOR {loc-name} [integer-exp] {3}

example 1: TEMPS = 130 'E. FOR ALL.MESH .

example 2: CONDUCTIVITY = 10.0 FOR MAT.NOS 1

example 3: TIME STEP INCR = 1 S.  FOR TIM.STEPS  1-300

example 4: HEAT SOURCE = 2.0F Ol B/HFFF. FOR R,Z.REGION  (1,1)

exsmple 5: EDGE THEMP = 500.0 '¥.  FOR TOP.SIDE ,
600.0 'F.  FOR BOT.SIDE

(3-6)
The expression-name is treated the same way here as it was in the "name-
expression.” Only the first three letters are significant, and the name

may be omitted when the expression is continued with a comma. The value

in this case may be any legal fixed or floatiﬁg—point number as shown in

the examples above.  The units field following the numeric wvalue is optional
and need only be used when the input units differ from the standard intefnal
units set in the ***HEADER*** secfion. Notice that the last character of
every units field must be a period. The next item of information looked

at after the units field is the lbcation—name. The location-name is always
a seven-character name with a period in the fourth position. Extraneous
characters on the end of the name are ignored (ALL.MESH). Bach input section
has its own set of unique location-names which are acceptable only to it.

Ag additions and improvements are made to these two heat transfer codes,

new names will be added to the appropriate sets to allow for more flexible

input.
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Integer-expressions may then follow the location-name to specify in
what particular location the mumeric value is to be placed. These integer-
expressions, when used, come in two types: ‘those without parentheses
(type-1) and those within parentheses (type-2). The various forms of each

type are shown below.

Type-1 Integer~-expressions Type-2 Integer-expressions

i i i e (i,1)
(i;i'i)
i-i i-1 i-i ... (i-1,3) e
(i-i,i-1) e (3-7)
example 1: 1 2 3 & 9 10 1% 14 (2,3) (2,4) (3,3)  (3,4)
example 2: 1 2 3 8 9 10 13-1k (2, 3-4) (3,3-4)
example 3: 1 2 % 8-10 13-1h (2-3,3)  (2-3,4)
example 4: 1~3 8-10 1%5-14 (2-3,3=4)

wnere i represents any positive integer. Type-1l integer-expressions con-
sist of simple integers written one after ancther. Two integers may be
separated by a hyphen (8-10) to indicate the lower and upper limit of a
range of integers (8 9 10). The type-2 integer-expressions are more compli-
cated. The first integer (or range of integers) within the parentheses
represents a row number in the mesh, and the second integer (or range of
integers) represents a column number in the mesh. Thus the type-2 integers
are used only to specify lccations within the mesh while type-1 integers
way be used to specify many different things (time steps, material numbers,
etc.). Notice in the two sets of examples given above that the same set

of integers has been represented in four different ways. Following the
last integer-expression should come a comma (indicating continuation of

the "for-expression") or a period (indicating the end of the "for-expression").
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These three types of expresgsions have been designed to make the prepa-
ration of input as easy as possible for the user. Rather than forcing
the user to remember what type of input data goes in which columns on
what cards, we have allowed the ﬁse of keywords to indicate what type of
data 1s being used. The data itself may be placed anywhere on the card,
and the cards may appear in any order (with respect to keywords) in the

input stream.
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5.3 Units

Many of the numeric guantities which must be supplied as input to
these two codes have dimensions or units associated with them to specify
length, time, etc. To facilitate the use of such units during the prepa-
ration of input, we have allowed a units field to be attached to any

numerical value. The user simply follows the numerical value with its
appropriate units field, leaving one or more blanks bebween the two. As
has been stated previocusly, the last character of the units field must

be a period. The field itself is made up of alphabetic characters plus
two special characters: a single quote mark, ', and a divide sign,/.
Each alphabetic character represents one of the nineteen different units
which are acceptable to these two codes. These nineteen units fall into
five general categories or classes: length, wmass, btime, temperature, and
heat. Table 5.2 gives a breakdown of the units and thelr corresponding

characters within eacn of the five classes.

Table 3.2

Length Char Mass Char Time Char
Inches - 1 Pound - P Second ~ 8
Feet - F Gram - G Minute - N
Centimeter -~ C Kilogram - K Hour - H
Meter - M

Tewmp Char Heat Char

Fahrenheit - 'F BTU - B

Rankine - 'R Calorie - Q

Centigrade ~ *'C Joule ~ J

Kelvin - 'K Erg - E

Watt - W
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Notice that the first letter of each word has been used as the alphabetic
character to represent that unit (with two exceptions: minutes, N, and
calories, Q). Under the temperature class each of the characters has
been preceded by a single quoteimark. This guote mark stands for the
degree sign, ¢, and must be used whenever temperature units are being
specified. The other special character is the divide sign, /, which is
used to indicate that certain units belong in the denominator of the units
field. Tor example, the divide sign in the units field, B/FH'F., indi-
cates that feet, hours, and degrees Fahrenheit belong in the denominator
'while‘BTU belongs in the mumerator. In Table 5.5 various physical guantities
are shown wilth their corresponding unit flelds given in both the English

and metric systems.

Table 3.3

Phygical English : English Metric Metric

Quantities (In. Sec) (Ft. Hr) (cas) (MKS)
Distance 1. F. C. M,
Conductivity B/IS'F. B/FH'F. w/crc. W/MC.
Heat Source B/IIIS. B/FFFH. w/ccc. W /MMM,
Temperature 'F. TF. C. C.
Density P/III. P/FEE. G/cce. K /MMM.

Notice that to specify cubic feet, we must write FFF rather than fta,
as is normally done. Also the usger is not restricted to using only English
or only metric units as was done in Table 5.3 above. He may use any
combingbion of units desired. The programs will read the input units

given and convert them to the standard internal units set in the ***HEADER**:
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section. The way in which these internal units are set is shown in Fig.
3.2 under the F**HEADFR*** gection. TIf the user asks that his input data
be printed out, he will receive all numerical values twice, first using
his own input units and second using the converted internal units. All
later printout, including temperature distributions, will then use the
standard internal units.

In Table 5.2, one of the cholices for the unit of heat is watts, W.
Actually watts are a measure of power and repregent heat per unit time
(1 watt = 1 joule/sec) rather than just heat. 9Therefore whenever watts
are involved in a conversion from one set of units to another, it is
necessary to consider both heat and time conversions. In the printout
however only the heat conversion will be indicated although the time con-
version will also be done. TFor example, in converting heatl source values
from metric to English units, the printout would indicate that W/MVM was
converted to B/FFF. The actual conversion would be from W/MMM to B/HFFF.

Again 1t should be stressed that a final period isg required as the
last character in any units field. The maximum number of characters allowed
in any one units field is eight. (The longest one, which is for thermal
conductivity, requires only seven characters.) If numerical gquantities
are input without units, then no counversion 1s done and they are assumed

to already be in the same units as the standard internal units.



3.4 **XUEADER*** Section

The first section in the input stream should be the ***HEADER***
section. This section immediately follows the title cards (up to 12 title
cards are allowed) as shown in Table 3.1. The beginning of this input
section, and any other section,: is indicated by a section definition
card (***HEADER***). Only the first three asterisks and the first three
letters are looked at to determine the name of the section. Actually the
section definition name is a free-form field just like everything else,
and it may go anywhere on the card. The input data may even follow the
section name on the same card as long as blanks separate the fields. The
information specified in the ***HEADER*** zection usually consists of
problem parameters and indicators such as maximum execution time, internal
units, printout types, etec. This type of information must be known before
the other input sections can be read in.

The only type of expression allowed in the ***HEADER*** section is
the "arithmetic»exﬁression.” There are twenty-six different keywords
which may be used as expression~names in these arithmetic-expressions.
Twenty-three of them are acceptable to the steady~-state code and seventeen
are acceptable to the transient code (fourteen are acceptable to both),
Using the "stacked-itemg" notation defined earlier, the geheral form of
theseytwenty—six quantities may be written as shown in Table 3.4. In this
table "i" represenﬁs a positive integer and "f" represents any fleating-
point number. (Floating-point numbers may also be written as integers.)
Notice that in every group of stacked items one item is underlined. This
underlined item is the default value assigned to that particular parameter

when the user does not specify an overriding value. Many of the values
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on the right-hand side ot the equal sign are alphabetic words. These
words must be spelled exactly as shown in the table with one general
exception. Any alphabetic value may have extra letters added onto the
end of it as long as the preceding letters are spelled correctly. For
example, in specifying the units of mass the word POUNDS could be used as
long as the letter P were the first letter. The extra letters on the
end are ignored.

Many of the parameters in Table 3.4 are self-explanatory especially
if previous parts of this report have already been read. Thus some of

these twenty-six parameters will only be explained briefly, and the uger

will be referred to other parts of the report. The explanation of those
parameters controlling printout is more easily understood by looking at the
sample printout in Section 4. The following list discusses each of the

twenty-six parameters.

1. INITIALZ: Indicates whether or not to initialize all variables before
beginning a particular problem. It is normally YES unless
several problems are run together. (See Section 3.11.)

2. LISTINPT: Indicates whether or not to list the input data as it is
read in.

5. LISTMESH: Indicates whether or not to print a map of the total mesh
indicating nodal and region boundaries, location of all
materials, and location of internal heat sources. A table
of the material properties is also printed out if it 1s
YES.

Y. LISTTEMP: Indicates whether or not to print, at specified time steps
in. the transient code, a full temperature distribution or
just a temperature map. (The chosen time steps are speci~
fied in the ***TIME*** input section.) In the steady-
state code it indicates whether or not to print a full
temperature distribution at gpecified iterations along
the way to convergence. (LISTINCR indicates these chosen
iterations.) In the transient code it is normally YES,
and in the steady-state code it is normally NO.
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(@)

10.

11.

16.

LISTINCR:

MAXITR:

MAXSEC:

SAVETEMP:

SAVEUNTIT:

LENGTH:

MASS:
TIME:

TEMP:

HEAT:

STARTIME:

STRTSTEP:

NTIMSTEP:

BETA:

L6

Indicates how freguently a single line of temperature infor-
mation is to be printed ocut. For example, if it were 5
then a single line of information would be printed every
5th time step (every 5th iteration in steady state). In
steady state a full temperature distribution will also be
printed with each line if LISTTEMP = YES. (The printout

of temperature distributlions in the transient code is
controlled by input data in the ***TIME*%% gection.)

The maximum number of time steps (in transient) or mesh
iterations (in steady state) allowed.

The maximum computer time (in seconds) allowed during
execution. If it is zero then no check is made to see if
the problem is running longer than expected.

Indicates whether or not to save all the temperatures on
some output device when the problem is finished or when
MAXITR or MAXSEC has been exceeded. (See Section 3.12.)

The logical output device on which temperatures are saved
when SAVETEMP = YES. (See Section 3.12.)

The standard internal unit to be used for lengtn. (See
Section 3.3.)

The standard internal unit for mass. (See Section 3.3.)
The standard internal unit for time. (See Section 3.3.)

The standard internal unit for temperature. (See Section

3.3.)
The standard internal unit for heat. (See Section 3.3.)

The initial starting time (to) for a transient problem.
It is normally zero unless a previous run is being con-
tinued where it left off. (See Section 3.12.)

The initial time step number to be used in starting a
transient problem. It is normally one (the first time
step) unless a previous run is being continued where it
left off. (See Section 3.12.)

The total number of time steps to be used in a transient
problem.

The relaxation factor (1 < B <2) used to accelerate steady-
state convergence. (See Eg. 2-18.)
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\e}
o

i

EPSIION:

EXTRINCR:

HBALINCR:

TRAVPLOT :

MAPPLOT:

NTRAVSES:

PLOTCOLS
or
PIOTROWS

The tolerance value (maximum accepbable error) tested
againgt in achieving steady-state convergence. (See Eg.
P2m22.)

The frequency at which extrapolation is to occur (every
EXTRINCR iteraticn) in the steady-state code. If it is
zero then no extrapolation is done. (See Eg. 2-21.)

The frequency at which regional heat imbalances are to be
calculated (every HBALINCR iterations) in the steady-state
code. The three worst regions will have their heat im-
balances printed out. In the future we may be able to
drive these imbalances to zerc by adjusting the tempera-
tures within each region accordingly. If HBALINCR = O
then no heat imbalances are calculated.

Indicates whether a traverse-type plob is desired when
the steady-state problem is finished. In addition it
indicates whether to use the cathode ray tube plotter or
the mechanical plotter. Up to five different columns or
rows of nodal temperatures may be plotted on one graph.
(See Fig. L.10)

Indicates whether a map-type plot is desired when the
steady-state problem is finighed. In addition it indi-
cates whether to use the cathode ray tube plotter or the
mechanical plotter. The complete temperature distribution
is plotted in a maplike framework with individual letters
representing temperature ranges. (See Fig. 4.9.)

The number of columns (or rows) which are to be plotted

on one traverse-type plot. The maximum number of traverses
allowed in any one problem is five. The plot may consist
of either columns or rows, but not both.

The actual column (row) numbers to be plotted on the
traverse-type plot. Up to five different column (row)

nmumbers may be specified. Figure 2.3 shows the J-column
(I-row) numbers on the mesh.
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3.5 *kkMESH*** Section

The second section in the input stream should be the ***MEIH*x**
section. This section immediately follows the ***HEADER*** section as
shown in Table 3.1. The section definition card which must come before
the actual mesh data is ***MESH**%*. The information specified in this
section describes the overall mesh layout. The geometry type, the number
and size of the regions, and the number of nodes within each region are
given here. Figures 2.2 and 2.3 show the various distances (h,1) and
numbers (m,n) which must be specified. In addition to describing the mesh
layout, this section may also be used to specify the direction of the
steady~state mesh sweeps. A user may alternate the direction of succes-
sive mesh sweeps if desired. For example, he may wish to first sweep
through the mesh by rows starting at the upper left corner, and then
sweep through the mesh by columns starting at the upper left corner, and
then sweep through the mesh by columns starting at the lower right corner.
This is done by using the MSWEEP parameters shown in Table 3.5.

As in the ***HEADER*** section, only "arithmetic-expressions' are
allowed here. There are nine different parameters which may be specified
in this section. Seven of them are acceptable to the transient code
while all nine of them are valid in the steady-state code. Table 3.5
lists all nine parameters in the "stacked-item" notation described earlier.
Note that the right~hand side values, LEF and RIG, could actually be
written as LEFT and RIGHT, since only the first three characters are
looked at. As before, "i" represents a positive integer and "f'" repre-
sents any floating-point number. The underlined items are the default

values assigned when none are given by the user. In all input sections
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except this one the various parameters may appear in any order. However,
in this one section the HORZREGE and VERTREGS must come before the
HORZDIST, VERTDIST, HORZNODE, and VERTNODE parameters. This is because
the number of regilons must be known before the proper mumber of distances

and node numbers can be accepted.

Table 3.5
KX FAMESH *Hek
mrl Bl e - L
1,7 o]
. . _
HORZDIST = {f Lunits] £ [units] £ [units] Ce
Q 0 0 .
VERTDIST = {i (units] f [units] £ [units] .
= 0 ° L
HORZNODE = i1 1 i .l
e o 0o |

VERTNODE

ff

F

Steady State Only:

Hel=
o
o
‘\__Y'_/

TOP
MEWEEPL = {BOT} {RIG COL
0P| ROW|
3 S - j
MSWEER2 = A557( {RL(‘ {COL

The following list discusses each of the nine parameters in detail.
It would be very helpful to refer to Figs. 2.2 and 2.5 while studying this
1ist since they show the actual distances and number of ncdes involved.
1. SYSTEM: Indicates the type of geometrical system to be used. R,T
stands for the r,6 type gecmetry. In the Y,Z system (same

as x-y), the Y axis replaces the R axis and the Z axis stays
4.7 )
the same.
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HORZREGS:

VERTREGS:

HORZDIST:

VERTDIST:

HORZNODE:

VERTNODE:

MSWEET] :

MSWEEP2:

50

The number of horizontal regionsg, LIMAY, across the mesh.
The number of vertical regions, LVMAX, down the mesh.

The thickness, H, of each horizontal region across the mesh.
(If HORZREGS = 8, then 8 distances should be given here.)

The thickness, h, of each vertical region down the mesh.

The number of nodes, n, within each horizontal region across
the mesh.

The number of nodes, m, within each vertical region down
e mesh.

Indicates one of the four corners at which the odd-numbered
mesh sweeps are to start. (TOP LEFT, TOP RIGHT, RBOTTOM
LEFT, BOTTOM RIGHT) It also indicates whether the sweep

is to move across the rows or along the columns. (ROW or
COL respectively)

Indicates the corner at which the even-numbered mesh sweeps
are to start. It also indicates whether the sweep is to
move across the rows or along the columns.
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3.6 *AKNAMES**% Section

The only input section which uses "name-expressions' is the ***NAMESk¥x
section. This is one of those five remaining sections which are allowed
to appear in any order in the input stream. The purpose of this section
is simply to give names and numbers to the various materials in the
problem. Before execution each material should be assigned a number and a
name through the use of thesge '"name-expressions." During execution the
user will then be able to refer to these various materials in the printout
by name or number. However in the other input sections, the various physi-
cal properties should be assigned to each material only by nmumber, not
name .

Only one keyword 1s presently acceptable as an expression-name in
this section: MAT. Of course,it may be written as MATERIAL NO, since only
the first three letters are looked at. The general form of the name-

expression 1s

s o i} material—naméw %
MATERIAL NO = {éj FOR {bbbbbbbb j . (3-8)

where "i" gtands for a positive integer and "b" stands for a blank. The
underlined values are again the defaults assumed if no expression is given.
It is illegal, of course, to write the expression and leave out the integer
or the material-name. In this type of expression the word, FOR, must be
oresent. Only the first eight characters of the material-name are used

in the computer printout. A Typical example might look like:

MATERTAL NO = 35 FOR CONCRETE . (35-9)



3.7 *k*BOUNDARY*** Section

The purpose of this input section is to assign boundary conditions to
the outer edges of the mesh assembly. As was stated earlier, the boundary
conditions may be specified by a fixed surface temperature, Tb’ or a

relation of the form:

AT

- 53; (3-10)

- a(Tb - Text

where l/a is the boundary layer thickness called the gradient distance

(ft, in, etc.). The two parameters, kb and n, are the conductivity of the
surface material and the heat transfer rate across the surface (BTU/ft°heOF)
regpectively. Other types of boundary conditions, such as radiation, wmay
be used in the transient code by letting the boundary conditions be a
function of temperature. (See Section 2.5.) The boundary edges of the
assembly should be (1) insulated, (2) given a fixed surface temperature,

or (?) assigned an external temperature and boundary layer thickness.

In steady-state problems these boundary conditions must remain fixed,

but in transient problems the Tb’ Text’ or 1/a values may change at time
steps specified by the user. All of this is done by using the appropriate
parameters shown in Table 3.6. The notation used in Table 3.6 is described
in Section 3.2. The underlined letters within certain words are the only
oneg looked at and the rest are extraneous. Four parameters are acceptable
to both codes and two additional parameters are available in the transient
code. The "f" repregsents any floating-point number, and the Type-1 Integer-
expressions are defined in Section 5.2. Notice that some of the location-

names have been divided into two separate parts which are to be joined



together by a period. Any of the items in the first part may be joined with

any of the items in the second part (TOP.SIDE, TOP.NODES, LHES.REGIONS, etc.).

Table 5.6
ARKBOUNDARY* %%
N
THSUTATED | 1/0. FUNCTION
TR : m
EDGE TE NBA . . . “Of SIDE Type-1 Integer- | J,|
|7 i} lunits] ¥OR  ({|RHS REGIONS expressions I

Py : R st j Eak - 1 »
EXT TEMP % | I;gé‘ TODES L
| GRAD DIS ?

Trensient Only:
[ TEMP CHANGE . 1/0. FUNCTION - - ("
; ' = {r} [units] FOR |ALL.TINE | Eipiei~§2:iger § -{i}
| DIST CHANGE ' TTM. STEPS | expressions 4
L= | E— -

The expressions in Table 3.6 are somewhat self-explanatory although the
location~names need a detalled explanation. The following list discusses
the six keywords used ag expression-names:

1. INSULATED: Indicates that certain portions of the boundary are to
be insulated from the external enviromment. The "f"
value should be zero in this case.

2. EDGE TEMP: The surface temperature, T of the boundary.

b)
5. EXT TEMP: The external temperature, Toyy, of the outside environment.
If EXT TEMP is used then a GRAD DIST must also be given.

L. CRAD DIST: The boundary layer thickness, 1/a, in feet, inches, ebc.
If GRAD DIST is used then an EXT TEMP nmust alsc be given.

5. TEMP CHANGE: Indicates that the outside temperature, Ty or Texts 18
to change at the gpecified time steps. A subprogram will
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be called with the "f" value as its argument so that the
Ty or Text can be changed for the desired boundary nodes.
(See Section 2.5.)

6. DIST CHANGE: Indicates that the boundary layer thickness, 1/a, is to
change at the specified time steps. A subprogram will
be called with the "f£" value as its argument so that 1/a

can be changed for the desired boundary nodes. (See
Section 2.5.)

To explain the location-names let us consider the four boundaries of

the agsembly shown below:

ORNL~-DWG 71-3960

e -TOP. SIDE

~=— TOP REGION 4 —=- TOF. NODE 19“}
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. . o

LV = 4 | @

Le) g L
& . . % O“:
a » . . W
. . . wn .
w r o
I . . o T
- (1.8
L V= :j

~=-BOT, NODES {-9Q #fwe—ovBOT. REGIONS 2-3 .

= BOT. SIDE s

Flgure 3.5
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The location-names allow us to refer to the nodes on the boundary in
several different ways. The first half of the locatlon-name specifies one
of the four sides and the second half specifies the affected nodes on that

gide. Table 3.7 discusses these two halves in detail.

Table 3.7

1. ToP: Indicates the top boundary of the assembly (z = 0 line)
2. RHS: Indicates the right-hand-side boundary of the assembly

(r = line)

max

5. BOT: Indicates the bottom boundary of the assembly (z = 2 ax line)
L. 1HS: Indicates the left-hand-side boundary of the assembly

(r = 0 line)
1. SIDE: Indicates that all the boundary ncodes along one complete side

are to be used. An integer-expression should not follow the
location-name.

n

REGIONS: Indicateg that all the boundary nodes within one or more
regions are to be used. The regions are numbered either
horizontally or wvertically depending on the side involved.
An integer-expression should follow the location-name to
gpecify these regions.

5. NODES: Indicates that certain individual boundary nodes are Lo be
uged. The nodes are numbered either horizontally or verti-
cally depending on the side involved. An integer-expression
should follow the location-name to specify the nodeg that are
affected.

Three location-names have not been included in Table 3.7: I/0.FUNCTION,
ALL.TIME, and TIM.STEPS. This ig because they are not made up from two
separate halves joined by a period. ALL.TIME and TIM.GTEPS, as their names
imply, simply indicate the time steps at which the boundary conditions are

to change. If ALL.TIME is used then the boundary conditions change at



every time step and nc integer-expression is needed. However, if TIM.STEPS
is used then an integer-expressicn should follow it to indicate the specific
time steps at which the changes are to take place. Section 2.5 and Appendix
E contain a description of the Gwo subprograms, TOBARF and ARATEF, which
are called to change the boundary conditions.

The I/0.¥UNCTION keyword has been provided to allow more flexibility
in reading input data. Perhaps the user wishes to read boundary tempera-
tures from a library of tapes written in an unusual format. He can do so
by writing a FORTRAN function called BOUFUN to read the tapes and assign
the external temperatures to the proper boundary nodes. Then during

execution he includes the following card in his input stream:
EXT TEMP = 1 CALL TO I/0.FUNCTION WITH LUNIT 15 . (3~11)

Notice the use of extra commentary within theé expression to make it more
readable. The I/0.FUNCTION, BOUFUN, will be called one time with the
Jogical unit number 15 as an argument. A skeleton BOUFUN function has
already been written so that the user will already have the calling
sequence set up.

Three other input sections, yet to be described, also allow the I/0.
FUNCTION keyword for user-controlled input. There is a different function
name (like BOUFUN) for each type of parameter. For example, the conductivity
expression will call CONFUN whenever 1/0.FUNCTION is used as a location
name. A list of the various parameters and their I/0.FUNCTION is given

in Table %.8.



Table 3.8

Parameter Name

Input Section

I/0.FUNCTION Called

*KRBOUNDARY *H*

INSULATED BOUTUN
EDGE TEMP * %% BOUNDARY *%* BOUFUN
EXT TEMP %%k BOUNDARY *** BOUFUN
GRAD DIST **KBOUNDARY *** BOUFUN
TEMP CHANGE ***BOUNDARY *¥* BOUFUN
DIST CHANGE ***BOUNDARY 4% BOUFUN
MATERIAL NO KHIKMATERIALS**% MATFUN
CONDUCTIVITY **AMATERIALS %k CONFUN
DENSITY *H*AMATERIALS**% SPWFUN
SPHEAT *AAMATERIALS %k SFHFUN
MELTING TEMP **AMATERIALS *¥¥* MELFUN
LATENT HEAT *RKMATERIALS*¥% LATFUN
HEAT SOURCE *HAMATERIALSH** HEAFUN
POWER LOAD *RAMATERIALS *x* POWFUN
TEMP **XTEMPERATURES* %% TEMFUN
AVG TEMP * )k TEMPERATURESH* %% AVGFUN
PIXED TEMP HkXTEMPERATUR ES#¥ PIXFUN
MAX TEMP * k% TEMPERATURES* % FIXFUN
TIME STEP INCR Fedk I IMERH* TIMFUN
TEMP LIST FREQ *kk T IMEH*k LISFUN

For most applications, however, Table 3.7 is quite sufficient for

describing the boundary conditions.
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3.8 **x%MATERTALS**%* Section

The ***MATERTALS*** input section is the largest and most complicated
of all the input sections. Its purpose is threefold: first, 1t assigns
materials to each of the regions within the mesh assembly; second, it
agsigns the physical properties to each of these materials; and third, it
assigns any heat sources present to thelr respective areas within the mesh.
Table 5.9 shows the elght keyword parameters which are designed to accomplish
these three purposes. The first parameter assigns materials to regions,
the next five assign properties to materials, and the last two assign heat
sources to areas. 'Those items which are preceded with an asterisk should
only be used in the transient code. All the rest are acceptable to both
codes.

"

In some of these "for-expressions' the numeric value has been specified
ag either a floating-point number, "f," or as the specific constant, 99399999.
When this specific constant is used, it indicates that the particular
parameter involved, such as conductivity, is to be calculated by an external
function during the actual solution of the heat transfer problem. In this
way the user can indicate that he wants the thermal conductivit; wu co a
function of temperature for certain materials. See Section 2.5 for a de-
tailed description of temperature, position, and time~dependent functilons.
Table 2.1 and Appendix E 1list the various external functions which are
called when 9999999 ig used. (Notice that there are seven 9's.) Do not
confuse the use of 9999999 with the use of the location-name, I/O.FUNCTION.
Section %.7 describes hnow I/0.FUNCTIONs may be used (during input only) to
read unusually formatted input data, such as conductivity values, and

assign them to the proper materials.
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Table 5.9

Dm'rmmL No] =

*AKRMATER TALS* %

{1}

I/0. FUNCTION

ALL.MESH
COL.REGIONS
ROW. REGLONS
INT.REGIONS
R,7Z.REGIONS
7

Y, 7.REGIONS

R, T.REGTONS

.

Type~1l Integer- >;
expression .

Type-2 Integer-
expression

TCONDUCTIVITY |

*DENSITY

RMELTING TEMP |

if

*LATENT HEAT i

*SPHEAT = {9

£ \rin o
999999} [ul’llto:l FOR

{r} Tunits] FOR

I/0.FUNCTION

ALL.MESH
MAT.NOS
LIQ.MATERTALS

1/0. FUNCTION
ALL.MESH
MAT. NOS3

Type-1 Integerij
expression ]

o

1

, oL
! expression .j

L

rﬁype~l Integer—:

1/0.FUNCTION

[ HEAT SOURCE | o ALL. MESH - -0
1999999 } [units] FOR J(COL REgToNg) | | Type-1 Integer- {’}
TOWER LOAD 9999999 wowl . NODES expressions .
_ wry U - -
R?Z REGIONS _‘I‘y—pe_g Integer__
1, Z) . JNODES expressions
R, T L
*
Note: Those keywords with an asterisk are only allowed in the Transient

code.
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The following list discusses the eignt keywords which are used as

expression-names in the preceding table:

1.

MATERTAL NO:

CONDUCTIVITY:

SPHEAT ¢

DENSITY:

MELTING TEMP:

LATENT HEAT:

HEAT SOURCE:

POWER TOAD:

The material number (integer only) of the material which
is to be assigned to various regions within the mesh.
The location-name and integer-expressions which follow
indicate the particular regions involved. BEvery region
must be assigned a given material.

The thermal conductivity of those materials specified by
the location-name and integer-expressions which follow.
English units = B/FH'F.

The specific heat of those materials specified by the
location-name and integer-expressions which follow.
English units = B/P'F.

The density of those mabterials specified by the location-
name and integer-~expressions which follow.
English units = P/FFF.

The melting temperature of those materials specified by
the location-name and integer-expressions which follow.
If a material is given a MELTING TEMP it must also be
given a LATENT HEAT. Tts other physical properties
should also be given for both the liquid and sclid state.
English units = 'F.

The latent heat of fusion of those materials specified

by the location-name and integer-expressions which follow.
If a material is given a LATENT HEAT it must also be
given a MELTING TEMP. Its other physical properties
should also be given for both the liguid and solid state.
English units = B/P.

The heat source value to be assigned to those areas
indicated by the location-name and integer-expressions
which follow. This value is placed in every node within
the specified areas.

English units = B/HFFE.

Same as HEAT SOURCE except the value given here is not
per unit volume, and thus it applies to the indicated
mesh, region, or node as a whole. Before this value is
placed into every node within the specified area, it

is divided by the volume of the indicated mesh, region,
or node. Fnglish units = B/H. (MKS units = Watts)
After division by the appropriate volume, its units =
B/HFFF.
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As indicated above, the POWER LOAD parameter has been included to
allow the user to specify the total heat per unit time (B/H.) generated
within a given region or node (or the whole mesh). The code'will then
automatically convert this power load value into heat per unit volume per
unit time (B/HFFF.) so that each affected node may be assigned the proper
heat source value. If several regions are specified in one POWER LOAD

expression, such as:
POWER IOAD = 1500 W. FOR R,Z.REGIONS (5,1) (6,2) (3,2) . (3-12)

it is assumed that the power lodd value applies to each independently,
and not to all the regions as a whole. |

Some of the location-names in Table 3.9 are self-expianatory but
those involving REGIONS and NODES need a detailed explanation. As in
the preceding section, some of these location-names consist of two halves
joined together by a period. Aﬁy items in the left half may be joined with
any items in the right half. For example: COL.REGIONS, COL.NODES,
INT.REGIONS, R,Z.REGIONS, R,T.NODES, etc. As shown in Table 5.9 certain
location-names are used only with Type-1 Integer~expressions while others
are used only with Type-2 Integer-expressions. Perhaps the vest way to
explain these REGION and NODE lccation-names 1is with an example. Let us
congider the mesh assembly shown in Fig. 3.4. It is very easy to identify
a region or node by its row and column numbers or by its internal number.
When a whole column (or row) or regions is to be considered, then the
location-name, COL.REGION (or ROW.REGION) should be used; likewise for
a whaole column or row of nodes.  Nobte that whenever a region is specified,

a1l the nodes within that region are affected. The fcllowing list discusses
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Figure 3.4

location-names used in Table 3.9. Sample integers follow some

of the location-names Lo enhance the explanation.

1.

2.

3.

I/0.FUNCTION: Indicate
to be called to supply the input. See Section
5.7 for a detailed explanation.

3 that a user-written input function is

ALL.MESH: Indicates that the complete mesh (every node,
region, or material) is to be used.
MAT.NOS 2 4 5: Indicates that material numbers 2, 4, and 5 are

to be used. If melting is considered, then
MAT.NOS represents the solid state of these
materials.



6.

9.

10.

"painting,’

LIG.MATERTALS 4 5:

COL.REGIONS 3 5:
(or NODES)

ROW.REGIONS 2 L:
(or NODES)

INT.REGIONS 5 7T:
(or NODES)

R,Z.REGION (3,1):

{or NODE)

Y,%.REGION (3,1):

(or NODE)

R, T.REGION (3,1):

(or NODE)

6%

Indicates that materials 4 and 5 are to be used
in their liquid state. In this way conductivity
values, ebc., may be specified for materials in
the liquid state as well as the solld state.

Indicates that the third and fifth column of
regions (or nodes) are to be used. These columns
are assumed to extend from the top of the mesh
a1l the way to the bottom.

Indicates that the second and fourth row of
regions (or nodes) are to be used. These rows
are agssumed to extend from the leftmost boundary
to the rightmost boundary.

Tndicates that the two regions (or nodes) whose
internal numbers are 5 and 7 are to be used.
Thege internal numbers increase through the mesh
in normal reading order, from left to right and
top to vottom. See Section 2.2 for a further
description.

Indicates that the region (or node) whose row
number is 3 and column number is 1 ig to be

used. Parenthetical integer-expressions (Type—2)
are to be used only when the first half of the
location-name 1s R,% or Y,Z or R,T.

Same as R,Z.REGION (3,1). The Y-Z half has been
provided for use with the y-z (same as x-y)
geometry.

Same as R,7Z.REGION (3,1). The R,T half has been
provided for use with the r-6 geometry.

One time-saving feature of these two codes involves the concept of

t

or overlaying one material with another.

When the user is

preparing his mesh assembly, he may find that one material, say steel,

appears all through his assembly in several noncontiguous regions. To

define every little region of steel independently would be tedious. How-

ever, by first putting steel everywhere (ALL.MESH) and then painting the

less frequent materials over the steel (R,Z.REGIONS ..

make the job a lot eagier.

., etec.), he can

He must ve careful that the cards describing

the less frequent materials (MATERTAL NO cards) come after the one



6l

describing the steel. This same procedure may also be used in other places
such as the description of initial temperature distributions.
In preparing ***MATERTALS*** gection input, it might be helpful at this

point to refer to the example in Figs. 3.1 and 3.2.
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5.9 ***TEMPERATURES*** Section

The purvose of this input section, as its name implies, 1s to specify
temperatures of one sort or another. The primary purpose isg to specify
the initial temperature digtribution for all nodes in the mesh, whether
it be a starting gﬁess for a steady-state case or the known tempzratures at
the start of 2 transient case. In addition, three other param~fers are
available in this input section to allow the user to (1) fix any temperatures
within the mesh at a constant value, (2) specify maximum allowable temperature
for any given nodeg in a transient problem, and (3) average several groups
of nodal temperatures for printout purposes. These three input parameters
plus the initial témperature parameter are shown in Table 5.10. Again, a

preceding asterisk indicates items acceptable only to the transient code.

Table 3.10
** KT EMPERATURES* %%
TTEMP 7 1/0. FUNCTION
| | AL MESH Type-1 Integer-
| PIXED TEMP | = {f} [units] ForR {{cOL REGIONS JPem L ARERE
| — i ﬁ . I\T.b_ﬁES 2XPresslons
t{@ TEMP J [ INT}
R, 7 REGIONGS
§th TODES ; Type-2 Integeri
e SRS G expressions
R, T
1/0. FUNCTION
ALL. MioH - _ -
—— _'] e
EAVG TEMP GROUP] = {1} FOR {{COL RRcoNg)y | Pet Integer {,l
— oil . SFopEs expressions .
i D -
A} i C r - ]
%—L—% %E%iéNS€ Type~-2 Integer-
s ——s expressions
R,T n -

*
Note: The keyword with an asterisk is only allowed in the Transient
code. '
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These four parameters are described in the list below.

1.

2.

3,

b

TEMP:

FIXED TEMP:

MAX TEMP:

AVG TEMP GROUP:

The initial temperature to be used at the start of
either the steady-state or transient codes. FEvery
nede in the megh must eventually be assigned an
initial temperature. The location-name and integer-
expressions which follow indicate the particular nodes
to be assigned this temperature. If a whole region

is specified, then every node in that region is
assigned this initial temperature value.

The constant temperature value to be assigned to

those nodes specified by the location-name and integer-
expressions which follow. Fach of these particular
nodes remains fixed at this constant temperature
throughout the problem. Any of the nodes within the
mesh may be fixed.

The waximum temperature to be allowed for those nodes
specified by the location-~name and integer-expressions
which follow. This parameter is valid only in the
transient code. An error message is printed the first
time each of these nodes exceeds the maximum temperature.
If ALL.MESH is used then every node in the mesh is
checked against this maximum temperature.

Indicates that one or more nodes are to have their
temperatures averaged and printed out every time a
line of iterative printout occurs. The particular
nodes involved are indicated by the location-name and
integer-expressions which follow. Up to six different
groups of these node sets may be specified, thus re~
sulting in six different average temperatures printed
out.

The user may input as wmany TEMP cards as necessary to describe his initial

temperatures.

However, there is an upper limit of 250 on the number of

different fixed temperature values or maximum temperature values that can

be specified for one problem.

In the AVG expression shown in Table 5.10, the numeric value should

be an integer (1 to 6) specifying a group number for the set of nodal

temperatures being averaged. As many as six different groups may be chosen.

This option enables the user to quickly follow the temperature changes at
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important areas within his mesh assembly. To look at the temperatures

of the outer two corners in Fig. 3.4 we would use an AV(G expression like:

AVG TEMP GROUP = 1 FOR R,Z.NODES (1-2,26-27)

2
(5-13)
2 FOR R,Z.NODNES (17-18,26-27)

Note that the temperature averaging is done over the four nclies in each
corner. There is no averaging of temperatures over time.

The FIXED TEMP parameter las proven useful in several different ways.
For example, it was quilte helpful in considering structures with internal
cooling pipes held at constant temperatures. At present, it is the best
way to consider structures with irregular boundaries or internal
boundaries. Suppose we had a wmesh assembly with the upper-right corner
cut out as shown in Fig. %.5. We can treat the inside surfaces of the
cutout area as an external boundary by fixing the temperature of the corner
nodes at the external temperature, Text’ and setting the conductivity of
these nodes to h + Ax. Since this technique ig rather messy and time-
consuming, we olan to improve these two codes in the future so that
Irregular boundaries may be handled more easily.

The location-names used in Table 3.10 are identical to those associ-
ated with the HEAT SOURCE and POWER ILOAD parameters in Table 3.9. Thus,
Section 3.8 already contains a complete description of these names and
they need not be repeated here. Section 5.12 tells how to save a final
steady~state temperature distribution on tape, and then start a trangient

problem using thig distribution as initial temperatures at time = 0.
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Figure 3.5
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3.10 *RRTIMEXR** Seclion

The ***TIME*x*x%x input section is only teo be used with transient prob-
lems since no passage of time occurs in steady state. There are only two
pieces of information needed here. The first is the time step increment
and the second is the frequency of printing temperature distributions.

The number of time steps to be used in the problem has already been specl-
fied in the ***{EADER*** input section. Thus only the length (secs, mins,
etc.) of these steps needs to be given here. As far as printout is con-
cerned, it usually is not necegsary for the full temperature array to be
printed at every time step, and thus the TEMP LIST FREQ parameter has
been provided to indicate at which time steps the full array should be
printcd. To keep a running check of certain key temperatures the AVG
TEMP GROUP parameter (Section 3.9) may be used. Table 3.11 shows both of

these parameters along with their location names.

Table 5.11

AR [MEKHF

i

[TIME STEP INC'Rj

/0. FUNCTT N
I1/0. FUNCTION F%{pe'l Integer__‘] {’}

(£} Lunits] FOR ALL.TIME xpression

—

i
e~
e
[

[TE‘MP, LIST FREQ]

T/0.FUNCTION| :
FOR {ALL.TIME l'if;ple- isigz‘rcleg\,r- _ { , }
T STEPS FrpressLe ns
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Notice that the TIME STEP INCR expects a floating-point number, "f" (secs,
mins, ete.), whereas the TEMP LIST FREQ expects a positive integer. The
rest of these two expressions are identical. The list below describes
the expression-names and location-names used above:

1. TIME STEP INCR: The length of time, At, for those time steps given in
the location-name and integer-expressions which follow.
All time steps miust be given a At value. Of course,
the At value may vary from one step to another.

2. YEMP LIST FREQ: The frequency, n, at which the full tenperature array
is to be printed. Although this particular frequency
value applies only to the TIM.STEP range which follows,
every time sbtep may be assigned some frequency value.
If n = 3 for TIM.STEPS 14-28, then temperatures will

e printed at time steps 16, 19, 22, 25, and 28. Thus
a printout will occur every n steps within the speci-
fied range.

3. I/0.FUNCTION: Indicates that a user-written input function is to

be called to supply the input. See Section 3.7 for

a detailed explanation.

L, ALL.TIME: Indicates that all the Lime steps are to be used (1
though NTIMSTEP). No integer-expression can follow
this keyword.

5. TIM.STEPS 1-80: Indicates that the first through the eightieth time
steps are to be used. An integer-expression must
follow this keyword to specify the actual time steps
involved.

In many heat transfer problems the temperatures change very quickly
at the beginning of the problem and then settle down later on. In such
problems 1t is advantageous to use variable length time steps so that small
time increments may be used when temperatures are changing quite rapidly
and longer increments may be used when they settle down. This is done by

specifying different TIME STEP INCRs for different TIM.STEPS as shown in

the example below.



71

TIME STEP INCR = 10 S. FCR
20 8. FOR
%0 8. FOR
Lo S. TFOR

TIM.STEPS 1-30

TIM. STEPS 31-60 (3-14"
TIM. STEPS 61-90

TIM. STEPS 91-120

Tn Section 3.8 the "painting" (overlaying) technique was described for

MATERIAL NOs. This same technique may be used here in specifying either

TIME STEP INCRg or TEMP LIST FREQz. For example, to print temperatures

every 10 steps, except during the steps 50-100 when femperatures are needed

every 5 steps, we could write:

TEMP LIST FREG = 10 TOR
5 FOR

ALL.TIME

- r‘
TIM. STEPS 50-100 (3-15.

The later value always overlays the earlier one for the time steps indicated
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3.11 Parametric Studies

In wmany problems that involve heat transfer, especially during the
early phases of design, a user may wish to know what effect certain varia-
tionsg in the system might have on his final solution. Such a study would
involve running the same problem several times with certaln parameters
being changed each time. For example, during the preliminary design of a
cylindrical shipping cask, the desgigner may wish to use a heat transfer
code to find the steady-state temperatures inside the cask. However, he
may not know the exact conductivity of certain materials within the cask
nor the exact boundary conditions on the outer surfaces. Because of these
uncertainties, he could choose three or Tour representative values for his
conductivity and three or four values for the boundary conditions, and
then run nine or ten independent problems with different combinations of
these values to see the effect on the final temperatures. The preparation
of the input and the rumning time for all these problems would be much
greater than that for a single problem. When using ORTHIS and ORTHAT, all
this ("and all that") is not necessary. All the user needs to do is
prepare the complete input for his initial problem and then follow it
with as many additional cases as he would like. These additional cases
need not contain a complete description of the whole problem again, but
instead need only the description of those parameters which are changing.
As each new case 1s encountered the final temperature distribution from
the one before will be used as a starting guess, thereby decreasing the
running time significantly. The only cards required in each additional

case are the title cards and the ***ENDATA**% card. Figure 3.6 gives an



example of the input cards needed to run an initial problem plus three
additional cases.

There are many different ways in which the input may be stacked so
that one case can take advantage of the previous case just run. Thus the
overall advantages of stacking cases are that certain parameters may be
varied from one case to the next and the corresponding provlems can then

be solved in much less time than the original problem.
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ORTHIS STEADY-STATE TITILE CARD FOR INITTAL PROBLEM

KRR EADERA %%
INITTALZ = YES
Rh,ME SH**%
SYSTEM = R,7Z
*&FBOUNDARY * %

GRAD DIST = 0.25 F. FOR RHS.SIDE .

ARAMATERTALS*%%
CONDUCTIVITY = 10.0 B/FH'F. FOR MAT.NOS 1 .

**AENDATA**%

ORTHIS STEADY-STATE TITLE CARD FOR ADDITIONAT, CASE 1

**ABOUNDARY *¥*% GRAD DIST = 0.30 F. FOR RHS.SIDE .

**x*xMATERTALS***  CONDUCTIVITY = 15.0 B/FH'F. TFOR MAT.NOS 1 .
KKK ENDATAR KN

ORTHIS STEADY-STATE TITLE CARD FOR ADDITIONAL CASE 2

*RKBOUNDARY*** GRAD DIST = 0.35 F. FOR RHS.SIDE .
**kMATERTALS**%  CONDUCTIVITY = 20.0 B/FH'F. FOR MAT.NOS 1 .
*hkENDATA*%%

ORTHIS STEADY-STATE TITLE CARD FOR ADDITIONAL CASE 3

* %A BOUNDARY* %% GRAD DIST = 0.40 F. FOR RHS.SIDE .
*RAMATERTALS* %%  CONDUCTIVITY = 25.0 B/FH'F. FOR MAT.NOS 1 .
FRAFNDATARH*

Figure 3.6
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%.12 Restart Pacilities

In using thege two heat transfer codes, ORTHIS and ORTHAT, it is
sometimes necessary to sbart a machine run with a temperature distribution
that has been previously calculated. This ability to restart a problem
from a temperature distribution that has already been saved on tape or
disk Has proven useful in several different ways. If a vig problem cannot
ve completed in one machine run due to time limitatlions, the last tempera-
tures calculated may be saved on tape for beginning the next run. Also
the initial temperatures (t = 0) for a transient problem may come from
steady-state calculations already done. In this case the final steady-
state temperatures should be saved on tape or digk. Once in a while,
starting temperature distributions come in from outside sources in a
different format than norwally used in ORTHIS and QRTHAT. In this case,
the I/0.FUNCTION for temperatures, TEMFUN, can be easily altered to
accept the new format. It would be a good idea for the reader to refer
to Section 3.7 and Table 3.8 for an explanation of the I/O_FUNCTION'keyword.

It is very simple to save temperatures at the end of a machine run
on some logical output unit. The following two parameters in the
*hHHEADER*** section indicate whether to save temperatures, and if so

what output device to save them on:

SAVETEMP = YES SAVEUNIT = 2 (3-16)

In this example, the final temperatures will be written in binary onto
the device whoge logical unit number is 2. It is the user's responsibility

to supply an FTO2FO0L DD control card with a DCB field something like:



DCB=(RECIM=V, LRECT= 3600, BLKSTZE=3604 ) (2-17)

See ORNL Programmer's Mamal, Sec. 9.
To restore temperatures that have been saved according to the above

procedure, the user simply includes the following card:

TEMP = 1 CALL TO T/0.FUNCTION WITH LUNIT 2 . (3~18)

in the ***TEMPERATURES**#% input section. This causes the subroutine,
TEMFUN, to be called so that it can read the temperatures from logical
unit 2. If logical unit 2 contains a tape with temperatures written in
a format different from that described above, then TEMFUN will have to
be changed to accept the new format. Appendix B contains a listing of

the present TEMFUN subroutine.
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3.15 Maximum Allowable Sizes

Within these two codes, ORTHIS and ORTHAT, are numerous arrays which
have been dimensioned quite large so that big problems may be handled.
The upper limits currently being used are given in Table 3.12. Since
these limits do not use all the‘memory avallable on ORNL's computers
(Steady-state & 700 X; Transient & 102k K), they may be increased if

necegsary. Likewise they may be decreased for use with a smaller machine.

Table 3.12

Variable Current
Nane Upper Limit Description
IMAX 1000 Maximum number of vertical nodes (rows)
JMAX 1000 Maximum number of horizontal nodes (columns)
KMAX 10000 Maximm number of all nodes (I*J)
LYMAX 50 Maximum number of vertical regions (rows)
THMAX 50 Maximum number of horizontal regions (columns)
TMAX 2500 Maximum number of all regions (LVMAX*LHMAX)
MNMATL 300 Maximpum mumber of materials
MNITR 1500 Maximum number of steady-gtate iterations

MNITR 5000 Maximum number of transient time steps




L. OUTPUT DESCRIPTION

4.1 General

The best way to describe the output from these two codes, ORTHIS and
ORTHAT, is to use the printout from a sample problem. This sample problem
involves the use of both the steady-state and the transient codes. How-
ever, since the output format from both codes is almost identical, only
the transient printout will be used (except in Section L.4).

The problem consists of a cylindrical shipping cask which is subjected
to a fire at 1L75°F. Before the fire begins, the steady-state temperatures
must be calculated and saved on tape. Then these temperatures can be
used as the initial temperatures when the fire actually beging in the
transient problem. The shipping cask is assumed to be insulated on the
bottom so that only the sides and the top are exposed to the fire. The
cask contains an internal source at its center generating heat at the
rate of 1200 watts. Figure 4.1 shows a cross-sectional view of the
shipping cask with the centerline (r = 0) at the leftmost edge. Tempera-
tures will be calculated and printed out for the first thirty winutes of
the fire.

The description of the computer printout from this sample problem
has been divided into four parts, Sections 4.2-4.5. The first par:t is
simply a printout of the input data read by the code. The second is a
picture of the mesh assembly which shows where each material is located
within the assembly. In addition, the physical properties of these
materials are listed, and the nodal and regional distances are given in

a table. The third part consists of a single line of printout at every
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Figure 4.1
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iteration. This line is a summary of what is happening within the mesh

at each iteration. In the case of the steady-state problem, it indi-
cates how quickly convergence is being reached, whereas in a transient
problem it indicates how certain temperatures are varying with time.

Since these two iterative summaries are different, both are included in
Section 4k.4. The fourth part of the printout describing the full tempera-
ture array is in Section 4.5. everal different steady-state plots were
generated to show the temperature distributions and profiles after con-
vergence was reached. These are shown in Section 4.6. The procedure

for writing the final steady-state temperatures onto tape has already

been described in Section 3.12.
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L.2 Printout of Input Data

- The first page of printout always contains the problem title as
punched on the user's title cards. Following this first page comes the
printout of the Input data, by secticn. There are seveh different input
sections which may be used in the transient code; six In the steady-state
code. TFigure 4.2 shows the actual cards which were used as input for
our sample transient problem. These may be compared with the computer
printout shown in Fig. 4.3 of this same data. Notice that each input
expression is printed on a different line even though several expressions
may have been punched on the same card. DNumeric values within some expres-
siong may be printed twice to ghow the conversion from the input units
to the standard internal units specified in the *%*HEADER*** gection.

In this particular shipping cask problem we have specified that the inter-
nal units for time are to be minutes. Asg was explained in Section 3.3,
the letter "M" was used to represent meters and thus "N" was chosen to
represent minutes. This 1s why some of the expressions show a conversion
from H (hours) to N (minutes)7 Notice also that only the first eight
characters of the expression-names and location-names are printed. All

numbers, integer or floating, are printed here as floating~point.
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INITIALZ
MASS =
LENGTH =
MAXITR =
STRTSTEP

SYSTEM =
HORZDIST
HORZNODE
VERTLCIST
VERTNODE

MATERIAL

EXTe TEMP
GRADSDIST
INSULATED

MATRLeNO
CONDUCT IV
DENSITY
SPHEAT

MELTSTMP
LATNToHT
CONDUCTIV
DENSITY
SPHEAT
POWER

TEMP

AVGe GRP

TIMe INCR

TEMPFREQ
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SFER ~ SPENT FUEL SHIPPING CASK (WITH MELTABLE LEAD) IN FIRE - FEB 1971
4 %xHEADER * %%
= YES LISTINPT = YES LISTMESH = YES LISTTEMP = YES
POUND TIME = N=MINeS TEMP = *FAFREN HE AT = BTU
INCHES LISTINCR = 1 SAVETEMP = NO SAVEUNIT = 0
1500 MAXSEC = 300 NTIMSTEP = 110 STARTIME = 0 Se
=1
ek xMESHE® %
Ry Z HORZREGS = 6 VERTREGS = 5
= 4a0 Te O0e5 1o 4e0 la Oe5 1e Ce0 I 0e5 le
= 4 1 4 1 < 1
= De5 e 50 Ie 0e5 I 5¢0 Ia [ Y
= 2 5 2 5 P
R ENAMESH® %
= 1 FOR SOURCE 4 2 FDOR STEEL 3 FOR LEAD ,
4 FOR CONCRETE o
*%*¥BOUNDARY® X &
= 147540 'Fe FOR TOPeSIDE , 147%0 *Fe FOR RHSeSIDE o
= 0.6 Fo FOR TOPLSIDE , Ce6 Fe FOR RHS.SIDE o
= C FOR BOTLSIDE o
EXMATERIAL SH %%
= 2 FOR ALLeMESH
1 FOR RyZeREGN (4:1) ,
3 FCR RyZoREGS (271"3, (3—413’ v
4 FCR RyZeREGS (2-4,;5} .
ITY = 125,0 B/FH'Fs FOR MATGNGS 1 ,
12,0 B/FH'Fe FOR MATeNOS 2
18,0 B/FH'Fq FOR MATLNOS 3
Ce9 B/FH'Fe FOR MATLNOS 4 o
= 16%0 P/FFFe FOR  MAT.NOS 1 ,
50Ce0 P/FFFe FOR  MATeNOS 2 ,
71040 P/FFFe FOR MATeNOS 3
1800 P/FFF, FOR MATeNOS 4 .
= 04208 B/P'F, FOR  MATeNOGS 1
00110 B/P'F, FOR  MATeNOS 2 ,
0,031 B/P'F, FOR MAT,NQS 3 ,
0. 200 B/P'F, FOR  MATeNOS 4
= 6200 'F, FOR MAT.NOS 3 ,
= 11426 B/Ps FOR MATeNOS 3 .
ITY = Se2 B/FH'Fe FOR LIQ.MATL 3
= 68€e5 P/FFFe FOR LIQoMATL 3 o
= 0,037 B/P'F, FOR  LIQ.MATL 3 ,
= 1200.0 We FCR R1ZeREGN (4411} o
*xETEMPERATURE Sx%%
= 1 CALL T0 I/70cFUNCTICH WITH LUNIT 2 o
= 1 FOR RyZeNODE (10,4)
2 FOR RyZeNODE (£45)
3 FOR R,ZaNODE (2,9}
& FOR RyZ.NODE (1,20} »
XA XT [ME*R%F
= 10 S. FOR TIMoSTEPS 1-60 ,
20 S. FOR TIMeSTEPS ¢1-90 ,
30 Se FOR TIMs STEPS <1-110 o
= 30 FOR TIMe STEPS 1-60 ,
15 FOR TIMsSTEPS €1-90 ,
19 FOR TiMeSTEPS <¢1-110 o
R HENDATA® %

Figure 4.2
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INITIALZ
LISTINPT
LISTMESH
LISTTEMP
MASS
TIME
TEMP
HEAT
LENGTH
LISTINCR
SAVETEMP
SAVEUNIT
MAXTITR
MAXSEC
NTIMSTEP
STARTIME
STRISTEP

SYSTEM
HORZREGS
VERTREGS
HDORZDIST(

(
(
{
{
{
HORZNODE(
(
{
{
(
(
VERTDIST(

{
{
{
VERTNODE(
(
(
{
{

MATERI AL
MATERTAL
MATERIAL
MATERIAL

1)
2)
3)
4)
51
61
u
2)
3)
4)
5)
6)
1)
2)
3)
4)
5)
1)
2}
3)
4)
5}

[ I 1]

L L (N O I I O I 1)

1N T S T T LI TN N Y (N (T O NI I N

YES

YES

YES

YES

POUND

N=MINaS

* FAHREN

BTU

INCHES

1.00G000

NO

C.0
15004 G0OCOC0O
450, 000000
110, 00C00C

0.0

1.0%0000

Ry Z

6o GO0QGO
54000000
49 000000
G. 500000
49 (00000
0. 500000
S« 000000
D. 500000
44 00C000
1.€0C000
40 COCOC0
l.0000C0
9 010000
1. COC000
0,500C00
5+ 00C0C0
04500000
5 00COCO
0, 500000
2e 020000
56 CO0000
2+ 000000
54 CC0OQ00
24 COCOOC

1.00000
200000
3. 00000
4. 00000

Ne

Lo
1.
I
1.
I'
I.

|
Ie
Te
Te
Te
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ek de e ook e sk %
* DRTHAT *

¥k EHEADER ¥ %%

{ 0.0

Hex e ME S H ¥kt

44 00000
0, 50000
4,00000
0.50000
2.00000
0. 50000

0, 50000
54¢0000
0.50000
5400000
0, 50000

P e

FEXNAMES* %%

1,0000
240000
3+ 0000
440000

-

Figure 4.3
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FOR
FOR
FOR
FOR

IN FIRE - FEB 1971

SOURCE
STEEL
LEAD
CONCRETE



EXTeTEMP
EXTeTEMP
GRADs OIS
GRADe DIS
INSUWATE

MATRL « NO
MATRL . NO
MATRL 4 NO
MATRL ¢ NO
CONDUCTI
CONDUCT I
CONDUCTI
CONDUCTI
DENSITY
DENSITY
DENSITY
DENSITY
SPHEAT
SPHEAT
SPHEAT
SPHEAT
MELT. TMP
LATNTGHT
CONDUCTI
DENSITY
SPHEAT
POWER

TEMP

ENC TEMPERATURE

AVGeGRP
AVGeGRP
AVGoGRP
AVGeGRP

TIMeINCR
TIMa ENCR
TIMeINCR
TEMPFREQ
TEMPFREQ
TEMPFREQ

N

L T I | ¢ N T I | O [ ¢ T | T I I N '

14754 000C0

1475400000
0. 60000
0+ 600C0
0.0

2000000
100000
3,00000
4202000
125, 000C0
12, 00000
18. 00000
0: 90000
169: 00000
500, 00000
710 00C Q0
180. 00020
0.2080C
0.11000
0.031C0
0. 20000
620, 000CO
11, 26000
94 20000C
686. 50000
0.,037C0
1200.00000

1+ 00000
RESTORE
1. 00000
2. 00000
3. 00000
4 00000

10. 00000
20.00000
30, 00000
30, 00010
15:000C0
10. 00000

'Feo
'Fo
F.
Fe

B/FH'F,
B/FHIF,
B/FH'F o
B/FH'F,

P/FFFa
P/FFF,
P/FFFe
P/FFF,
B/P'Fo
B/P'F,
B/P'F,
B/P'Fe
'Fo
B/Pa

B/FH'Fq

P/FFF,
B/P'Fe
w.

FRCM

Se
Se
Se

—— o~ -~

P e N R N

{

LUNIT

(
(
(
(

—_—— e~~~

81

% XBOUNDARY#* %

1475.0000

1475, 0000
74 2000
T¢ 2000
0.0

IF,
TFe
l.
I.

*kXMATERI AL S* %%

240000
1.0000
3,0000
%4¢ 0000
0. 1736
0. 0167
0.0250
0.0012
00578
Q. 2894
0c 4109
01042
002080
0, 1100
0.0310
0.200C
620.0000
11,2600
063573
0.0370
686 2464

%% TEMPERATURE S %%

1. 0000

B/IN'F,
B/IN'Fe
B/IN'Fe
B/IN'Fe
P/111e
P/I11.
P/111e
P/111e
B/P'F.
B/P'Fe
B/P*Fa
B/P'Fe
'Fo
B/Pe
B/IN'Fe
P/I11e
B/P'Fe
B.

2 = IMAX,sJMAX,KMA?D

1.0000
20000
3,0000
44000

wHET [ME®#%

061667
063333
05000
3000000
15,0000
10,0000

Ne
Ne
Ne

R EKENDATA &%

4.3 {continued)

}
)
|
1

FOR
FOR
FOR
FOR
FOR

FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FOR
FQOR

FOR

FOR
FOR
FOR
FOR

FOR
FOR
FOR
FGR
FOR
FOR

TOPLSIDE
RHS o SIDE
TOP.SIDE
RHSSIDE
BOT«SIDE

ALLoMESH
RyZeREGN
RyZeREGS
RyZ«REGS
MAT¢NOS
MAT 4 NOS
MAT4NOS
MAT ¢ NOS
MAT & NOS
MAT o NOS
MAT ¢ NOS
MAT o NOS
MAT o NOS
MAT 4NOS
MAT ¢NOS
MAT «NOS
MAT ¢ NOS
MAT 4NOS
LIQeMATL
LIQoMATL
LIQeMATL
Rs+Z e REGN

1/0.FUNC
16 20
R4Z4NODE
RyZeNODE
RyZeNODE
R+Z«NODE

TIMSTEP
TIMaSTEP
TIM,STEP
TIMeSTEP
TIMSTEP
TIMeSTEP

(4,11
(241~3) (3-4,3)
(2+445)

mWW WL D UN DN DN

451)

2

320
(10,4}
(8,5)
(3,9}
(1,20)

1-60
61-30
91-110
1-60
61-90
91~110
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4.3 Printout of Mesgh Picture

The next part of the computer printout is a description of the mesh
assembly and the materials that make it up. The picture shown in Fig.
L.h gives a general’outline of where the various materials are located
within our shipping cask assembly. The letter "H'" indicates which
reglions contain an internal heat source. Although the individual nodes
are not shown in this diagram, they are numbered along the top and down
the side. A table of the physical properties (conductivity, specific
weight, etc.) of each material i1s printed beneath the picture. The units
used in this table correspond to the standard internal units specified
earlier. On the next page are printed the region and ncdal distances
for both the vertical and horizontal dirsctions. The distance from the
origin (r = 0 or z = 0) to the center of each node is given in the right-
nand column. The distance from the origin to the end of each region is
given in the left-hand column. Of course these distances are measured
along the 7z axls for the vertical direction and along the r axis for the

horizontal direction.
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MATER
NO
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NS

NODES

10
T0
14

i5
TG
e

LAL

MESH ALLOCATICN wWliITH MATERIALS BY

6

20
70
20

2

CON

ks pes b e Do e b e e baad bad Bl et bmd et btk bk

LIQUID
DUCTIVTY
B/1'FNa
N3T USED

N3T USED
Qs 012778

1 2 3 4 5
1 5 s 10 11
16 Y0 TZ YO TO
4 5 5 16 19
R et STy
{
T2 2 2 2 2
I
IR R D e ———— -
1 1 1 1
i 3 3 31 21 41
i I 1 i
R i 1 i
fi ¢ i 1 i
12 21 31 21 41
i 1 1 1 I
[-w=m X 1 i i
i 1 1 ! 1 {
1 11 21 31 21 41
1 HI 1 1 1 i
I----.— - -
1
12 2 2 2 2
i
R B 1
SaLIC
MATERIAL  CONDUCT IVTY
NAME B/T'FNa
SOURCE De172611
STEEL Do01667
LEAD 04025000
COMCRETE 0,001250

NOT USED

REGION

SOLiD
DENSITY
Prilie

04097 £01
De 289352
Ge410 €30
D104 167

LIQuID
DENSITY
Prilie

MOT USED
NOT USED
Be 3972890
NGV USED

Figure L.k

SOLID
SPEC HE AT
B/PtF,

0.208000
0. 110000
04031000
0200000

LiQuiD
SPEC HEAT
BI/PIF,

NOT USED
NOT USED
0037000
NOT USED

MELTNG TEMP
1F,

NOT USED
NOYT USED
6204300900
NOT USED

LAT ENT
HEAT FUSION
B8/FPe

NOY USED
NOT USED
11, 269000
NOT USED
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MESH DISTANCES FOR NODES AND REGIONS (RELATIVE TO ORIGEN}

VERTICAL OIRECTICN

VERTICAL VERTICAL VERTICAL
REGIONS NODES NOCAL DISTANCE (ia}
1 1 0.,1250
2 0.3750
05000 I«
2 3 1,0000
4 20000
5 3.0000
6 4. 0000
7 5. 0000
545000 I
3 8 56250
9 5¢ 8750
60000 I
4 10° 6o 5000
11 Te 5000
12 845000
13 . 95000
14 10, 5000
11.0000 1.
5 15 11.1250
16 1143750
115000 I

HORIZONTAL DIRECTION

HCRIZONTAL HORIZONTAL HORIZONTAL
REGIONS NODES NGLAL DISTANCE (1a)
1 1 1, 0000
Y4 2e&l42
3 301463
4 3,7321
440000 1.
2 -1 - 4y 2500
4e5000 1w
3 [ 561331
7 fe2835
8 Te 2491
9 B, 987
85000 1.
4 10 37500
920000 1. :
5 i1 Gy 6962
12 11,0056
13 1261734
14 1342378
15 1442223
156 1541427
17 16,0101
18 ¢ 16,8327
19 1746168
180000 1.

[} 20 18,2500
1845000 I.

o v A 2t R oy o N T B A A D S e A 0 > i S AR A A5 A S s o o

" ok o AP s e o o o ) AR i S e 0 Y i % o ke et b e St S A8 A A S A e P A

Fig., 4.4 (continued)
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h.h Printout of Iteration Summary

During the execution of both the steady-state and transient codes,
a single line may be printed at each iteration summarizing what is hap-
pening. Since steady-state iterations involve a search for converged
temperatures while transient steps represent the passage of time, their
summaries are completely different. Therefore both types of printout
will be described for our sample shipping cask. Although there are
several pages of guch printout, only the first page will be shown here.
The first sixty iterations are shown in Fig. 4.5 for our steady-
state problem. The external temperature in this case is 130 °F rather
than 1475 °F since the fire has not started yet. As an initial guess
we simply assigned every node a starting temperature of 150 °F. The
column labeled "MAXTMUM-~-MESH-TEMPERATURE'™ shows how quickly this initial
guess of 150 °F converges to the final temperature for the one node whose
temperature is greatest. The row and column number of this node are given
just to the right of the temperature. The first column in this iterative
printout is the iteration number, and the second is the cumulative execution
time in seconds (32 secs/60 iterations on IBM 360/75; 8 secs/60 iterations

on IBM 360/91). The next seven columns tell us how quickly we are moving

toward convergence and whether or not we should extrapolate (see Section
2.3). The first column in this group of seven indicates whether we have
actually extrapolated (YES or NO). Notice how the "maximum-mesh-temp"
suddenly jumps from 232 °F and the "error ratio" drops from .003% to .0006
when the first extrapolation is done after the fiftieth iteration. The
"RATIO-SUM" column is just the error term, e s given in Eq. (2-19). It
should decrease from one iteration to the next. The "ARATIO" column is

the extrapolation factor, f, in Egq. (2-20), and must be less than 1.0
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TIRE
SECs
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NO
NO

NG

NO
ND
ND
NG
ND
NO

TEMP-EXTRAPULAT IOK-PARAME TERS

{RATIO-SUM

Ze73522
» 52665
2.68474
3. 60660
2235638
3,05991
2475566
2245855
2.22508
2.02073
1.900¢c8
1+82859
176092
1o57815
1259306
167571
le62235
1444959
1.,48035
1,41135
1.38254
1435515
1. 34250
1431131
1427253
ls29222
1,23813
l.23580
1,19819
1.16354
1.13656
1e11463
1,031 41
1226961
1.04517
1402257
1.00281
¢, 98151
0,95868
0, 93706
C.91770
0,59883
Q.87957
Ce.86241
A, 84461
Te 82729
0. 81042
0, 75418
O. 77804
0.76224
0. 10011
0.08971
0, 09440
048911
008584
0.,08527
£,082¢08
0.08295
0.08087
£.07269

ARAT 1D

g.0
1.79112
1.04187
0.STETD
€.53¢62
C.511e7
2.50C66
0.£9209
£.505C3
0.9C816
€+S4CT4
f.c6152
0. 56299
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fa54530
1.€5188
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0.¢2235
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0e55C71
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1401547
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0.55811
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€. SECTO
£.S7517
2458730
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n.57¢33
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DL GTETS
0.57674
0.57745
0e5734
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0.57€57
CeSBLAY
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0.575%6
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0.57570
0.13134
0eE9E03
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0,59€49
NeST454
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0. 0634564
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C.0172067
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whenever temperatures are to be extrapolated. It is best to let this f
factor settle down before extrapolating. The next column, "ALFHA,™ igs
simply the f/(1-f) term used in Eg. (2-21). It looks something like our
B factor used in Eq. (2-18), although it can take on any value greater
than 1.0 whenever extrapolation is allowed. The three columns labeled
"MAXTMUM-ERROR-NODE" indicate which node has the greatest error. The
"RATIO" value is compared against ¢ as shown in Eq. (2-22) to determine
when the temperatures have converged. The last group of columns on the
page indicate the three regions which have the worst heat imbalances
around their borders. he value printed out is the difference between
the heat flowing out of the region and the heat generated within the
region. It should be close to zero when convergence i1s reached. The
"RW" and "CL" numbers correspond to the region row and column numbers
shown in Fig. 4.4. The frequency of printout is controlled by the HBALINCR
parameter explained in Section 3.4 (HBALINCR = 5 here).

The first thirty time steps are shown in Fig. 4.6 for the transient
problem. The external temperature has now been increased to 1475 °F to
simulate the fire. The column labeled "MAXIMUM OUTSIDE TEMP 'F" is a

printout of the maximum outside temperature, T, or T over the whole

b ext’

boundary (T = 1475 °F in this case). The first column in this iterative

ext
printout is the step number, and the second is the cumulative machine
execution time in seconds (90 secs/30 steps on IBM 360/75; 24 secs/30 steps
on IBM 360/91). The third and fourth columns represent the actual fire
time being simulated. The third column is always printed in seconds

while the fourth is printed in the standard internal units. The next

two groups of columns, "MAXIMUM-MESH-TEMPERATURE" and "MINIMUM-MESH-~

TEMP," are the maximum and minimum nodal temperatures, respectively,
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30

REAL
TINE
{SECH
10400
2000
30.00
40400
50,400
58400
70,00
80400
90400

100,00

110,00

120500

130400

140400

150400

160,00

178,00

180,00

190400

200,00

210,00

220.00

230,00

240,00

250,00

260,00

270,08

280,00

290,00

300,00

{

REAL
TIME
MING

Cel€67
0633233
0.5000
06667
0.8333
1.0000
le1667
143233
1.,5000
1a6867
148333
20000
201667
243233

225000

351667
343333
245000
3:66867
3,8233
44,0000
%o 1667
4¢3333
44,5000
4u 6667
%2 8333
540000

MAXL MUR-MESH=-TEMPERATLRE

{tF}

s e et s B e . <0 e

278445638
278454635
289+ 2471
321.,7598
35345377
38249850
41045521
43645208
461s0844
48443872
5065436
527.648%
54747849
5670231
58544269
603.0533
£19.9536
62641744
65147584
66667442
€Bls1678
€95.0618
70844565
7213800
733.8580
74549145
757.5720
T68,8509
T79.7707

7903494

ROW COL
14 1
14 1

1 1
1 20
1 28
120
1 20
1 20
T 20
1 20
1 20
1 20
1 20
1 20
1 20
120
I 29
T 20
20
1 20
1 20
1 2%
T 20
1 20
1 20
t 20
1 20
1 20
1 20
1 20

MINIMUM-MESH=-TEMP

MATERIAL (iF} ROW COL
SOUFCE 132.9348 3 19
SOUFCE 134,3105 3 18
STEEL 135,45809 4 18
STEEL 13545808 4 18
STEEL 135.7731 4 18
STEEL 1360512 4 18
STEEL 13644269 4 18
STE €L 13649102 4 18
STEEL 137,50¢%8 4 18
STEEL 13842322 4 18
STEEL 139,0784 4 17
STEEL 13943924 4 17
STEEL 139,7577 4 17
STEEL 1401771 4 17
SYEEL 1406528 4 17
STEEL 141.1870 4 17
STEEL 1%1,4336 5 17
STEEL 141.5811 5 17
STEEL 121,74%92 5 17
SYEEL 141.9400 5 17
STEEL 14241541 5 17
SYEEL 14243928 5 17
STEEL 14206573 5 17
STEEL 14245488 5 17
SiEEL 143,2682 5 17
STEEL 143,6165 5 17
STEEL 143,9946 3 17
STEEL 144 ,4034 5 17
STEEL 144,8438 5 17
STEEL 14543163 5 17

Figure 4.6

MAX THUR
QUT S {DE
TEMP tF
1475+ 000
1475,000
1475.000
14754000
14754000

1475.000

1475.000

1475.000
1475.,000
14754000
14754000
1475,000
1475.000
1475000
1475.000
14754000
1475.000
1475.000
1475.000
1475.000
1475.,000
1475.000

1475,000

14755000

1475800
1475,000
1475,000
14750000
14750000
1475.000

AVERAGE
GROUP 1
TEMP *F
2684 661
2684 6E1
268,681
2680853
2684668
268,681
268,708
2684754
2684827
2686930
26%.070
2636 250
269,471
269,736
2706046
2704 400
270728
2716239
2716723
272,248
2724813
273,416
274,056
2746731
2754 440
276,182
2782256
2772759
278« 591

2194 450

AVERAGE
GROUP 2
TEMP F
248,83
248,83
2486 8%
248, 88
248491
249. 02
249,20
269. 48
249, 86
250,435
2504 94
2510865
252045
253436
2544 35
2554 42
256457
25779
259,06
2604 40
261e 78
263421
264468
266418
26712
269429
270. 88
2724 49
274613

275, 78

AV ERAGE
GROUP 2
TEMP 'F
157290
205418
214026
223.83
233,45
242493
252,22
261,28
270.10
278468
287404
295417
303009
310480
318,31
325,62
332,76
339471
346450
353,12
356458
365090

372406

378,09

283,98
389,75
395,39
400+ 50
486430

411259

AVERAGE
GROUP &
TEMP 'F
2004 16
247;37
2864 86
321s 76
353, 54
382, 9%
410, 55
4366 52
461,08
484 39
50 64 54
527265
547478
567 02
5854 42
6036 05
616,85
636 17
8515 16
5665 T4
581s 17
&95, 08
708, 26
721438
T334 86
T45.91
75757
7684 B3

17977

T6
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over the whole mesh at each time step. The row and column numbers of
thege nodes are printed Just to the right of their temperatures. Of
course the hottest point is at the outer edge of the steel liner. The
last four columns of temperatures, "AVERAGE GROUP 1 'F, etec.,'" are the
temperatures of four corner nodes within the mesh. These four nodes are
numbered in Fig. 4.1 from (D:l'to C)J+. In this way we can follow very
clogely the temperatures at certain critical spots within the mesh. As
was explained in Section 3.9, these "average group temperatures” may be
an average of the temperatures over several nodes, as well as individual

nodal temperatures. Up to six such temperatures may be printed, with the

last two going on another line.
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L.5 Printout of Temperature Array

The temperature distributions calculated by ORTHIS gnd ORTHAT are
printed in a maplike framework so that the user can quickly and easily
see what hig temperatures are anywhere over the whole mesh. The material
boundaries are drawn arcund these temperatures so that one material is
gseparated from another. Whenever the full array is too wide to fit on
cne pége, it is continued on the next page or at the bottom of the current
page. Individual nodes or regions may be identified from the row and
column muoers printed along the top and down the side. The radial
distances are printed just below the last row of temperatures on each page.

Three of the temperature arrays calculated during our transient prob-
lem are shown in Fig. 4.7. The first set of temperatures’is the initial
temperature distribution used at t = 0, the final steady-state temperatures
calculated by ORTHIS. The secohd and third sets are calculated at later
times (20 min. and 30 min.) after heat from the fire has started traveling
into the center of the shipping cask. Notice how the lead has started
to melt along its upper edge. Those nodes at 620 °F are in the process
of meiting while those greater than 620 °F have already melted.

In some transient-type problems the user ig only interested in knowing
the general range of temperatures within his mesh. In such cages he may
need only the first one or two significant digits for =ach temperature.

By using the LISTTEMP parameter described in Section 3.4, he can print
temperature maps instead of the complete temperature distributions. Such
a temperature map is shown in Fig. 4.8 for our shipping cask problem after

thirty minutes of fire time. After each integer value in this map is
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multiplied by the scaling factor of 100, we see that the temperatures

range from about 500 °F at the center to around 1500 °F at the outer

edges. Another advantage of such a printout is that a large mesh assembly

may all fit on one page.
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h.6  Steady-State Plotting Output

In the steady-state code, ORTHIS, the user may plot temperature maps
and profiles using the final converged temperature distribution. The input
parameters, MAPPLOT and TRAVPLOT, determine the type of plots to be generated
(see Section 3.4). The two plots shown in Figs. 4.9 and 4.10 were generated
using the final steady-state temperatures in our shipping cask problem.

The first is a map-type plot in which the letters correspond to certain
temperature ranges shown in the legend. The region boundaries, rather than
material boundaries, are drawn on this plot. The region and node numbers
are also given along the top and down the side of the plot. The second
figure ig a plot of three temperature profiles in the radial direction.

Up to five such rows may be plotted on one graph. On the right side of the
graph 1s a legend which indicates which symbols correspond to the three
rows, 1, 7, and 14, used in this vlot. Row 1 runs along the outer edge of
the top steel liner, row T travels through the lead just above the inner
steel liner, and row 14 passes through the source material at its hottest
point. The interfaces between horizontal regions have also been drawn as
vertical lines from top to bottomf The individual nodeg have been marked
off at the top of the graph with tic marks and numbers. Note that the
temperatures are plotted at the center of each node. Similar graphs may
be obtained for column traverses by using the PLOTCOLS parameter instead

of the PLOTROWS parameter.



- R NODES

h

€l

2l

0

wn

=

™

UUUUUUUUUU
SSSSSSSSSS

100

LR
ﬂﬁmHmHm,HOHQMﬁHmﬁﬁﬁQwﬂﬁmHH ﬁm_imy ©
CC | Cr ¢ o D o) O/ I O m Mo o
O a oo OO 03N 0 A0 00 M D
T | OO M) M M A0 Q0 O O LD
T O MM @M M) OO O IO WO W
(.MMM O OO )OO OOOEIM
MMM OO O
MM I OO ey L g o b k)
(O WO O gl e e e e e te
O D)1 L b el el L OO O Cofle. b
OO b o bt m..uGGWUA..U
YO e b L (DD OO D
Ol e L e L |l L O (O O D OO (D
O O OIED MO O DIt W,
DE_tEEI:yﬁbGGJIJ.iPlHHJI%
H_EEE:_E!_LIFU G0 200 N U IS IS I Y e
(0 I O T G0 1| G J s Y I A O A
I T T G | N VU s S A IO 6 A IO
Loty L b, €O o I Ty T T T T I I
_
- WE - u.mmagmfe ~ ams 2 = M_QGM ~m> ﬁm,.m

- R REGIONS

Figure 4.9



TEMPERATURE

320

280

a2

e

120

- A NOOES

f=] - o el I 2] w ™~ © oy =
~ " ~ 2 = j pad =z o @ ot < 2 8
[ ‘ '
|
-
|
>
X ®
L x LS
X
x )
| X
i &
. &
I +
+ « °
L &
* X
| ®
; X
= + @
| * ©
+ X %
| )
= * + X °
! + X
; + + + X ¥
Z 3 4 S s

- A BEGIONS

Figure

)

I

.10

HAWS

Eow e
)

TOT



102

5. TPOSSIBLE FUTURE IMPROVEMENTS
5.1 Dynamic Storage Allocation

Tnere are several areas in which improvements and additions could be
made to ORTHIS and ORTHAT. Eight such areas are discussed in Sections 5.1-
5.8 of this chapter. Those discussed in the first few sections should
provably be done before those in the later sections. Some changes, such
as dynamic storage allocation, could be made without much difficulty, while
others would reguire a good deal more work.

To make the best use of our computer facilities and to improve job
turnaround, these two codes should first be modified to allocate memory
at execution time for the larger FORTRAN arrays. In this way the user
could run in the minimum amount of memory necessary to solve his particular
problem. In most cases his memory requirements would be much less than
the upper limits currently being used (see Section 3.1%). Two subroutines,
GETCOR and FRECOR,7 are available to allocate and release core storage
within FORTRAN programs during execution. It should not be too difficult
to incorporate them into ORTHIS and ORTHAT thus making these two codes alsoc
available to other compuber installations which have smaller amounts of

Memnory .
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5.2 Treatment of Irregular and Internal Boundaries

As was mentioned previously in Section 3.9, the study of cylindrical
gtructures with irregular boundaries or internal boundaries is rather
cumbersome when using ORTHIS and ORTHAT. At present, the FIXED TEMP
parameter 1s the best way to treat such problems (see Fig. 3.5). We hope
to improve these two codes in the future so that external boundaries with
rectangular indentations may be handled more easily. Rectangular cubouts
ingide the structure itself should also be handled correctly. To do thisg,
radiation across internal boundaries should be considered, as described in
the next section. In making these improvements we would plan to keep any

additicnal input as simple and stralghtforward as posgsible.
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5.5 Treatment of Radiation at Internal and External Boundaries

The transfer of heat from one internal surface to another or from
an outside surface to its environment may involve radiation. The normal
external boundary condition allowed in ORTHIS and ORTHAT is forced con-
vection, although radiation may be simulated by letting the boundary layer
thickness be temperature dependent. This technique is described in Section
2.5. It is also possible to consider radiation across internal boundaries
in a similar manner by letting the conductivity be temperature dependent.
However, this is again very cumbersome and time-consuming, especially when
the mumber of nodes involved is very large. Therefore it would be very
desirable 1f both codes were able to handle radiation correctly, both across
internal rectangular cutouts and across outside boundarieg. Since the

boundary conditions would then vary with surface temperature rather than

remaining fixed, the calculations would take a 1ittle longer.



5.4 Automatic Calculation of Time Steps for Trangient

In the ***TIME*** input section {see Section 3.10) of the transient
code, ORTHAT, the user must gpecify the length of each time step in seconds,
minmites, ete. With this type of procedure, he is not usually able to choose
the optimal time steps for his particular problem. Our experience has
been that most users chose time steps that are shorter than really necessary.
By rerunning experimental problems several times at longer and longer time
steps, we found that the temperature distrivutions usually degraded rather
slowly. In one sample problem which involved melting, we found that in-
creasing the time steps by a factor of four resulted in temperature changes
of only 0.25%. Therefore, it would be very desirable if the code itself
could determine the optimal time steps. Perhaps the user could indicate
that he wished to use as large & time step as posgsible without degrading
his temperatures by more than 2%, for example. In this way the code
could use longer steps when the temperatures were changing slowly and
shorter steps during critical periods when they were changing rapidly.

At present the user also specifies the time steps at which temperature
distributions are to be printed. By letting the code calculate its own
time steps, the user could then ask for temperature distribution printouts
at various elapsed times rather than at particular steps. This would elimi-

nate the problem of matching time step iterations with elapsed time.



5.5 Evaluation of Temperature-Dependent Conductivities

on Node Interfaces for Transient

In Section 2.5 we discussed the problems which can arise when thermal
conductivity is temperature dependent. It was pointed out that Egs. (2—15)
and (2-25) are slightly inaccurate when severe thermal gradients are
encountered. This is because the conductivity is assumed to have the
same value on all four faces of the node, which is not correct when the
temperatures on these interfaces are quite different. Thus the steady-
state code was modified to calculate the conductivity on the node inter-
faces as a function of the interface temperatures, when the conductivity
is treated as an external function (CONDF is used).

This modification has not yet been made in the transient code. Since
it would cause a significant increase in execution time, it would probably
be made available as an option. Tn temperature-dependent problems where
the temperature gradients are not extremely steep, one conductivity value

may suffice for all four faces of the node.
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5.6 Automatic Extrapolation for Steady-State

In presenting the numerical techniques used in solving the steady-
state heat conduction equation (Section 2.3), we described the "dominant-
error-mode extrapolation” procedure for accelerating the rate of con-
vergence. This procedure congists of extrapolating the temperatures as
shown in Eq. (2-21) using the extrapolation factor, f, in Eg. (2-20). At
present, the user must specify how often this extrapolation procedure is
to be done. It ig usually best to let this  factor settle down before
extrapolating. The problem is that the user doesn't know in the beginning
how many iterations are requirea to gtabilize this f factor. If the
temperatures are extrapolated th frequently, it may result in wild oscil-~
lationg which slow down the overall rate of convergence. Therefore it
would be very desirable if the code itself could examine this f factor
and determine when extrapolatioh of the temperatures would be profitable.
Such a modificatioh would not bé very difficult, nor would it increase the

execution time.
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5.7 Complete Regional Heat Rebalancing for Steady-State

In the ***HEADER*%* input section (see Section 3.4), an input parameter,
HBALINCR, is described for use with the steady-state code, ORTHIS. It con~
trols the frequency at which regional heat imbalances are calculated and
printed. These imbalances are calculated for every region in the mesh
agsembly, by taking the difference between the heat flowing out of each
region and the heat generated within each region. These differences should
be close to zero when convergence is reached. The three worst regions
have their heat imbalances printed out (if HBALINCR # 0) as shown in
Section 4.4. In the future we may be able to accelerate the rate of con-
vergence, thus driving these imbalances to zero sooner, by adjusting the
temperatures within each region accordingly.B’4 Since most problems have
quite a few regions to be considered, we would combine some of them so

that the heat rebalancing would be done with a few large regions rather

than many small ones.
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5.8 Plotting of Temperatures for Transient

In the steady~-state code, ORTHIS, two types of temperature plots may
be generated. The firet is a temperature map of the whole wmesh, and the
gecond is a temperature profile of individual rows or columns. In the
future we hope to make both of these types available in the transient code
go that the spatial distribution of temperatures may be easily seen at
gpecific time stepd. In addition, a third type of plot is needed in the
transient code to show the variation of temperature with time. Perhaps
specific nodes could have thelr temperatures plotted versus time. The
variation of a whole row (or column) of temperatures with time could be
shown by taking temperature profiles at different times and plotting them
all on the same graph. The first two types of plots could be added to
the transient code without much trouble, whefeas the third type would re-

quire additional programming.
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APPENDIX A. NOMENCLATURE

Description
Area of face § for node K

Coefficients along the lower diagonal of the
tridiagonal matrix used in transient

Boundary layer thickness

Internodal distance between node K and the
neighbor touching face S

Coefficients along the main diagonal of the
tridiagonal wmatrix used in transient

Relaxation constant (1.0 < < 2.0) in
steady state

Specific heat of node K

Coefficients along the upper diagonal of the
tridiagonal matrix used in transient

Error term for the nth steady-state iteration
Convergence criterion in steady-state
Radiation interchange factor

Extrapolation factor in steady-state (en/

e )

n-1

Total heat absorbed during the process of
melting

Latent heat of fusion
Thickness of each horizontal region

Heat increment absorbed at each time step
during process of melting

Heat transfer coefficient at a boundary
Thickness of each vertical region

Vertical node number

Fnglish Units

FF.

B/'F.

B/'F.

B/P'F.

B/'F.

unitless

B/FFH'F.

F.
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Description

Maximum number of vertical nodes
Horizontal node number

Maximum mumber of horizontal nodes
Internal node number ((I-1)*JMAX + J)
Maximum mmber of internal nodes (IMAX * JMAX)
Thermal conductivity of node XK

Internal region number

Horizontal region number

Vertical region number

Number of nodeg in each vertical region
Iteration number in steady-state

Number of nodes in each horizontal region
Outward normal of face S for node K

Right~hand side of the transient wmatrix
equation

Heat generation rate per unit volume in node K
Horizontal distance to center of each node

Horizontal distance to right-hand face of each
node

Dengity of node K
Face number (1,2,3,or 4) for each node

Stefan-Boltzmann constant
(0.17% x 1078 Btu/hr £t2 7R%)

Temperature
Boundary surface temperature

External temperature of environment

English Units

B/FHTF.

B/HFFF.
F.

F.

P/FRF.

B/FFH'R'R'R'R.
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Description
Temperature of node K (at time t in transient)

Temperature of node K at time t - At in
transient

Temperature of node K at time t + At in
transient

Melting temperature
Time
Time step increment

Temperature of neighboring node touching face
S of node K (at time t in transient)

Temperature of neighboring node touching face
S of node K at time t - At in transient

Temperature of neighboring node touching face
S of node K at time t + At in transient

Same as Z. except used in r - 0 geometry

I
Same as Zy except used in r - 8 geometry
lleat generated in node K during time interval
At (qK C Vg At)

Volume of node K

Heat capacity of node K per unit change in
temperature (pK © Cy - VK)

Calculation parsmeter =k, - At - AK;S/Q

Same as RJ except used in x-y geomebry

Same as Ty except used in x-y geometry

Same as ZI except used in x-y geomelry

Same as Zq except used in x-y geometry

Vertical distance to center of each node

Vertical distance to bottom face of each node

English Units

'F'

11{‘.

'F.

IF.

radians
radians

B.

FFE.

B/'F.

BF/'F.

!
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SUMMARY OF INPUT EXPRESSIONS

INITTALZ = {N 0 }

LISTTEMP = {Eg?}
MAXSEC = g}

T
LENaTH = &
LENGTH = c

M

1R
me = %

'K

Transient Only:

ST ME =
STARTIME 0.0 ,J

Steady~State Only:
, ]
1.5/

HBALINCR = {é}

R F1 |
NTRAVSES = { _Q,J

[units]l

R AR EADER * %
LISTINPT = {NO }
LISTINCR = {i}

YE“
ct T -
SAVETEMP NO }

P
MASS = {G

K
HEAT

I
==Y ol

STRTSTEP =»{ll

]
EPSILON =1 00001 |
CRT
TRAVPLOT = 4 MECH
NO

or =

PLOTCOLS ;i ii...
PLOTROWS z

LISTMESH = {Egé}
MAXITR = <. L
500/

QAR L i -
SAVEUNIT {Qj

TIME = ;

- Jil
NTIMSTEP = U_f

EXTRINCR = 0
CRT

MAPPIOT = {MECH
NO




11k

KR EMESHR*)
(R.2 . 1 - 1)
SYSTEM = {R,T HORZREGS = 1, VERTREGS = OJL
vz ¢
- 't . _-._ ¢
HORZDIST = g [units] g [units] g [units]
VERTDIST = {é‘ (units] g [units] (i; [units] }
HORZNODE = {é é é é '}
VERTNODE = {5 é (1) é }
Steady~State Only:
~ Jfrop|
MSWEEFL = 507 {m}} {COLJL
. LEF| | ROW
MEWEEF= {BOT} {RI(“ RIG JLCQL}
*hANAMESK *k
[RIRE i) material-name
MATERTAL NO {é}- {bbbbbbbb }
**k¥BOUNDARY***
" INSUTATED |
1/0. FUNCTION
EDGE TEMP
Ry ~\{Top STDE . -
= {f} [units] FOR “§%§ TG IONS Type-1 Integer- {f}
EXT TEMP @ =~ |§CoES expressions .
GRAD DIST LHS
- -
Transient Only:
] /0. FUNCTION e
[ TEMP CHANGE) _ {£} [units] FOR ATL. TIME Type-1 Integer -{’}
'T""I"'M""."S'““’“TEP < expressions .

LPIST CHANGE
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*KRXAMATERTALS** %

1/0.FUNCTION

ALL.MESH
’_ MATERTAL No] = {i} ~ FOR COL. REGTONS
—~ ROW. RECTONS
LNI.REGIONS

R, Z. REGTONS -
'Y:z RECION: [ Type-2 Integer-
- T »

} expression
R,T.REGIONS i o

r-Type—l 1'1'1teger-—~~
expression

— —

[ CONDUCTIVITY | ) 1/0. FUNCTION - -
; £ l . ALL.MESH | Type-1 Integer~
*SPHEAT - {9999999[ [units] FOR AT . NOS | expression
#LIg. MATERTALS| — -

*DENSITY

o —

AMELTING TEMP | I/0.FUNCTION) (. )
{r} [units] FOR ALL. MESH ‘ !—gf;pisilgzeger
*LATENT HEAT | MAT. NOS | SHpre

r
[

i

- /0. FUNCTTON
["HEAT SOURCE | ATL.MESH ~

| = {9995999} [units] FOR ({COT] (REcIoms) § ~vPe-t ggﬁeﬁer‘
| EOWER LTOAD . ROW { . jmoDms ( \i Sxpression
INT

R,% | (REGIONS} ~ _
PAT RS : . -
Z ;{I\TODES | Type-2 Integer

Y .
== expregssion
(T _ _

*
Note: Those keywords with an asterisk are only allcowed in the Transient
code.
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* A PEMPERATURES* %%
TEMP B I/0. FUNCTION
,? ; ALL.MESH
FIXED TEMP = {£} Lunits] FOR {|COL REGIONS([ "ype-1 In-t;egorwi (
I : [Papareeg -4 ol s
| NORES : s {
KAX TEMP | —_ m@XpTeSSlODb ] 7
L. A
REGIONS% " -
— Type-2 Integer- |
- |NODES expressions J
1/0. FUNCTION
- - ALT,. MESH
| AVG TEMP GROUP _! = {1} FOR ggvr; ;ggégws %MType—l Integer-1 [,
- LU | expressions :
INT L
R,2 REGIONS| — -
§L?- TODES i Type-2 Integer-
=2 L= expressions
RT L

Ky
Note: The keyword with an asterisk is only allowed in the Transient
code.

KHK] TMER %k

_ L/O.FUNCTION) = o oo ™)
TIME STEP INCRJ’ = {£} [units] FOR {ALL.TIME fype Jhbeger 4{’}

TIM. STEPS meXpI’eSS1on |

-
E

L

0. FUNCTION -~ -
1 LUNCTIO Type-1 Integer-~ | {;}

EEEMP LIST FREQ] = {1} FOR {ALL.TIME exnression
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APPENDIX C. TABLE OF ACCEPTABLE UNITS

Length Char Mass Char Time Char
Inches - Pound - P Second - S
Feet - Gram - G Minute - N
Centimeter - Kilogram - K Hour - H
Meter - M

Temp Char Heat Char

Fahrenheit - 'F BTU - B

Rankine - 'R Calorie - §

Centigrade - 'C Joule - J

Kelvin -~ 'K Erg - E

H
=

Watt .




C PROGRAM DRTHIS -
C SPONSOR -
c PROGRAMMER -
C DATE -
C TITLE -
C

c COMPUTER -
Cex%x%%BEGIN DESCRIPTIO
C SEE ORNL REPCRT
Cee%x%%END DESCRIPTION
C

CexkexBEGIN VARIABLE D
C MHREG = MAXIMUM
C MVYREG = PMAXIMUM
c MREGS = MAXIMUM
C MHVREG = #FAXIMUM
C MHNODE = MAXIMUM
C MYNQDE = MAXIMUM
C MNODES = MAXIMLM
c MHVNOD = MAXIMUM
C MNMATL = MAXIMUM
C MNITR = MAXIMUM
C INITAL = CN-CFF
c INPRNT = CN~-OFF
C MESHPT = CN-CFF
C ITRTMP = CN-OFF
c [SAVE = CN-OFF
c NITRPR = FREQUEN
c LSAVE = LOGICAL
c LENGTH = INDICAT
c MASS = INDICAT
c ITIME = INDICATY
C ITEMP = INDICAT
c IHEAT = INDICAT
C iTR = CURRENT
C MAXITR = USER Sp
c MAXSEC =

C NOWTME = CURRENT
c INITME = INITIAL
C RAPLOT = INDICAT
G IPLTRY =

C [AMROY =

c NROWS = NUMBER
C IROWND = ROW (CR
c

c IMAX = NUMBER
c JMAKX = NUMBER
C KMAX = NUMBER
C HRDISY = HORIZON
C VRDIST = VERTICA
C NHREG = ANUMBER
c NVREG = WNUMBER
c NTREG = NUMBER
c NHRNDS = NUMBER
c NVRNDS = NUMBER
C JTOLH = HORIZCN
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APPENDIX D

TLISTING OF MAIN PROGRAM ¥OR ORTHIS

O0AK RIDGE TRANSFER OF HEAT IN STEADY-STATE

OAK RIDGE NATIONAL L ABCRAT(RY
RICHARD C. DURFEE
JANUARY 1971

STEADY STYATE SOLUTICN CF THE TWO-DIMENSIONAL HEAT

CONDUCTION EQUATION IN R-Z4 Y~1,
IBM/360
N

EFINITIONS

NUMBER OF HORIZONTAL REGICMS (IN
NUMBER OF VERTICAL REGICPMS (IN
NUMBER OF [INTERNAL REGICPMS (IN

OR R-THETA GEOMETRY

DIMENSION STATEMENT)
DIMENSION STATEMENT)
OIMENSION STAVEMENT)

NUMBER CF HORIZ. OR VERT, FEGIONS (LARGER OF THE ¥T4O0}

NUMBER CF HORIZONTYAL NCDES (IN
NUMBER 0OF VERTICAL NCDES {IN
NUMBER OF [INTERNAL NCDES (IN

DIMENSION STATEMENT)
DIMENSION STATEMENT)
DIMENSION STATEMENT]

NUMBER (OF HORIZ. OR VERT, MIDES (LARGER OF THE TuD)

NUMBER QOF MATERIALS USED (IN
NUMBER CF ITERATICNS (IN

DIMENSION STATEMENTI
DIMENSION STATEMENT)

INDICATOR OF WHETHER TO INITIALIZE ALL COMMON AREAS

INDICATOR OF WHETHER TO PRIM THE
INDICATOR OF WHETHER TO PRIPMY YHE
INDICATOR OF WHETHER TO PRINM VHE

INPUT READ
MESH-REGION GRID
ITERATIVE TEMP.S

INDICATOR OF WHETHER TO SAVE THE FINAL TEMPERATURES
CY OF ITERATIVE PRINTOUT (i3 = NO ITERATIVE OUTPUT)

UNIYT UPON WHICH FINAL TEMP,S ARFE
OR 1-4 SHOWIMNG LENGTH UNITS TO BE
OR 1-3 SHOWIMG ™ASS UNITS TO 8t
OR 1-3 SHOWING TIME UNITS TO BE
OR 1-4 SHOWING VEMP., UNITS 7O BE
OrR 1-5 SHOWING HEAT UNITS 70 BE

ITERATICN COUNTER

TO 8E SAVED
USED
USED
USED
USED
USED

ECIF IED MAXIMUM NUMBER OF I1ERATIONS ALLOWED

STARTUP CLOCK TIME IN SECCRMDS

OR FOR PLOYTING TEMP MAP (D:=NO, 1=
INDICATOR FOR PLOTTING VEMP TRAVERIES (C=ND, 1=CRT, 2=MCCH)
INCICATOR £OR ROW OR COLUMN TRAVERSES (0D=COLUMN, 1=R0OWY)

MAXIMUM NUMBER CF COMPUTER EXECUTICN SECONDS ALLOWED
ELAPSED EXECUTION TIME IN SECONDS

CRT, 2=MECH}

OF ROW (OR COLUMN) TRAVERSES TO BE PLOTTED
COLUMN} NODE NUMBERS TO BE PLOTTED (WHOLE ROM PLOTTED)G4C

0Ff HORIZONTAL NODES
OF VERTICAL NODES
OF INTERNAL MODES

IGEOM = INDICATOR 1-3 SHOWING GECMETRY TYPE {1=R,Z 2=Y,1 3=R,THETA)

TAL DISTANCES PERHORIZCNTAL REGION
L DISTANCES PERLZVERTICAL REG ION

OF HORIZONTAL REGICNS
OF VERTICAL REGICNS
OF INTERNAL REGICNS
OF HORTIZONTAL NODES PER REGIDN
OF VERTICAL NODES PER REG ION

TAL REGICN NUMBER, LM, FROM CACH HORIZ. NODE NO-y J

300
310
327
33"
340
355
36N
370
3870
309G
£,
410
42"
43n

450
460
47N
48"
49N
san
510
527
53"
547
558
567
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IToLy
LHTOJ
LVTOI
RDELTA
RO

R
RBIGO
RBIG
IDELTA
0

z
IBIGC
IBIG
AREAL
AREA3
RAREA4
RAREAZ
YOL
REGVOL
TOTVOL
iFT256
FTYPE
TOBAR
ARATE
I8NDRY
MTLNAM
NMATL
MATLNO
COND
ICONDF
Q
IQREGN
1QF
TMPOLD
TMPNEW
TeEMP
AVGTMP
NAVGRP
IGRPNO
NAVGND
MAXNDD
NODAVG
FIXTMP
NF IXED
MAXFIX
NODFIX
IFRST
IFIRST
IBEGN
IBEGIN
JBEGN
JBEGIN
INCR
IINCR
JNCR
JINCR
ISWTCH

{CURR
JCURR
KCURR
LCURR
IFTYPE
AREA
CONDK
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VERTICAL REGION NUMBER, LV, FRCM EACH VERT. NODE NO., I
BEGINNING AND ENDING HORIZa NODE N{.y Js PER HORIZ. REGION
BEGINNING AND ENDING VERT, NOCE Nfa.y Is PER VERT. REGION

57
589
590

THE DIFFERENCE OF THE SQUARES OF THE RADIAL DIST.S PER REGION 607

fI{C)

THE RADIAL DISTANCES TO THE NCDE IMTERSECTIONS

RBIG{()

THE RADIAL DISTANCES TO THE CENTER OF THE NODES

THE VERTICAL NODE DISTANCE PER REG ICN

2{7) .

THE VERTICAL DISTANCES TO THE NCDE INTERSECTIONS

BiGin)

THE VERTICAL DISTANCES TO THE CENTER OF THE NODES

THE AREA OF FACE 1 OF THE NODES ACFOSS ANY HORIZONTAL ROW
THE AREA OF FACE 3 OF THE NODES ACFOSS ANY HORIZONTAL ROMW
THE AREA OF FACE 4 EXCEPT FDR ZDELTA MULTIPLICATION

THE AREA OF FACE 2 EXCEPT FOR IDELTA MULTIPLICATICN

THE VCLUME OF ANY NODE IN A4 GIVEN FEGION

THE TCTAL VOLUME OF EACH REGICN

IHE TCTAL VOLUME OF THE WHOLE MESH

®ORK ARRAY fOR DETERMINING NUODAL FACE TYPES

FACE TYPE {1-4) DOF EACH FACE OF EVIRY NODE {(CODED 1-255}

EITHER EXT. TEMP, (FOR GRAD, ) CR ELGE TEMP, (FOR FIXED TEMP)
CRADIENT CONSTANT {1/LENGTH) FOR GFADIENT BOUNDARY CONDITION
INCICATOR SHOWING YYPE OF BOUNCARY CONDITION (FIXED OR GRAD)

EIGHY CHARACTER MATERTAL NAME FCR EACH MATERITAL
NUMBER OF MATERTALS :

MATERTAL NUMBER IN EACH . REGIUN

THERMAL CONDUCTIVITY FOR EBEACH MATEFIAL

CN~QFF INDICATOR SHOWING WHETHER CIND. IS A FUNCTION ANYWHERE

FEAT SOURCE AT EACH NODE

1-2 INDICATOR SHOWING WHETHER € Y5 NON~ZERO IN EACH REGION
CN-CFF IND{CATOR SHOWING WHETHER @ IS A FUNCTION ANYWHERE
TEMPERATURES AT THE PREVICUS I[TERATILCN

TEMPERATURES CALCULATED FOR THE CUFRENT ITERATION

TMPNEW FOR THE STEADY STATE CASE

AVERAGE TEMPERATURE FOR ANY OF SIX DIFFERENT GROUPS

MUMBER OF GROUPS YO BE AVERAGELD

GROUP NUMBER FOR FACH 0OF THE SIX GFOUPS

NUMBER OF NOODES TO BE AVERAGED IN FACH GROUP {(MAXNOD = &0
¥AXIMUM NUMBER OF NODES THAT CAN BE AVERAGED IN ONE GROUP
NODE NUMBERS OF NODES TO BE AVERAGED IN EACH GROUP
TEMPERATURE VALUES TO BE FIXED FOR CERTAIN NODES IN MESH
NUMBER OF DIFFERENT TEMPERATURE VALUES YO BE FIXED:
MAXIMUM NUMBER OF DIFFERENT TEMP,S TUO BE FIXED

FIXTMP SUBSCRIPT SHOWING WHICH FIXIMP GOUES WITH WHICH NODE
INDICATOR SHOWING MESH SWEEP BY RCEKS UR COLUMNS

INDICATDR SHOWING MESH SWEEP BY RC¥S OR COLUMNS {CURRENT])
STARTING VALUE FOR [ LCOP ({1 OR IMZX)

STARTING VALUE FOR I L00P {1 OR IM2X) {CURRENT)

STARTING VALUE FOR J LOOP (1 OR gMIX)

STARTING VALUE FOR 4 LOOP {1 OR JM2X} {CURRENT)

INCREMENT VALUE FOR I LOOP {1 CR ~1}

INCREMENT VALUE FOR I LCOP {1 OR ~1} {LURRENT)

INCREMENT VALUE FOR J LOGP (1 GR -1}

INCREMENT VALUE FOR J LCOP (1 CR ~1) {CURRENT)

1-2 SWITCH INDICATING WHICH MESH SeEEP IS CURRENTLY IN USE

CURRERNT NODAL RCW NUMBER

CURRENTY NODAL CCLUMN NUMBER

CURREANT NODAL INTERNAL NODE NUMBER
CURRENT NODAL INTERNAL REGICN NUMBER
CURRENT NODAL FACE TYPES

CURRENT NUODAL FACE AREAS

CURRENT NODAL CONDUCTIVITY

610
6 2.’\
530
647
650
660
BT
80
690
700
710
720
730
740
750
T A0
770
780
790
807
81
820
gar
840
asn
86N
870
887
a9n
9nn
917
920
932
940
957
960
97"
98"
990
1050
1710
1020
1737
145
1057
1760
1070
10 80
10670
1100
11
1127
1137
1147
1152
1160
11770
1187
1190
1270
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QK
TEMNEW
BETA
AL PHA
ARATIO
NEXITR
IEXTRA
EPSLON
TERROR
TDIFSM
TMPERR
TMPMAX
[ERR
JERR
ITPMAX
JTPMAX
{CONY
HGEN
HOUT
HDIFF
LVBAD
LHBAD
NBALILT
INTGER
KNODES
INTDIM
MA XKNO
EXPSET
LOCSET
NEXP
NLOC
VARNMS
NV AR
NUMERC
NVAL
VARVAL
TITLE
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CURRENT ADJUSTED INTER~-NODAL DISTAMCES

CURRENT TEMPERATURE OF NEIGHBCRING NODES (OR BOUNDARY)
CURRENT NODAL HEAT SOURCE

CURREANT NODAL TEMPERATURE

RELAXATION CCNSTANT (le5-149)

EXTRAPOLATICN CCNSTANT (.GVe 1.C) = 1/(1-ARAT 10}
RATIC OF TDIFSM FOR CURRENY AND PREVIOUS ITERATIONS
AUMBER OF I TERATIONS BETWEEN EXTRAFOLATIONS

CN~-OFF INDICAYOR SHUWING WHEN EXTRU/POLATION IS DONE
CONVERGENCE CRITERION VALUE CCMPARED #ITH TERROR
MAXIMUM ERROR RATIO OVER THE WHCLE MESH

SuM OF ERROR RATIOS OVER THE WHOLE MESH

TEMPERATURE AY THE NODE WHERE TERRCR IS A MAXIMUM
MAXIMUM TEMPERATURE QVER THE #HCLE MESH

ROW NUMBER OF THE NODE WHERE THPERS WAS MEASURED

COL NUMBER OF VTHE NODE WHERE TMPERF WAS MEASURED

ROW NUMBER 0OF THE NODE WHERE T¥PMAX WAS MEASURED

COL NUMBER OF THE NODE WHERE TMPMA> WAS MEASURED
CFF-0ON INDICATOR SHOWING WHEN CCNVERGENCE IS REACHED
HEAT CENERATED BY [INTERNAL SCURCES 1IN EACH REGION

HEAT CUTFLOW ~ HEAT GENERATED IN THREE WORST REGIONS

INTEGER WORK ARRAY USED 8Y INPUT SIBROUTINES

NOCE AMUMBERS wWORK ARRAY USED BY INFUT SUBRDUTINES
DIMENSION USED FOR INTGER ARRAY

CIMENSION USED FOR KNCDES ARRAY

SET OF *FOR~EXPRESSICON® EXPRESSION NAMES

SEYT OF *FOR-EXPRESSION® LOCATICN NAMES

ANUMBER OF EXPRESSION NAMES

NUMBER OF LOCATION NAMES

SET OF YARITHMETIC-EXPRESSION' VARIABLE NAMES
NUMBER OF VARIABLE NAMES

NUMBER OF VALUES TO RHS OF EQUAL SIGN FOR EACH VARNMS
RHS VALUES OF £EACH *ARITH.-EXPRESS JON?
ALPHAMERIC TITLE CARDS READ IN FOR EACH CASE

It

¥ExFZEND VARIABLE DEFINITIONS

IMPLICIT REAL*E (A-H,C-2)
Cresxx+¥BEGIN MAXIMUM CIMENSIONS COMMON AREA

COMMON
1

COMMON

COMMON

/GEOM/ MHREG sMVREG ,MREGS ¢MHVREG,
MHNODE sMVYNODE 4 MNODES s MHYNOD

/MATERL/ MNMATL

/ITERAT/ MNITR

Casxx%END MAXIMUM DIMENSJOGNS CCMMCON AREA

c

CA*+%4%BEGIN PARAMETER COMMON AREA

COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON
COMMON

JRERUN/ INITAL

/PRINT/ INPRNT,MESHPT,NITRPR, [ TRTMP

/ SAVE/ ISAVE ,LSAVE

/UNITS/ LENGTH,MASS LITIME JITEMP LIHEAT
/TTRATE/ ITR,MAXITR

/EXECTM/ MAXSEC,NOWTME,,INITHME

/7PLOTHP/ MAPLOT,IPLTRY

/TRYRSE/ IAMROW,NROWS ¢ IROWNGI(S)

C%x*x*END PARAMETER COMMON AREA

c

Cx*¥x%BEGIN MESH GECMETRY CCMMCN AREA

COMMON
COMMON

/CCORE/ IGEUM
JTJKMAX/ TMAX,JMAX, KMAX

HEAT ESCAPING OUY OF EACH REGICN A(CROSS THE 4 REGION SIDES

VERTICAL REGION NUMBERS OF THREE W(RST REGION HEAT BALANCES
HORTZCONTAL REGICN NUMBERS OF THREE WORSYT REGION HEAT BALANCES14S”
NUMBER OF I TERATIONS BETWEEN HEAT EALANCING (2=ND BALANCING)

FACE MO ON WHICH TEMPERATURE-DEPENLENT CONDUCTIVIYY IS CALCULATED

1227
1235
1247
125"
1260
127>
128"
1290
130
131n
1327
133"
134"
135
1360
137~
138"
1397~
14172
1417
142"
1435
1447

1467
1470
1487
1497
1590
15170
152»
153"
1547
1557
1560

ON-CFF INDICATOR SHOWING WHMEN VARNMS IS NUMERIC OR ALPHAMERIC1STD

1587
1597
1600
1610
1625
1637
1640
1657
1651
1669
167C
1680
1697
1705
1717
1720
173N
1740
1757
176"
1770
1787
1792
1800
1810
182n
1831



COMMON /REGICN/ HROIST{5D),VRDIST(52]}, 1840
i NHREG s NVREG +NTREG 1841
2 NHRNDS{50) «NVRNDS {593, 1842
3 JTOLH{INCO ) L ITOLV(INNR ), 1843
b LHTOJU{50 420, LVT0I(5,2) 1844
INTEGER®2 ITOLVoJTCUH,LVTIOI o LHTO 1852
COMMODN / MESH/ RDEL YA{SD} 4RO, RI1009) . RBIGN RBIGILIDND), 1867
1 IDELTALSD) 420, 2{1000), 78160 ,ZBIG{120N) 1361
COMMON JFAREASY AREAL{1IQO0N),RAREA4{1DD1) 1870
DIMENSION AREAZ(I0O00 ) ,RAREAZ (1000 1880
EQUIVALENCE {AREAYs AREA3)},{RAREA4{2),RAFFA2{1)} 1890
C AREA4 = RAREA4XIDELTA 1907
C AREAZ = RAREAZ*IDELTYA 1917
COMMON /NDVELS/ VOLI25D0),REGVOLIZ250%1,TOTVL 1924
COMMON /FACES/ TFT256{44:256),FTYPE{LLNC) 1930
LOGICAL®]L FTYPE 194"
INTEGER®2 [FT256 ' 1957
Cxakk%xEND MESH GECMETRY COMMON AREA 196%
C 1972
CxExx*BEGIN BOUNDARY CONDITIUNS COMMCN AREA 1987
COMMON /BNDARY/ T2BAR(4,IDOD) ,ARATE( 4, 10000 JIBNDRY{4,1000) 1997
LOGICAL*] IBNDRY 2007
ChxksdEND BOUNDARY CCNDITIONS COMMCN AREA 2715
C 2)’“2"
Crxkx¥BEGIN MATERTIAL PROPERTIES CUMMUN AREA 2737
COMMON /REGMTL/ MILNAME3DT) yNMATUL MATLNC{25T0) 2047
REAL*8 MY LNAM 2750
COMMON /MTCCOND/ COND{3C0), ICCNDF . 2760
COMMON JHEATQ/ QU10DC0) L,IQREGNIZ2503),IGF 2nIn
Crikx*END MATERJAL PROPERTIES COMMON AREA 2m 8%
c 2n9n
Cxekx*BEGIN TEMPERATURE COMMON AREA 2100
COMMON /TEMPS/ TMPOLD{1DODM ), TMPNEW{1O0LM) 2117
DIMENS ION TEMP {12040} 212"
EQUIVALENCE {TMPNEW,TEMP) 2137

C TEMP = BEST (NEWEST) TEMPERATURES FOR STEADY STATE STEADY
COMMON FAVGTEM/ AVGTMPI6), NAVGRP, IGRPNO{H}, PAVGND{A) ,MAXNOD 215%
1 NODAVG{6,67} : 2151
< MAXNGD = €2 = MAXIMUM NUMBER OF NODES AVERACED IN ONE GROUP 2167
COMMON /FIXTEMZ FIXTMP{255) ,NFIXEDMAXFIX, NIDFIX{172909) 21717
LOGICAL*]1 NODFIX : ' 2185

c MAXFIX = 255 = MAXIMUM NCs OF DIFFERENT TEMF,S TO BE FIXED {NODFIX=BYTE)
CxEER%END TEMPERATURE COMMON AREA 2270
C 2218
CAaxk%REGIN MESH SWEEP COMMCN AREA ) 2228
COMMON SMSWEEPY IFRST{2),IBEGNI2},INCR{2}, JEEGNIZ2),INCRI2}, 2233
1 IFIRST  LIBEGIN LIINCR LJEEGIN LJINCR L ISWTCH 2231
CH&x&¥END MESH SWEEP COMMON AREA 22470
c 2250
Crxxx*BEGIN NODAL INFORMATICN COMMON AREA 2267
COMMON /NCIJKLY/ ICURRLJICURR, KCURRGLCURR 2271
COMMON /NCFACE/ IFTYPE{4) 2280
COMMON /NDAREA/ AREA{4} 2297
COMMON /NCCCOND/ CONDK,ISIDE 2370
COMMON /NCBS/ BS {4} 2315
COMMON 7 NOTMPSY/ TMPS(4) 2327
COMMON /NDQ/ QK 2337
COMMON /TEMPK/ TEMNEW 2345
Cex%%%END NODAL INFORMATIGN COMMON AREA 23572
C 2360
Cxxex*XBEGIN RELAXATION-EXTRAPOLATION-CONVERGENCE (OMMCN AREA 2375
COMMON /RELAX/ BETA 2380
COMMON 7EXTRAP/ ALPHAARATIOWNEXITR, JEXTRA 2390

COMMON /CCNVER/ EPSLON,TERROR{LSCOI, TDIFSM{ 1550} , TMPERR, TMPMAX, 2400



1 TERKy JERRy [TPMAX, JTPHAX,ICC MV

Cxx&x¥END RELAXATICN-EXTRAPOLATION-CONVERGENCE CCHMMCN AREA

c
CrtxkxxBEGIN REGION HEAT BALANCING COMMCN AREA

COMMON /REGBAL/ HGEN(2500) ,HOUT(2500) +HDIFF {3} ,LVBAD(3),LHBAD(3)

COMMON /BALITR/ NBALIT
Cxxx%xkxEND REGION HEAT BALANCING COMMCN AREA
C
Cxxxx%xBEGIN WORK ARRAYS COMMCN AREA
COMMON /MAXDIM/ INTDIMyMAXKNO
c INTDIM = S5C0 = COLUMN DIMENSION OF THE ARREY,
C MAXKNO = 5000 = DIMENSION OF THE ARRAY, KNCIES
COMMON /WCRK1/ INTGER(Z,5C0)
COMMCN /WCRK2/7 KNODES(5NCC)
INTEGER*2 INTGER,KNOOES
COMMON /EXPRES/ EXPSET(12) .NEXP
COMMON /LCCATE/Z LOCSET(28)4NLCC
RE AL %8 LOCSET

COMMON /AEXPNM/ VARNMS(33) 4NVAR NUMERC(33), AL (33)

COMMON /HWYDIST/ VARVAL(53)
COMMON /HEAENG/ TITLE(17,12)
CxxuxsEND WORK ARRAYS COMMON AREA
C
CHxxx*%BEGIN INPLT
CALL INITLZ
1 CaLL INPUT
IF{MESHPT LEQ. 1) CALL MESHPR
Cxxxx%END INPUT
Cx#2x%BEGIN INITIALIZATION
INITME=ICLOCK(C) /100

c CALL SPACNG IS DONE INSIDE OF SUBROUTINE [MPUT
c CALL AREAS IS DONE INSIDE OF SUSRQUTINE IMPUT
¢ CALL VOLUME IS DONE INSIDE 0OF SUBROQUTINE IMPUT
CALL NDTYPE
ICONV=C
ISHTCH=N
ITR=0
Cexxx*END INITIALIZATION
C

2471
2417
2427
2437
2447
2457
24567
2670
248N
249%
2500
2517
2525
253"
2540
255
2560
257"
258"
2597
260N
2617
2627
2630
2640
2650
2667
267"
268"
25690
2700
271n
272
2730
2747
2750
276N
2778
2780

Coaxxx¥BLGIN OQUTER TEMPERATURE CONVERGENCE ITERATIIN LCOP #ack wkardomdol kok dokdk koo woiok o

z [TR=]TR+1

Cxxx3%3EGIN SETUP FOR THE TYPE OF MESH SHWEEP
ISHTCH=TISWTCH+1
IFLISHTCH WGTe 2) ISWTCH=1
IFIRST=IFRSTLISKTCH)
IBEGIN=IBEGN{ISWTCH)
IINCR =INCR (ISHTCH}
JBEGIN=JBEGN{ISWTLH}
JINCR =JNCR (ISWTCH)
IF(IFIRST JEQe 1) IJUMAX=IMAX
IF{IFIRST oNE. 1) TJMAX=JIMAX
IF(IFIRST LEQe 1) JIMAX=JMAX
IF{IFIRST oNEe 1) JIMAXsIMAX

Cx&xx&%END SETUP FGR YHE TYPE OF MESH SWEEP

C

Cx¥%¥%BEGIN MESK SWEEP
IF{IFIRST ,EQe 1) I=IBEGIN-IINCR
IF(IFIRST oNEs 1) J=JBEGIN-JINCR
00 11 [J=1,1JMAX
IF{IFIRST .NE. 1) GO TO 3
[=[+1INCR
J=JBEG IN-JINCR
GO TO 4

3 J=J+JINCR

2800
281r
282N
283n
2847
2850
2865
2875
2880
2892
2905
2910
292"
2913n
2947
2954
2967
2972
2987
2997
3300
301"
3026
3n3n
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[=1BEGIN~ IINCR 3740
4 DO 10 JI=1,JIMAX 350N
IFLIFIRST NE. 1} GO YO 5 3067
J=J+JINCR 3T
GO TO 6 3080
5 I=I+I1INCR 3n9n
Coxx+%xBEGIN NODE DESCRIPYTION CALCULATIONS 3100
6 K={I=14xJMAX+] 3110
LV=ITOLV () 3120
LH=JTOLH( J) 3130
L={LV=1) *NHREG+LH 3140
MATL=MATLAOLL 3150
ICURR=] 3160
JCURR= 4 : 3170
KCURR=K 3180
L CURR=L : 319"
C IsdeK = NCDE POSITION 32640
C {VelH,L = REGICN POSITION 321"
t MATL = NQODE MATERIAL : 2220
CRExx4END NODE DESCRIPTION CALCULATIONS 3230
Cxex%x*BEGIN FIXED TEMP, NODES CHECK 3240
IFIX=NODF IX{K} 3250
IF(IFIX LEQa ) GO TO 7 : 3260
TMPNEWIK ) =F IXTMP{IFIX) 3270
TEMNEW =TMPNEWIK } 328"
6D 10 10 3297
Ceexx¥END FIXED TEMP, NODES CHECK 3300
Cexs%x%BEGIN FIRST TEMPERATURE CALCULATIONS 3310
7 [SI{DE=D 3320
IF(ICONDF . EQs 0} CONDK=GTCOND{MATL} 3330
0K =GETEK (K} ' 3347
CALL GETYPE(K} , 2357
CALL  GTAREA{1,J} 3360
CALL GETBS (1.,J} 3z
CALL - GETMPS{IsJdsK) 3380
TMPNEW (K ) =GETEMP{L} 3390
TEMNEW =TMPNEW(K} 34030
CExxx%END FIRST TEMPERATURE CALCULATIONS 3410
IF{{CUONDF .NE., M) GD TO 8 3420
IF{IQF -NEs, N} GO TD 8 3430
GO TG 9 2447
Ce#x%%BEGIN SECOND TEMPFRATURE CALCULATICNS ~ BETIER CONDUCTIVITY, HEAT SDURCE
3 IF{IQF «NFEe 0) QK=GETQK{K} 3467
CALL  GETBS(I,J}) : 3470
TMPNEW (K ) =GETEMP{L) 348"
TEMNEW =TMENEW(K ) 3497
Cxsx*x%END SECOND TEMPERATURE CALCULATIONS - BETTEFR CONDUCTIVITY, HEAT SQOURCE3SHD
Cxxxx%BEGIN BETA RELAXATION APPLICATION 3517
g TMPNEW{K]) = BETAXTMPNEW(K) + (1 0D#30 « BET )«TMPOLDIK) 3525
TEMNEW = TMPMEW{K} » 3535
CHEkx2END BETA RELAXATION APPLICATION 3547
in CONTINUE A5 §
11 CONTINUE 1567
ClsekekEND MESH SWEEP 3570
C v 358/
Cxxx%%3FEGIN CONVERGENCE TEST 3597
CALL CONVRG 3600
Chus2REGIN ALPHA EXTRAPOLATION 3610
IEXTRA=V} : 36237
IF{ITR LEQe 1) GO TG 14 3637
INEW=0 240
IFINEXITR «EQ. 9) GU TC 12 . 3657
IDIV=ITR/NEXITR 3560

INEW=IDIVANEXITR 36710
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12 ARATIO=TDIFSMLITRI/TDIFSM{ITR-1)
ALPHA=Qo DD D
IF(ARATIC o NEe 147Dt00) ALPHA=1,00+4CD/(1.,00400~ARAYID)
IF(INEW oNEs ITR} GG TO 14
IF{ARATIU +GEe 140D4+00) GO TO 14
DO 13 K=1 ,KMAX
IFIX=NODF IX{Ki
IFTIFIX oNEa O) GO YO 13
THPNEW {K) = ALPHA*TMPNEWIK) + (1e D430 = ALFHA)=TMPOLD(K)
13 CONTINUE
IEXTRA=1
14 CONTINUE
ChxxxkxEND ALPHA EXTRAPOLATICN
Cexxx+xBEGIN REGION HEAT BALANCING
DO 15 I=1,3
HDIFF{ 1)1 =C. 00+ CC
LvBAD( ) =C
15 LHBAD( I} =0
IF(NBALET +Lise Q) GO TO 16
IDIV=ITR/N3ALIT
INEW=IDIVENBALIT
IF{INEYW oEQ. ITR) CALL BALANC
16 CONTINUE
CxxxxsxEND REGION FEAT BALANCING
Cxxxx%8EGIN ITERATIGON OQUTPUT
NOWTME=TICLOCK(7)/1G? ~INI TME
CALL OUTPUT(O)
Coraorx3END ITERATICN CUTPUT
IF{ICONY o.EQs 1) GO TC 2C
CHx#xx%END CONVERGENCE TEST
Cx*x+4BEGIN EXECUTION TIMLE TEST AND MAXIMUM ITERATICNS TEST
IF{MAXSEC +EQ- 7)Y GG 7O 17
IF{NDWTME oLTsa MAXSEC) GC TO 17
PRINT 1001,NOWHTME, MAXSEC,ITR
1201 FORMAT(//1X,*EXECUTION TIME =°,16," SEC.S HIS EXCEEDED MAXIMUM ALL
10WABLE TIME =%,16," SEC.S AFTER ITERATICN =%,16//)
GO YO 20
17 IF{ITR LT, MAXITR) GO TO 1B
PRINT 1002,ITR,MAXITR,ITR
1202 FORMAT(//1X,*NUMBER 0OF ITERATICUNS =t,16,% HIS EXCEEDED MAXIMUM ALL
IOWABLE TTERAYTICNS =',16,* AFTER ITERATICN =°,16//1)
GO TQ 2G
Cx%x%xexEND EXECUTICN TIME TEST AND MAXIMUM ITERATIINS TEST
Cx*%xr*BEGIN RESETTING TMPOLD
18 DO 12 K=1,KMAX
19 THPOLD (K ) sTMPNEW(K )
CHsxx&END RESETTING TMPOLD
GO TO 2

368N
3697
3740
3719
3723
3730
3747
3757
3767
A773
378
379"
3gnn
3819
3820
383
384"
3852
3860
3879
3887
3893
3917
3917
3920
3930
3947
3957
3967
3973
3981
399n
4000
4717
402
“521
4739

%4
4050
PR
4361
4077
478"
4097
4197
4117
4120
4130

C&xexEND OUTER TEMPERATURE CONVERGENCE ITERATVICON LOOP #&tdddolokddod ddok dokde oo ook

C
Cexex*BEGIN FINAL CUTPUT
20 CALL OUTPUTI{1)
CHxxxxEND FINAL DUTPUT
Cxx+*BEGIN FINAL SAVE QUTPUT
IF(ISAVE WEQe () GO TC 21
CALL TPSAVE
Ce&exXEND FINAL SAVE QUTPUT
21 PRINT 1003
1003 FORMATILIHD)
GO T0 1
ENO

4157
41 6%
4170
41 80
4197
4209
4210
4227
4239
4240
425
4267
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LISTING OF MAIN PROGRAM FOR ORTHAT

o PROGRAM ORTHAT -~ DAK RIDGE TRANSFER OF HEAT AT TRANSIENT 10
C SPONSOR - CAK RIDGE NATIONAL LABORATCRY 20
c PROGRAMMER ~ RICHARD Co LURFEFE 30
C DATE ~ JANUARY 1971 &0
C TITLE - TRANSILENT SCLUTION OF THE TWO-CIMENSIONAL HEAT 59
c CCNDUCTION EQUATICN IN R~Zy Y-1y OR R~THETA GEOMETRY 61
C BY A PREDICTOR-CUORRECTOR MCLIF ICATION TO THE 72
C ALTERNATING DIRECTICN METHCD 8"
C COMPUT ER -~ IBM/360 9%
Cxxxx%xBEGIN DESCRIPTIDN 175
C SEE ORNL REPCORT 117
Crxxx*END DESCRIPTICN 127
C ) 13°
Crex+*BEGIN VARIABLE DEF INITIONS 147
C MHREG = MAXIMUM NUMBER OF HORIZONTAL REGICMS (IN DIMENSION STATEMENT) 152
C MVREG = MAXIMUM NUMBER OF VERTICAL REGICANS (IN DIMENSION STATEMENT) 167
c MREGS = = MAXIMUM NUMBER DF [NTERMNAL REGITC®S {(IN DIMENSION STATEMENT) 172
c MHVREG = MAXIMUM NUMBER CF HORUZ., OR VERT, FEGIONS {LARGER 0OF THE Tw0) 182
C MHNDDE = NMAXIMUM NUMBER (OF HORIZONTAL NDDES (IN DIMENSIDN STATEMENT) 190
c MVYNODE = MAXIMUM NUMBER OF VERTICAL NCDES (IN DIMENSION STATEMENT) 2770
C MNODES = MAXIMUM NUMBER OF INTERNAL NCDES {IN DIMENSIDN STATEMENT) 217
C MHVYNOD = MAXIMUM NUMBER CF HORIZ. OR VERT, ANIDES {(LARGER OF THE TW0O) 222
C MNMATL = MAXIMUM NUMBER COF MATERIALS USED (IN DIMENSION STATEMENT) 235
C MNITR = MAXIMUM NUMBER OF ITERATIGNS {IN DIMENSION STATEMENT) 247
-~ C INITAL = CN-CFF INDICATOR OF WHETHER T3 INITIALIZE ALL COMMON AREAS 250
C INPRNT = CN-CFF INDICATOR OF WHETHER TO PRIN THE INPUT READ 267
c MESHPT. = CN-CFF INDICATUR OF WHETHER Y0 PRIPM THE MESH-REGION GRID 21
C NITRPR = FREQUENCY OF ITERATIVE PRINTOUT {{ = NO ITERATIVE QUTPUT) 28"
C ITRTMP. = CON~OFF INDICATOR OF WHETHER TO PRIPM TEMP, ARRAY OR TEMP, MAP 297
C [SAVE = CN-QFF INDICATOR OF WHETHER TO SAVE THE FINAL TEMPERATURES 3an
C LSAVE = LOGICAL UNIT UPCN WHICH FINAL TEMP,5 ARE TO BFE SAVED 31
- C LENGTH = INDICATOR 1-4 SHOWING LENGTH UNITS TO BE USED 324
C MASS = INDICATOR 1-3 SHOWING MASS UNITS YO BE USED 337
c ITIME = INDICATDR 1-3 SHOWING TIME UNITS TO BE USED 347
C ITEMP = INDICATOR -4 SHOWING TEMP. UNITS T4 BE USED 35%
c IHEAY = INDICATOR 1-~5 SHOWING HEATY UNITS TO BE USED 360
- C ITR = CURRENY ITERATILN COUNTER FOR TIME STEPS 37
C MAXITR = USER SPECIFIED MAXIMUM NUMBER (F I1ERATIONS ALLOWED 38%
C MAXSEC = FMAXIMUM NUMBER OF COMPUTER EXECUTI(N SECONDS ALLOWED 397
c NOWTME = CURRENT ELAPSED EXECUTION TIME IN SECONDS 430
£ INITME = INITIAL STARTUP CLOCK TIME IN SECCPDS : 410
« IGEOM = [ANDICATOR 1~3 SHOWING GEOMETRY TYPE {1=R,Z 2=Y,7 3=R,THETA} 427
C IMAX = NMUMBER OF HORIZCNTAL NODES 43"
- C JMAX = RUMBER OF VERTICAL NODES 447
C KMAX = NUMBER OF INTERNAL NUODES 450
C HRDIST ‘= HORIZONTAL DISTANCES PERHNRIZCNTAL REGION 467
C VRODIST = VERTICAL DISTANCES PER,VERTICAL REGION 470
C NHREG = RMUMBER 0OF HORIZONTAL REGICNS 480
C NVREG = NUMBER OF VERTICAL REGICNS 497
C NTREG = MUMBER 0F INTERNAL REGIONS 500
C NHRNDS = NUMBER OF HORIZONTAL NODES PER REG IDN 517
- C NVRNDS ‘= NJMBER OF VERTICAL NODES PER REG ICN . 520
C JTOLH = HORIZCNTAL REGICN NUMBER, LH, FROM EACH HORIZ. NODE NDs, J 537
c ITOLY = VERTICAL REGICN NUMBER, LV. FROF¥ EACH VERT, NODE NOa,y I 547
C LHTOJ = BEGINNING AND ENDING HORIZ. NOCE N{., J, PER HORIZ. REGION 557
L LVTOI = BEGINNING AND ENDING VERT, NOCE N{., T, PER VERT. REGION 56"
C RDELTA = THE DIFFERENCE OF THE SQUARES OF THE RADIAL DIST.S PER REGION 570
C R = R{0) 587
C R = THE RADIAL DISTANCES TQ THE NODE IPTERSECTIONS 594
C RBIGR = RBIGIT) 60
C RBIG = THE RADIAL DISTANCES TC THE CENTER OF THE NODES 610
C IDELYA = THE VERTICAL NODE DISTANLE PER REG ION &2
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L
8160
IBiG
AREAL
AREA3
RAREAL
RAREAZ
VoL
REGVOL
TOTVOL
IFT256
FTYPE
TOBAR
ARATE
IBNDRY
TEMPCH
DISTCH
TINITL
MTLNAM
NMATL
MATLNG
COND
ICONDF
ITEMPF
Q
IQREGN
I
SPMASS
SPHEAT
I1MASSF
IHEATF
TMELT
FUSION
ENERGY
[MELT
1AMLIQ
LIQUID
TMPOLD
TMPNEW
TEMP
AVGTMP
NAVGRP
IGRPND
NAVGND
MAXNQOD
NCDAVG
FIXTMP
NF IXED
MAXFIX
NODFIX
TOERLV
AL LMAX
DUTSID
THPMAX
FNAME
ITPMAX
JTPMAX
TMPMIN
ITPMIN
JTPMIN
TCHECK
NCHECK
NODCHK

N | VI N N NS N NN FA NS N ¢ N N I Y £ N 11

F I N AR A A R (A | A LR

ELI I S| N P A IR L AN N LT B (B [ B

#

B ow i on

FEI O SO I CT O N S A P F R I 1]

126

240 63"
THE VERTECAL DISTANCES TQO THE NODE INTERSECTIONS 647
BIGIT) 650
THE VERTICAL DISTANCES 7O THE CENTER OF THE NODES 66N
THE AREA OF FACE 1 OF THE NODES ACFOSS ANY HORIZONTAL ROW 670
THE ARCA OF FACE 3 OF THE NODES ACFOSS ANY HORIZONTAL ROW 680
THE AREA OF FACE & EXCEPT FOR ZDELTA MULTIPLICATION 697
THE AREA OF FACE 2 EXCEPT FOR ZOELTA MULYIPLICATION 70
THE VOCLUME OF ANY NCDE IN A GIVEN FEGION 71"
THE TCTAL VCLUME OF E£ACH REGION 727
THE TCTAL VOLUME OF THE WHOLE MESKH 737
WORK ARRAY FOR CETERMINING NODAL FACE TYPES 747
FACE TYPE {(1-4) OF EACH FACE CF EVERY NODE (CODED 1~255) 75"

EITHER EXT., TEMP, (FOR GRAD:} CR ELGE TEMP, (FOR FIXED TEMP) 764
GRADIENT CONSTANT {1/LENGTH} FCR GFADIENY BOUNDARY CONGITION 770
INDICATOR SHOMWING TYPE OF BOUNCARY CONDITION (FIXED CR GRAD) 78"
BOUNCARY TEMPe CHANGE COGNSTANT SENT TO SUBR, TOBARF FOR EACH STEP
BOUNCARY GRAD. CHANGE CONSTANY SENT TO SUBR, ARATEF FOR EACH STEP
INITIAL BOUNDARY TEMPLS SET 8Y EXTLTEMP OR EDGELTEMP INPUT CARDS

EIGHT CHARACTER MATERIAL NAME FCR PACH MATERI AL 827
MUMBER OF MATERIALS 837
MATERTIAL NUMBER IN EACH REGION 847

THERMAL CONCUCTIVITY FOR EACH MATEFIAL BY STATE (LIQUID,SOLIDIBSH
CN—-OFF INDICATOR SHOMWING WHETHEK COND: IS A FUNCTION ANYWHERE 867
CN~OFF INDICATOR SHOWING WHETHER CU(ND,; SPMASS, OR SPHEAT IS FUNC,

HEAT SOURCE AT EACH NOODE 88"
1-2 INDICATOR SHOWING WHETHER ¢ IS NON-ZERO IN EACH REGION 890
CN~CF& INDICATOR SHOWING WHETHER Q IS A FUNCTION ANYWHEPRE 9an
CENSITY FOR EACH MATERIAL EY SVATE (LIQUID,SCLINY 91
SPECIFIC MASS FOR FACH MATERITAL EY STATE (LIQUID,SOLID) 927

CN-CFF INDICATOR SHOWING WHETHER SHMASS IS A FUNCTION ANYWHERED3D
CN-OFF INDICATOR SHOWING WHETHER SEHEAY IS A FUNCTION ANYWHERESG4D
FELTING POINT TEMPERATURE FOR EACH MELTABLE MATERIAL 954
LATENY HEAT OF FUSION FOR EACH MELTABLE MATERIAL 26"
LATENT HEAT ENERGY BANK STORED FOR FACH NODE (CHANGE OF STATEISTO
EN-CFF INDICATOR SHOWING WHETHER Aty MATERIAL CAN MELT ANYWHERE

CN-OFF INDICATOR SHOWING WHEN THE FIRST NODE MELTS 997
1-2 INDICATOR SHOWING STATE OF £ACH NODE (1=SCLID, 2=LIQUID) 1097
TEMPERATURES AT THE PREVIOUS ITERATION 1717
TEMPERATURES CALCULATED FOR THE CUFRRENT ITERATION 1520
TMPCLE FCR THE TRANSIENT CASE 1237
AVERAGE TEMPERATURE FOR ANY CF SIX DIFFERENT GROUPS 1747
NUMBER OF GROUPS T3 BE AVERAGEL 175"
GRTUP NUMBER FOR EACH OF THE SIX GFCUPS 1760
NUMBER OF NODES TO BE AVERAGED IN EACH GROUP (MAXNOD = 67} 1NT7S
MAXIMUM NUMBER OF NODES THAT CAN BE AVERAGED IN ONE GROUP 103 80
NODE KNUMBERS OF NODES TO BE AVERAGED IN EACH GROUP 1790
TEMPERATURE VALUES TO BE FIXED FOR CERTAIN NOOCES IN MESH 1137
NUMBER OF DIFFERENT TEMPERATURE VALUES YO BE FIXED 1117
FAXIMUM NUMBER CF DIFFERENT TEMP.S TO BE FIXED 112~

FIXTMP SUBSCRIPT SHOWING wiICH FIXTMP GUOES WITH wHICH NODE 113~
TIME CERIVATIVE OF TEMPERATURE (FCF PROPERTIES=FUNCTION{TEMP) )

MAXIMUM TEMPERATURE ALLOWED OVER WHOLE MESH (CHECKED FOR) 1150
MAXIMUM BOUNDARY TEMPERATURE {EXTEFNAL OR EOGE) AT EACH STEP 1167
MAX1MUM TEMPERATURE DVER VHE WHOLE MESH 117
MATERIAL NAME OF THE NODE WHERE THMEMAX WAS MEASURED 1184
ROW NUMBER OF THE NODE WHERE TMPMAY WAS MEASURED 119”
COL NUMBER OF THE NCDE WHERE TMPMA> WAS MEASURED 1277
MIMNIMUN TEMPERATURE OVER THE WHOLE MFSH 121»
RG4W NUMBER OF THE NODE WHERE TMPMI M WAS MEASURED 1227
COL NUMBER OF THE NODE WHERE TMPMIM WAS MEASURED 1237

MAX{MUM ALLOWABLE TEMPERATURE FCR SPECIFIED NCDES {SEE MAXAVG)
NO CF NODES TGO BE CHECKED AGAINST 1CHECK FOR TEMP, YOO HIGH 1257
INTERNAL NODE NUMBERS OF NODES TO tt CHECKED AGAINST TCHECK 1267
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MAXCHK = MAXIMUM NUMBER OF NODES THAT CAN BE CHECKED AGAINST TCHECK {257)
IEXCED = CON-CFF INDICATOR SHOWING WHEN A CHECKED NDDE EXCEEDS TCHECK 1287
TSTEP = USER®'S TIME STEP INCREMENT FOR EACHt TI{ME STEP ITERATION 1290
DELTA = TSTEP/2 = INTERNAL TIME STEP INCREMNT BETWEEN RDOW AND CUL SEARCH
DELTAZ = CELTA/2 = ONE FCURTH USER'S TIME STEP INCREMENT 1310
STRYIM = INITIAL STARY TIME (REAL TIME) WHICH IS NORMALLY ZERD 1322
TIME = ACTUAL ACCUMULATED REAL: TIME AT ARY POINT IN INTERNAL TIME UNITS
SECTIM = ACTUAL ACCUMULATED REAL TIME AT ANY POINT IN SECONDS 1340
INSTEP = INITIAL TIME STEP NUMBER (INTEGER) (NDORMALLY ' UNLESS RESTARTING)
NSTEPS = TOTAL NUMBER OF TIME STEPS IN THE FROBLEM 134
LISTMP = FREQUENCY AT WHICH TEMP,S ARE TC BE PRINTED (GIVEN FOR EACH STEP)
ICURR - = CURRENT NOGDAL ROW NUMBER 1380
JCURR ' = CURRENT NODAL COLUMN RNUMBER 139n
KCURR = CURRENT NODAL INTERNAL NODE NUMBER 14072
LCURR - = CURRENT NODAL INTERNAL REGION ANUMBIR . 1417
IFTYPE = CURRENT NODAL FACE TYPES 1420
AREA = CURRENT NODAL FACE AREAS 1435
CONDK = CURRENT NODAL CONDUCTIVITY 1440
B85 = CURRENT ADJUSTED INTER-NODAL DISTAMES 145
TMPS = CURRENT TEMPERATURE DF NEIGHBNORING NDODES {0OR BOUNDARY) 1467
Qr = CURREANT NODAL HEAT SOURCE 147¢
TEMOLD = CURRENT NODAL TEMPERATURE {PREVIQUES INCREMENT) 1482
SMASSK = CURRENT NODAL DENSITY 149C
SHEATK = CURRENT NODAL SPECIFIC HEAT 1500
LIQUDK = CURRENT NODAL STATE INDICATOR (1=S5{LID, 2=LIQUID} 1517
W = CURRENT NODAL PARAMETER = CUONDK#*ARFAXDELTA/2 1527
VK = CURRENT NODAL PARAMETER = SMASSK*SHEATK*VOL 1539
UK = CURRENT NODAL PARAMETER = QK*YOL*DHLTA 1545
B8IGH = CURRERT NODAL PARAMETER = {1 OR 21} 3W 1552
INTGER = INTEGER WORK ARRAY USED BY INPUT S{BROUTINES 1568
KNODES = NODE NUMHERS WORK ARRAY USED BY INFHUT SUBROUT INES 1572
INTOIM = CIMENSION USED FOR [NTGER ARRAY : 1580
MAXKNO = DIMENSION USED FOR KNODES ARRAY ' 1597
EXPSET = SET OF *FOR-EXPRESSION' EXPRESSION NAMES 1609
LOCSET = SET OF *FOR~EXPRESSION®' LOCATICN NAMES 1617
NEXP = MUMBER OF EXPRESSION NAMES 1629
NLOC = NUMBER 0OF LOCATION NAMES 1630
VARNMS = SET OF YARITHMETIC~EXPRESSION® VAR IABLE NAMES 1649
NVAR = NUMBER OF VARIABLE NAMES 1657
NUMERC = CN~CFF INDICATOR SHOWING WHEN VARNIS IS NUMERIC OR ALPHAMERIC166T
NVAL = NUMBER OF VALUES TO RHS 0OF £QUAL SIGN FOR EACH VARNMS 1670
VARVAL = RHS VALUES OF EACH TARITH,-EXPRESS JON? 1680
TITLE = BALPHAMERIC TITLE CARDS READ IN FOR EACH CASE 1690
A = L OWER BAND OF ABC THREE BAND MATRIX USED IN SOLVING. FOR TEMP,. S
B = CIAGONAL OF ABC THREE BAND MATRI) USED IN SCLVING FUR TEMP.S
c = UPPER BAND OF ABC THREE BAND MATRI x USED [N SCLVING FOR TEMP.S
P = RIGHT HAND SIDE OF THE MATRIX EQUATIUN, ABCARTEMP=P 1730
ABC = THREE BAND MATRIX (BANDS SHIFTED TC MAKE 3 COL.S) DESCRIBED ABQVE
LRk REND VARTABLE DEFINITIONS ; 1755
176"
IMPLICIT REAL*E (A-H,0-Z} 1770

%6 e e o ook e o Aotk ik ok ok o ok ok o Ko ok oK ol o o ok Kol ke 0k o o o i B sk oo ek e ok s o o o ok o ok ok e Nk ok e ke
Crk®x¥BEGIN COMMOUN AREAS FOR WHOLE PROGRAM S%kfkk tdkdokd sk sk & %k ok etk ok gk

C

C 1800
CHxexxEBEGIN MAXIMUM CIMENSICNS COMMCN AREA 1819
COMMON 7/ GEOM/ MHREG ,MYREG ,MREGS ,MHVREG, 1820

1 MHNODE s MYNODE » MNODE S, MHVNGD ‘ 1821
COMMON /MATERL/ MNMATL 1830

COMMON FITERAT/ MNITR 1840
CLAEEEKEND MAXIMUM DIMENSIONS COMMON AREA 185"
, 186"

CHex&*BEGIN PARAMETER (OMMON AREA 187
COMMON /RERUN/ INITAL 1880

COMMON JPRINT/  INPRNT MESHPT,NITRPR, ITRTMP ,NLINES 189%
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COMMON /SavVE/ ISAVE 4LSAVE 194G
COMMON ZUNITS/ LENCTH,MASS LITIME ,ITENMP LIHEAT 191"
COMMON /TTRATE/ ITR,MAXITR 1327~
COMMON /EXECTM/ MAXSEC NCWTME,INITME 193"
Cxx&x#END PARAMETER COMMON AREA 1947
c 195~
Cx#x%*BEGIN MESH GECMETRY COMMCN AREA 1967
COMMON /CCORD/ IGECM 1977
COMMON / TJKMAX/ TMAX,JMAX,KMAX 198"~
COMMON /REGICN/ HRDIST(57),VRDIST(53}, 199"
1 NHREG ¢+ NVREG +NTREG 1991
2 NHRNDST5G) yNVRNDS (53 1992
3 JYOLH(LCNC ), ITOLVILYOG ), 1993
4 LHTOJ(504+2) ,LVTOi{5742) 1994
INTEGER%2 [TOLY2JTOLH,LVTOL L LHTCJ 2500
COMMON /MESH/ RDELTAISD) yROLR{LCND ) HZRBIGE 4RBIG(LITNN) 2017
1 IDELTALSN)} 4 I8 4 Z(1L0D) ¢ 2BIGO 4ZBIGTILINTST) 2711
COMMON /FAREAS/ AREAL(1D0D),RAREA4(L10D1) 2020
DIMENSION AREA3(1002),RAREAZ(1INDN) 273"
EQUIVALENCE (AREAL, AREA3)(RAREAL{2),RAFEA2(1)) 2740
C AREA4 = RARCA4L*ZICELTA 20 5°
C AREA2 = RAREAZ*INDELTA 27 6"
COMMON /NCVCLS/ VOL{E2500),REGVOL(2599),TCTVIL 2N 7T
COMMON /FACES/ IFT256(%,256),FTYPELLIGTN) 2nman
LOGICAL*1 FTYPE 2097
INYEGERX2 [F1256 2190
Cx*xxkEND MESH GECMETRY COMMON AREA 2117
C 212°
Cx¥xx4#BEGIN BOUNDARY CONDITICNS COMMCN AREA 2130
COMMON /BNDARY/Z TOBAR(491GNC) ARATE( 4, 1067 ) yIBNDRY(4,100G) 214"
LOGICAL*] IBNDRY 215"
COMMON /CHANGE/ TEMPCH(5000) yDISTCHISGIC)# TINITL(4,1000) 216"
CxtexxEND BOUNDARY CCNDITIONS COMMON AREA 217"
c 218™
Cax¥24xBEGIN MATERIAL PROPERTIES COMMCN AREA 219
COMMON /REGMTL/ MILNAMIB0N0) ,NMATL yMATLNCI{25C3) 2237
RE AL %8 MYLNAM 2210
COMMON /¥TCCND/ CONDU(33N,2)ICCNDF,ITEMPF 2227
COMMDN /HEATG/ QUL GOO),IQREGN(25DD),14F 223"
COMMON /SPECIF/ SPMASS(300,2),SPHEAT(322,2) +IMASSF,IHEATF 2240
COMMON /MELTNG/ TMELT{30C) ¢FUSION(3D0 ) ,ENERCY{1DRTC), TMELT, 2257
1 IAMLIG,LIQUIC(1GN0D) 2251
LOGICAL*Y LIQUID 2260
CxxxuxEND MATERIAL PROPERTIES COMMCON AREA 227
C 2280
Cxxxx%BEGIN TEMPERATURE COMMCN AREA 2290
COMMON /TEMPS/ THMPOLD{LO20G ), TMPNEWL1D00D) 23075
DIMENSION TEMP  (1DD00) 2312
EQUIVALENCE (TMPDLC,TEMP) 2320
c TEMP = OLC TEMPERATURES AT PREVIOUS TIME STEP FOR TRANSIENT TRANSENT
COMMON /AVGTEM/ AVGTMP (603 NAVGRP, IGRPNO(6) o PAVGND(6) ¢y MAXNOD, 2347
1 NODAVG{6,60) 2341
C MAXNOD = &2 = MAXIMUM NUMBER OF NODES AVERACED IN ONE GROUP 2339
COMMON /FIXTEM/ FIXTMP{255) yNFIXED,MAXFIXy NIDFIX{100GD) 23 6N
LOGICAL#*1 NCDFIX 2370

c MAXFIX = 255 = MAXIMUM NQOeo OF ODIFFERENT TEMF.S TO BE FIXED (NODFIX=BYTE}
COMMON /DERIV/ TDERIVILOCGCO) 239n
COMMON /MAXTMP/ ALLMAX,O0UTSIDy TMPMAX, FNAME, JTPMAX,JTPMAX 2400
COMMON /MINTMP/ TMPMIN,ITPMIN,JTPMIN 2410
COMMON /CPECKT/ TCHECK{250) ¢NCHECK,NODCHK{ 257} y MAXCHK, IEXCED( 250} 2420
LOGICAL*1 TEXCED 2437
c MAXCHK = 250 = MAXIMUM NQO., OF NODES TO BE CHECKED FOR TEMP.S TOO HIGH 2440
CHxx%#END TEMPERATURE COMMON AREA 2450
c 246N
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Cexxx2BEGIN REAL TIME COMMON AREA 2470
COMMON /REALTM/ TSTEP(S50DD) ,DELTALDELTAZSTFTIM, TIME,SECTIM, 2487
1 INSTEP,NSTEPS 248)
COMMON /LISTNG/ LISTMP(S50NG) 2497
INTEGER%®2 LisT#p 2557
CrErx%END REAL TIME COMMON AREA 251"
C 252n
Cx%%22BEGIN NODAL INFORMATICN COMMCN AREA 253N
COMMON /NDIJKL/ ICURRGJCURR,KCURR,LCURR 2547
COMMON /NCFACE/ TFTYPE{4) 255"
COMMDON /NDAREA/ AREA{4) 2567
COMMON /NCCOND/ CONDK 257"
COMMON /NIBS/ BS{4) 258%
COMMON /NDTMPS/ TMPS{4) 2590
COMMON /NLCQ/ QK 26097
COMMON /TEMPK/ TEMOLD ‘ 2617
COMMON /NCMASS/ SMASSK 2627
COMMON /NDHEAT/ SHEATK 25637
COMMON /NCSTAT/ LIQUOK 2640
COMMON FHUVBIGY W{(4) ,VK,UK,BIGW{4) 2650
Cxe&x*END NODAL INFORMATIUN COMMON AREA 2667
C 2617
Cxxx&*BEGIN WDRK ARRAYS CUMMUN AREA ’ 2680
COMMON /MAXDIM/ INTDIMyMAXKND 2690
C INTDIM = 500 = COLUMN DIMENSICN OF THE ARRZY, INTGER 2700
C MAXKND = 5C0C = DIMENSION OF THE ARRAY, KNCLES 271°
COMMON /WCRK1/ INTGER{Z2,500) 2725
COMMON /WCRKZ2/ KNOGES(SDON) ' 2730
INTEGER*2 INTGER,KNODES 2747
COMMON /EXPRESY EXPSET(19) ,NEXP 27 5%
COMMON /LCCATE/ LOCSET{31) ,NLOC 276"
REAL*8 LOCSET 277
COMMON JAEXPRM/ VARNMS(3D) ,NVAR,NUMERC {30}, PVALI3N) 278"
COMMON Z7HVDIST/ VARVAL{SD) 2749
COMMON /HEADNG/ TITLE(1D,12} 2807
COMMON 78ANDS/  ALLICHE),,BOLOND) ,CLINNT),,PLLLOD) 281n
DIMENS ION ABC{10N0,3) 2820
c EQUIVALENCE (ABCL{1,13,A{1))+({ABC(1+2),811)1,{ABC(14+3},+C{1}) 2830
EQUIVALENCE {ABC(1,1),A{1))} 284"
CHEXxXXEND WORK ARRAYE COMMON AREA 2859
C 2867

CHERXKEND COMMON AREAS FOR WHOLE PROGRAM sk s auorskokoko ok dode Sk o o ookt o ot o e o Aok
[ e o ook s e ek ok i o e R oA AR sk o o o R R RO R R R K O A S e B st e ok o ok R Rk

C 2890
CEHXX¥REGIN INPUT AND INITIALIZATION 2997
CALL INITLZ 2917

1 CALL INPUT 292
IF{MESHPT LEQe 1} CALL MESHPR 2930
INITME=ICLOCK{CH /10" 2940

G CALL SPACNG IS DONE INSIDE OF SUBROUTINE IpPUT 2950
C CALL AREAS 1S DONE INSIDE QOF SUBROUTINE I[MPUT 2960
C CALL VOLUME 15 DONE INSIDE OF SUBROUTINE [tPyUrY 2970
CALL NDTYPE 2980

CALL TMPQUT{~1} ; 2990

CaLl STATE 30N
CraetkEND INPUT AND INITIALIZATION ERBR
¢ 3non
CxEXeF5AESGIN DUTER TINME STEP LONP  skdkdkskdodobdok dodokdor & ook o ool ol oo shoe o e o o o oo oo o ok o ol ok ek
TIME=STRTIM anan
IREFPT=INSTEP-1 38N

DO 37 ITR=INSTEP,NSTEPS 3N 4D
CHekx¥BEGIN TIME CALCULATIONS 3070
DELTA=TSTEP(ITR)I/2.,0D400 : angn

DELTAZ=DELTA/2.50+(0 3790
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TIME=T IME+4TSTEP(ITR]
IFUITIME oEQe 1) SECTIM=TIME
[F{ITIME &EQs 2) SECTIM=TIMEX6(,0D+0)
IF{ITIME LEQs 2) SECTIM=TIME%3670,0D+30
CHxx%xkxEND TIME CALCULATIONS
Cxxx+#3EGIN BOUNDARY CHANGE AS FUNCTICN OF TIME
IF{TEMPCH{ITR) 4GT. (~9999998,00+732)) CALL
IF(DISTCH{ITR) 4GTa (-5999998.0D+20) ) CALL
CxxxxxEND BOUNDARY CHANGE AS FUNCTION OF TIME
c
[SWEEP =D
2 ISWEEP =l SwEEP+]
CHx%%%3EGIN COLUMN-BY~-COLUMN MESH SWEEP
DG 11 J=1,JMAX
DO 8 I=1,1IMAX
C#xxx%3EGIN MODE DESCRIPTION CALCULATICNS
K= {I-1 )% JPAXE]
LV=ITOLV(T)
LH=JTOLH (J)
L={LV-1) *NHREG+LH
MATL=MATLAO(L)
ICURR=1
JCURR=J
KCURR=K
LCURR=L
C 1yJsK NCBE POSITION
C LV,yLH.L REGICN POSITION
c MATL NODE MAYTERIAL
CHxxxxEND NODE CESCRIPTION CALCULATIONS
C=xxx4%BEGIN NODAL PRCPERYY CALCULAYICNS
LIQUDK=LIQUIC(X)
CONDK =G TCOND (MATL ,L IQUDK)
SMASSK=GTHMASS(MATL L IQUDK)
SHEATK=GTHEAT(NMATL,LICUDK)
QK =GETQAK {K)
CALL GETYPE(K)
CALL GTAREA(I,J)
CaLL GETBS (I,4)
CALL GETMPS(I4J,4K)
TEMOLD=TMPOLD(K)
CHxx%x#END NODAL PRCPERTY CALCULATIGNS
Cx#x%¢BEGIN ABCP MAYRIX CALCULATIGNS
CONDEL=CCADK*DELTAZ
DO 3 1S=1,4
3 WH{IST=AREA(IS)*CONDEL
BIGW(1)=W{1)
BIGWIZ2)=W(2)%2,.0D¢Cr
BIGH{3 1=K (3)
BIGH {45 )= {4)*2,0D¢("
VK=SKA SSKASHEATK®VOL (L)
UK=QK:VOL (L)*DELTA
W1B1l=0eND4OD
HW3B3=0.0D4NC
IF{BS({1) oNEe LeOD+ ) WIBYL=w{1)/BS{1)
IF{BS{3) oNEe 0,0D+1'0) WAR3I=W{(3)/BS{3)

W oy

ACI)=~41B1
BII)=W1B1+W3834VK
GUI)=-4W3B3

PUI)=UK+ VKXTEMCLD
[F(I +NEa 1) GC TO 4
A{1)=0,0D+0C
PLIN=P{I)tW1BL*THMPS(])
GO T0 5

4 IF({I oNE, IMAX) GO TO 5

TIBARF(TEMPCHUITRY))
IRATEF{DISTCH{ITRY)

317
CRR
2120
313"
314"
3157
316~
3170
318"
3190
320"
3217
3227
323r
3240
3252
3267
3271
3287
3297
3300
331~
332~
3337
3347
335N
2360
3375
33872
33940
3400
3417
342N
343"
3L 40
3450
3460
347N
3480
3490
575
3510
3527
3531
3540
3557
35 6%
35
3580
3590
360"
3617
262°
3630
364"
2657
3567
367D
3680
3692
ENRC
3711
3720
3730



CUIY=D40D+00 3740
PLI)=P (1) 4A3B3XTMPSI 3) 375%
C*x%x2BEGIN ADDITICUNAL CALC.S FOR FULLY IMPLICIYT ZLTERNATING DIRECTION METHODD
5 ITEMPF=] 3777
BIGH(2)=W(2) 3782
BIGWI4 I=W{4) 3790
W2B2=0,00400 ARON
W4B4=0DD+D0 3810
IF{BS{2) «NEa D,00+7) W2B2=W{21/85{2) : 3820
IF(BS(4) JNE. 0,00400) Wa4B4=WI{4)/B8S{4) 3837
BL{I1=R{] ) +W2B2+W4B4 3840
IF{J «EQe JMAX) P(I}=P{I}+W2B2XTMPS{2} 3850
IF(S oEQs 1) PLIN=P{I}+W4BGXTMPS{4) AR AT
IF{UISHEEP oEQw 1) . ANDe (J oNE. JMAX)) 3870
1 PUI)=P (1 )+ {TDERIVIK+1I*DELTA+TMPOLDIK+1) 1*W2B72 3871
IF{{ISHEEP oEQa 2) . ANDa (J oNE. JMAXID) 3gan
1 PLII=P{I)+{TMPNEW(K+1})%xW2B2 , 3881
IF{J oNEs 1) PUL}=P{I)+{ TMPNEW{K~1)}}*W4R4 3890
Cr¥kx*END ADDITIONAL CALC,S FOR FULLY IMPLICIT ALTERNATING DIRECTION METHOD 3990
b DO 7 15=1,4 3910
[FIBSLIS) LEQe 0,0D400) GO TC 7 3927
PLII=PLI)+{BIGHLISI/BS{IS) I*{TMPS{ISI~TENOLE) 3930
7 CONTINUE ' 3947
CExxxkEND ABCP MATRIX CALCULATIONS 3950
8 CONTINUE 3960
CHxxx¥BEGIN SOLUTICN DF MATRIX FOR TEMPL.S {EXCEPT FIXED TEMP. NUDES) 397"
CALL BANDSO(IMAX,3) 2987
DO 10 I=1.1MAX 399%
K={{=1)1%JMAX+] 4000
IFIX=NODF IX{K} ' 4310
IF({IFIX .FQa Q) GO TO 9 4nzn
TMPNEWIK ) =F IXT¥P(IFIX) 4n3n
GO o 10 4740
9 TMPNEW{K) =P(I} 4085
10 CONT INUE 4N gD
CEuex*¥END SOLUTION OF MATRIX FOR TEMP,S (FXCEPY FIXED TEMP, NODES) FAR
11 CONTINUE 4087
Crekk*END COLUMN-BY-COLUMN MESH SWEEP 4090
CHxee*¥BEGIN NOOE MELTING CHECK 4100
IFL{IMELT oNEa 0) LAND. (ISWEEP +FQe 21) CALL MELT 4117
CHeickXEND NODE MELTING CHECK 4127
Crxx«*BEGIN TEMP, DERIVATIVE 41 3%
IF{ITEMPF LEQs ©) GO YO 13 ~ 4149
DO 12 K=1,KMAX 415"
12 TOERIVIK I ={ TMPNEW{K } -THMPOLD(K) ) /DELTA 4160
13 CONTINUE , 41710
Croxxk%END TEMP, DERIVATIVE 418"
Cxaxx%BEGIN BOUNDARY CHANGE AS A FUNCTION OF TIME ' 41¢0
IFCISWEEP LEQs 2) GO TC 14 4200
[FITEMPCHIITR) oGT. {-95999998.7D+004) CALL TOBARF{TEMPCHOITRY) 4214
IF{DISTCH{ITRY LGT. (-9999998.N0+001) CALL PRATEF(DISTLCHOITRY) 422n
14  CONTINUE 4230
Cxxxx*END BOUNDARY CHANGE AS A FUNCTION OF TIME ' 4240
IF{ISWEEP #EQe 1) GO YO 2 4255
C 426™
Crexx%B8EGIN TEMP, RESETTING 42 717
00 15 K=1,KMAX 4287
15 TMPOLD (K 3 =TMPNEW{K) ‘ 42 90
CH#%&%END TEMP, RESETTING 4300
c 4319
C 4320
c ‘ 4337
Cxxsx&BEGIN BOUNDARY CHANGE AS A FUNCTION OF TiIME 4340

IFATEMPCHIITRY LGT. (-99909%98.00+00)) CALL T1OBARF{TEMPCH{ITR)) 4357
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IF{DISTCH{ITRY +GTs (-9999998,0D+20)) CALL ARATEF{DISTCH{ITRI) 4367

Cxx:»%END BOUNDARY CHANGE AS A FUNCTION OF TIKME
C
ISWEEP=D
16 ISWEEP=I SKEEP+1
Cx%%%¥BEGIN ROW-BY-RCW MESH SWEEP
DO 25 [=1,IMAX
DD 22 Jd=1,JMAX
C#*x¥%BEGIN NOOE DESCRIPTION CALCULATICONS
K={I-1)1xJKEAX+.)
LV=ITOLVLT)
LH=3T0LH L
L={LV-1) *NHREG¢LH
MATL=MATLNO(L)
ICURR= I
JOURR=Y
KCURR=K
LCURR=L
C I[ydsK NCDE POSITION
c LVyLH,L REGICN POSITION
C MATL NGOt MATERIAL
Cxxx%%END NODE CESCRIPTION CALCULATICNS
Cxxx%BEGIN NODAL PROPERTY CALCULATICNS
LIQUDK=LICUIC(K)
CONDK =GTCOND{MATL,L IQUDK)
SMASSK=GTMASSIMATL 4L 1QUDK)
SHEATK =G THEAT(¥ATL , L IQUDK)}
oK =GETQKIK}
CALL GETYPE(K)
CALL GTAREA(I,N
CALL GETBS{I,N)
CALL GETHPS(T4J4K)
TEMOLO=TH¥POLD(K)
Cx*%x%%END NODAL PRCPERTY CALCULATICNS
Cox#xxBEGIN ABCP MATRIX CALCULATIONS
CONDEL =CCANDK*DELTAZ
DO 17 IS=1,4
17 WOISI=AREA(TIS)I*CONDEL
BIGH{L)=W (1)%2,0DeD7
BIGW(2)=kw(2)
BIGWIZ)=W(3)%2,0D+27
BIGH{& )=h{4)
VK=SHMASSK*SHEATK*VOL (L)
UK=QK*VOL (L )*DELTA
W4B4=0.00+00C
W2B82=0e40D+"(0
[FIBS{4) . NE. (,0D+70) WaB4=wl4)/B85{(%4)
[IF(BS{2) oNEs [oCD¢IN) W2B2=W{2)/B85{2)

LI I 11

AlJ)=-W4B4
BlJ)=W4B 4+ 2B2+VK
CiJ)=~4W2B82

PLII=UK+VK*TEMCLD
IF(J «NEsa 1) GC TO 18
A{J)=0.00+00
PLU)=P (J) +W4&BL*TMPS(4)
G0 7O 13

18 IF{J «NE. JMAX) GO TO 19
ClJ)=Ca0D4DD
PLII=P(J) +62B2*TMPS(2)

CH¥x%x%BEGIN ADDITICNAL CALCLS FOR FULLY [IMPLICIT

19 ITEMPF=1
BIGHIL)=w(1)
BIGW{(3)=%W (3}
WiIBL=l,2D400
W3B3=(.ND#0"
IF(BS{1) oNEe Ta0DD+7C) wWiBl=w(13/85(1})

4377
438"
4397
L4nn
4417
4427
4430
44 60
4457
44 60
bk TO
4480
44690
4570
6517
4527
4530
45 40
4557
45 5%
457"
458"
4590
4600
4617
4627
L6327
4h 40
4557
L4667
4670
4685
4697
LYAGE
47153
4727
4730
4T 40
4759
L4767
4T TS
4785
47930
4807
4817
48 2%
48 37
4847
485"
4865
4877
48 8%
4800
4907
4910
4920
4937
4940
SLTERNATING DIRECTION METHOD
4967
H9TH
4387
4997
540G
5717



Cxs&*%END ADDITIONAL CALC.S FOR FULLY IMPLICIT AL TERNATING DIRECTION METHOD
bBO 21 1IS=

29

21

1

1

IF{BSI 3)

IF{] +EQ»
IFUY .EQ.

IF({ISWEEP LEQ,

133

#NEes CoOD+70) W3B3=WI{3)/BS(3}
B{J)=B{JII+W1B1+W3B3
TMAX)Y PLU)=P(J)+W3BI*TMPS{3)

1) P

JIEPUJI4H1IBIXTMPS (1)
13 » AND, {1 WNE, M

AX 1)

P{I)=P I} +{TDERIVI{K+JMAX) *DELTA+TMPOLD{ K 4JMAX } ) #4383
2) «AND. (I .NE, IMAX))
P{J =P LI+ { TMPNEW (K+JMAX) } *W3B3
1) PLUI=PL{I)+{ TMPNEW(K~JMAK} }2W1R]

IF{{ISWEEP .EQs

IF{T «NE.

IF{BS{IS)H

1o2
eECa

D.7D+22) GO TO 21

PLII=P LI +{BIGWIIS)/BSIISII®(TMPSIISI-TEMOLD)

CONTINUE

Cexk%XEND ABCP MATRIX CALCULATIONS

22

Chuk24%BEGIN SOLUTICN OF MATRIX FDR TEMP.S {EXCEPT FIXED TEMP,NODES)

23
2%

CxxikkxEND SOLUTION OF MATRIX FOR TEMP, S {EXCEPT FIXED TEMP,

25

CONTINUE

CALL BANDSO{JMAX,3}

DO 24 :J=1,

JMAX

K={I-1)*JMAX+J

IFIX=NODF
IFCIFIX »

IX{K)
EQ. )

GO TO 23

THMPNEW (K ) =F IXTMPLIFIX)

GD 70O 24
TMPNEW(K)
CONTINUE

CONTINUE

=P {J}

ChFxdokxEND ROW-BY-RCW MESH SWEEP
Cxxk%x4BEGIN NODE MELTING CHECK
+EQe £} GO TQ 26

26

IF{IMELY
IF{ISWEEP
CALL MELT
CONTINUE

» EQw

1y GG T0O 26

Crxxs2END NODE MELTING CHECK

Crxxx*BEGIN TEMP,

27
28

IFLITEMPF
DO 27 K=1

‘UEQ.
PRMAX

DERIVATIVE

¢) GO TO 28

TOERIVIK ) =( TMPNEW{KI~TMPOLD(K) ) /DELTA

CONTINUE

Cexxx%END TEMP,
Crxxx%BEGIN BOUNDARY

29

{F L ISWEEP
IF(TEMPCH
IFIDISTCH
CONTINUE

DERIVATIVE

+EQ.
{(ITR)
{17TR)

CHANGE AS A FUNCTICN
2y GO 1O 29

o 5Ts (-9999998,0CD+4N3Y) CALL TPBARF{TEMPCH{ITRI}}
26T {-9999998,00+4+77) ) CALL RATEF(DISTLCH{ITRY)

GF TIME

CHkxx2END BOUNDARY CHANGE AS A FUNCTICN OF TIME

nEel

IF{ISWEEP

KEKEEBEGIN MA X,y

CALL MAXA

CRFEXLEEND MAXe o
CrxxxBEGIN ITERATICN QUTPUT

NOWTME={CLOCK{O ) /100 -INITME
IF{ITR: L ECa 1}

3n
321

32

IF{NITRPR

IDIV=ITR/NITRPR

» EQa

VG
MINa. v

» EQ.

1) GG YO 16

MINs ¢ AND AVGe TEMP, CALCULATICHS

AND AVG, TEMP, CALCULATICNS

GO TO 39
5y GG TC 31

INEW=IDIVANITRER

IF{INEW .NEa.

CALL ITROUT

IF{ITR LEQ.

IF{LISTMP

{iTR)

ITRY GO 70 31

INSTEP) GO YO 32

oNEe LISTMP(ITR~1))

ITFREQ=L ISTMP{ITR)

IF{ITFREQ

» EGo

By GG TC 33

IREFPT=1TR~-1

NODES )

51020
571130
5040
SN5%
5060
5161
507N
5071
50 80
5097
5107
511n
5127
513n
51 4N
5154
5167
5170
5182
5197
g200
5219
5225
523"
5240
5257
5267
5270
52 8%
5290
5307
5310
532n
533"
5345
5357
53670
B3 TN
5387
5390
5450
5411
5427
5430
5440
5457
5467
5477
5487
5490
5500
5517
5520
55320
5547
5550
5567
557
55820
5590
5670
5617
5620
56 37



LOCITR=ITR~-IREFPT
IDIV={L0CITR/ITFREQ
INEW=IDIV*ITFREQ

IFUINEY «ANEs LCCITR) GO TO 33

IF{ITRTMP LEQe O) CALL MAPOUT{N)
IF(ITRTMF JEQe 1) CALL THPAUT(D)

33 CONTINUE
CoxxrxkEND ITERATICN CUTPUT

CrsxxxBEGIN MACKHINE EXECUTION TIME CHECK

IF{MAXSEC .EQe 0) GO TO 35

IFINOWTHME o LTe MAXSEC) GO TG 35

INEW="
[F{NITRPR .EQe 2) GO TO 3%
IDIV=1TR/NITRPR
INEW=IDIVENITRPR

34 IF{INEW oNEs ITR) CALL ITROUT
PRINT 1001,NOwTME,MAXSEC,ITR

1001 FORMAT (/ /11Xy "MACHINE TIME =" ,07,°7
IABLE TIME =',17," SEC.S AFTER TIME STEP

NL INES=NL INES+E
GO TO 38
35 CONTINUE

CxuExx%END MACHINE EXECUTION VTIME CHECK

Cx#x%%BEGIN RESETTING TEMPSS
DO 36 K=1,KMAX
36 TMPDLD (K ) =THENEW(K)
Cr%xdXxEND RESETTING TEMP,S
37 CONTINUE
ITR=NSTEPS

SEC,S HAS EXCEEDED MAXIMUM ALLOW

5647
5657
5667
5677
568"
563N
57:’«:”;
5717
5727
57 34
574"
575"
ST6™
5T7
578"
579"
5807
581°
5811
582"
583"~
584"
585”7
58 6™
587>
5887
589"
5977
591

CHksE%END OUTER TIME STEP LOOP #xxokdodkdk ok ko & sk kofok d oo ode 4o s sboode o o o kbl ol s s ol ook e ot ool ok

C
Cx#xx%23EGIN FINAL CUTPUT
38 CALL MAPOLT{1)

CALL THPCOLT{1)
CHaxsxkEND FINAL QUTPULT
CHxxxx+sBEGIN FINAL SAVE QUTPUT

IF{ISAVE LEQ., )} GO TC 39

CALL TPSAVE
C¥x+%%END FINAL SAVE OUTPUT

39 PRINT 1002
1002 FORMAT (1H1)
GD 70 1

END

593~
5940
5957
596~
597"
598%
5397
HENCE
6717
6721
673"
60 4
6250



APPENDIX E
LISTING OF SKELETON SUBPROGRAM FOR CONDF (STEADY~3TATE ONLY)

FUNCTION CONDF{MATL)
IMPLICIT REALXE {A-H,0~-7)

CONDF
CONDF

1
2n

{0 A sk o ol ek o o ok K el e oo ok ol ol sbesfe oleale e s oof ok ol e o ik e o o e e o e o el ok ke ke 3ok ok ok e s ok o oo o Ak ok ok e e e o ok ook ook e

THIS IS A DUMMY CONDUCTIVITY FUNCTION WHICH MAY SERVE AS A MODEL
FOR A USER-WRITTEN FUNCTION. IT RETURNS A SINGLE REAL*8 VALUE
REPRESENTING THE CONDUCTIVITY AT THE FACE, ISIDE, OF NODE, K.

WE ASSUME THAT THE CONDUCTIVITY IS A FUNCTI(N OF TEMPERATUYRE HERE
SO THAT WE NEED TO KNOW THE TEMPERATURE ON 1THE FACE. ONF £ASY WAY
TO APPROXIMATE THIS TEMPERATURE IS TO AVERACE THE TEMPERATURES ON
EACH SIDE OF THE FACEss

TEMP{FACE) = {(TEMP(K} + TEMP{NEIGHBUORI}/2
THIS RESULTS IN QUICK CALCULATICNS. THE WAY WE DU IT HERE IS MORE
BYeo

TEMP(FACE)
DT/DN

TEMP{K} ¢ DELTAX * CT/(N
{TEMP(NEIGHBOR) - TEMP{K)) / DIST

iof

15 KNOWN FROM AN EQUATION OR TASLE LOOKUP, IF A USER WANTED TC
REALLY SPEFD UP CALCULATIONS HE COULD LETa..

TEMP{FACE} = TEMP{X}

IGO0 0O0OGOOanan s

0OF COURSE THIS [5 VERY INACCURATE FOR STEEP TEMPERATURE GRADIENTS.

CONDF
CONDF
CONDF
CONDF
CONDF
COMNDF
COND
COND
COND
COND
COND

TIME~CONSUMING BUT S MORE ACCURATE, WE APPFOXIMATE THE TEMPERATURE

COND
COND
COND
COND
COND

COND
COND
COND
COND
COND
COND

41
513
61
7"
B0
on

107

11

127

137

140

1572

167

17

18n

197

250

OF COURSE [F THE NODES ARE EQUALLY SPACED, 1HE TWD TECHNIQUES ARE ALMOST
THE SAME, THUS THE CONDUCTIVITY MAY 8E CALCULLATED ONCE THE TEMP(FACE)

220
230
240
250
260
270
20

(e e e o de ok e de deoskode sk ek oo dfe el 3k e e ofe oo ok o e K ko o ok kg v g ode ol b et e Ao e e e e e Xk ol Ak e e e s s o e o o e s sge ok e ofe ek

C*xxx:3BEGIN COMMON AREAS
COMMON /7CCDRE/  IGEDM
COMMON /1 JKMAX/ IMAX,JMAX,KMAX
COMMON. /MESH/ RDELTA{SD) (,ROLR{LI0DI LRBIGE LRBIG(1IOENNY,

i IDELTA(SG) o I0,Z{1007),I8160 (IBIG(1720)
COMMON /FACES/  IFT256(4,256)FTYPELLINGOD)

LOGICAL=*] FTYPE

INTEGER%®2 {FT12586 :

COMMON. / BNDARY/ TOBAR(41OD0) ,ARATE{ 4, 10 G0 ) JIBNDRY{4,1700)
LOGICAL%1 IBNDRY

COMMON /TEMPS/  TMPOLD(LIONDON }, TMPNEA{12CG0)

DIMENSION TEMP  (153000)

EQUIVALENCE {TMPNEW, TEMP)

(e}

TEMP = BEST {NEWEST) TEMPERATURES FOR SYEADY STATE
COMMON /NCTJKL/ ICURR,JCURR,KCURR, LCURR

COMMON /NCCCND/ CONDK, ISIDE

DATA ALPHA/CLIT+OL/

Cxxxe%END COMMON AREAS

Crxxx&BEGIN INITIALIZATION

I=ICURR

J=JCURR

K=KCURR

IE(ISIDE .NEs C) GO 7O ]

COND
COND
COND
COND
COND
COND
LOND
{OND
COND
COND
COND
COND
COND
COND
COND
COnD
COND
COND
COND
COND
COND
COND
COND

CALL MISQU{2,*CONDF CALLED WITH ISIDE=2 -~ CIND=F{TEMP} BUT NO FACECOND

1 FOR KyMATL=8"% ,K,MATL)
CONDF=90 00000, 0NN
RETURN

COND
COND
COND

3nn
317
327
33n
231
340
350
360
29
383
3gn
40
410
420
430
L4
457
46™
470
480
PR
500
51
527
521
530
54N



136

CrxadxEND INLTIALTZATION
Cxxex#8EGIN FINCING TYPE OF FACE, ISIDE

1

[256=FTYPE(K)
ITYPE=IFY256(1SIDE,1256)

Cx#xxxEND FINDING TYPE OF FACE, ISIDE
Cxxxx%BEGIN GETTING NEIGHBORING TEMPERATURE

2
3

4

11

12

GO TO (24+2+s79T)y ITYPE
GO TD (3+4+546),y ISIDE
TSIDE=TEMP(K-JMAX)

GO 1O 12
TSIDE=TEMP({K+1)

GO 10 12
TSIDE=TEMP(K+.IMAX)

GO 7O 12
TSIDE=TEMP(K~1)

GO T0 12

C TO (8+6,10,11), ISIDE
T.IDE=TOBARI(1,yJ)

GO 10 12
TSIDE=TOBAR{(2,1)

GO TO 12
TSIDE=TIBAR(3,4)

GO 1O 12
TSIOE=TOBAR{4, 1)

GO 10 12

CONTINUE

CHxix¥END GETTING NEIGHBORING TEMPERATURE
Cxxx&2BEGIN GETTING WITHIN-NODAM DISTANCE, DELTAX

13

14

15

16

17

CONS=100+"0

[F(IGEQH .FQ» 2) CONS=RBIG{J)
GO TO (13,14:15,16}, ISIDE
DELTAX=CONSH{ZRIG(I}~Z{I-1))
GO TO 17

DELTAX=R{JI-RBIG(J)

GO YO 17
DELTAX=CONS*{Z(I}-ZBIG(I))
GO 10 17
DELTAX=RBIG{J)-R(JI-1)}

GO T0O 17

CONTINUE

CxxxH¥END GETTING WITHIN-NODAL DISTANCE, DELTAX
CH%%x%x4%BEGIN GETTING BETWEEN~-NDDAL DISTANCE, DIST

18

19

ARECIP=n,CD+0ON

IF{ITYPE .NE. 2 GO TC 18

DIST=0.0D400

I1sus=1

IF{{ISIDE +EQse 1) «OR, (ISIDE LEQs 3)) ISUB=J
A=ARATE{ ISIDE, ISUB}

IF{A oEQe 0LD+00) GO TO 23

ARECIP=1oCD+CO/A

ZKONE=14 CC4C0

IF((ITYPE oJEQs 3) o0Re (ITYPE oEQe 4)) ZKONE=(42D+0D
GD TO (19,27,21,22), ISIDE

DIST=DELTAX + CONS*{Z{I-1}-2ZBIG{I~-1}}*ZKCNE + ARECIP
GO 10 23

DIST=DELTAX + (RBIGLU+1}-RIJ) DI¥IKONE + ARECIP
GO TO0 23

COND
COND
COND
COND
COND
COND
COND
COND
COND
COND
COND
COND
COND
COND
COND
COND
COND
COND
COND
COND
COND
COND
COND
COND
COND
COND
COND
COND
COND
CCOND
COND
COND
COND
COND
COND
COND
COND
CGOND
COND
COND
COND
COND
COND
COND
COND
CON

CCN

CON

CON

CON

CON

CON

CON

CON

CON

CON

CON

557
5670
57"
58N
597
67
61"
62N
63"
64"
650



21 DIST=DELTAX + CONSH{IBIGII+11-Z4(Y) I*IKONE + ARECIP
GO TO 23
22 DIST=DELTAX + {(R{J-1)~-RBIGLJI-1I I *ZKONE + ARECIP
GO 70 23
23 CONTINUE
ChekeREND GETTING BETWEEN-NODAL DISTANCE, DIST
Cerxks3EGIN CALCULATION OF TEMPI{FACE)
IF{DIST JKE, DL00300) GO TO 24
TFACE=TMPAEW{K )
GO TO 25
24 DTDN = (TEIDE ~ TMPNEWI{K)) /7 DISY
TFACE = TNMPNEWI(K} + DELTAX * [TON
25 CONTINUE
Crexx®END CALCULATION OF TEMP{FACE)
C
Crxxx¥BEGIN USER~-WRITVTEN FUNCTION OF THE TEMPERATLRE, TFACE
C
CONDF = 1,20400 ¢ ALPHA * TFACE
C

C THE ABOVE FUNCTION SHOULD BE REPLACED BY WHITEVER FUNCTION THE

Cxexe*END USER-WRITTEN FUNCTION OF THE TEMPERATURE, TFACE

CON
CON
CON
CON
CON
CON
CON
CON
CON
CUN
CON
CON
CON
CON
CON
CON
CON
CON
CON

CON

CALL MISQUI2,"CONDF CALLED - THIS IS A TUMMY FUNCTION - MATL,K=%*,CON

1 MATL K}

C REMOVE THE ABOVE ERROR CALL WHEN A FUNCTION IS SUPPLIED.
RETURN
END

CON
CON
CON
CON

1125
1137
1147
1is5n
1167
7
118”
1197
1200
121n
1227
123»
1247
12567
126"
127
128"
1297
1305

USER HAS,

1322
1332
1331
134
1357
13670



138

LISTING OF SKELETON SUBPROGRAM FOR CONDF (TRA™3I¥NT ONLY)

FUNCTION CONDF{(MATL,LIQUDK)
IMPLICIT REAL*%2 (A-H,;0-2)

CONDF
CONDF

1"
2"

(%% e e e 3o o ok SR oo g e 2R ol oo ko ookl kAR R e e ol o o sl el o e ool ok ool sl sk ol ko ke sl o s o ol ol fode o e e ofole ek

A USER WRITTEN FUNCTICN, (IT KEEPS THE LINKZGE EDITOR HAPPY. )
HOWEVER, THIS FUNCTION OOES SHCW HOW TO USE THE YEMPERATURE
DERIVATIVE (WITH RESPECY TO TIME) TO ESTIMAYE THE TEMPRERATURE AT
THE CURRENT TIME STEP IN CASE THE CONDUCTIVITY IS A FUNCTION OF
TEMPERATURES IT IS ASSUMED THAT THE CURRENT NODE NUMBER, K, IS
STORED IN THE COMMON VARIABLE, KCURR, IT IS ALSO ASSUMED THAT
THE TEMPERATURE DERIVAYIVE HAS BEEN CALCULATIEL FOR THIS NODE AT
THE PREVICUS TIME STEPs TIME~-DELTA. TIME IS THE CURRENT TIME AND

USER TIME STEPS, TSTEP, ARE ACTUALLY CUT IN HALF AND USED AS THE
INTERNAL TIME STEPS, DELTA. THE EQUATICN IS..

THMPEST = TMPOLO(K) + TDERIVIK)*DELTA

OO0 ON

THIS IS A DUMMY CONDUCTIVITY FUNCTION WHICH MAY 8E OVER-RIDDEN BY CONDF

CONDF
CONDF
CONDF
CONDF
CONDF
COND
COND
COND

DELTA IS THE CURRENT TIME INTERVAL. TMPCLD (KCURR) IS THE TEMPERATURE
AT THE PREVICUS TIME STEP, NOTE THAT DELTA = TSTEP(ITRI/2 SO THAT THE

(.OND
COND
CCND
COND
COND

4
5&
6"
s

gn

97
17
11"
120
137
140
15"
167
17°
18"
1on

C et de ook ke ookl dode e ko sk R dol e o o ok oROR AR R AR & AR e ah Bkl ol B g Aok ko e e sk ok o e o R o ook sk e ate sl sl o o e R ook sk ok ok

Cxx=x*¥BEGIN COMMON AREAS COND
COMMON /NCILJKL/ ICURRyJCURR;KCURR,LCURR COND
COMMON JTEMPS/ THPGLD(INGOD ), TMPNEW(12000) COND
DIMENSION TEMP  (10020) COND
EQUIVALENCE (TMPOLD,LTEMP} COND

C TEMP = OLC TEMPERATURES AT PREVIOUS TIME STEP FOR TRANSIENT TRANS
COMMON /DERIV/ TDERIV(1OOND) COND
COMMON /REALTM/ TSTEP(S5000) DELTA,DELTAR,SYFYIM,TIME,SECTIN, COND
1 INSTEPSNSTEPS COND

CxuwkkxgND COMMCA AREAS COND
TMPEST = TMPCLD{KCURR) + TDERIV(KCURR)*DELT# COND

1 CALL MISQUI3,*CONDF ERRY — CONCUCTIVITY FUNCTION CALLEL - MATL,LIQCOND
IUDK,KCURR=86% ,MATL, LTI QUDK ,KCURR) COND
CONDF=90C 0G0 DH0 7 COND
RETURN COND
END COND

210
220
237
243
250
ENT
27C
2an
281
297
3nn
31"
311
3z2n
330
340



139

LISTING OF SKELETON SUBPROGRAM FOR SHEATF (TRANSIENT ONLY)

FUNCTION SHEATF(MATL,LIQUDK) SHEAT 10
IMPLICIT REAL*2 {A~H,0-2} SHEAT 20

e o ok s ol ok o gk e e ok ok o ol ol e e ok 3 ok e i e e e ok e 3 o oo ok dheofeoofe o o ol e e e e o e ale o ok ok ok sl sl o ok e e 3 e e X o okl e e sk R
C THIS FUNCTION IS IDENTICAL TO FUNCTION CONDF EXCEPT THAT THE SHEAT 47
C SPECIFIC HFAT IS BEING CALCULATED INSTEAD CF THE CONDUCTIVITY. SHEAT 50
C THIS FUNCTICN SHOWS HOW TO ESTIMATE THE TEMIERATURE JUST LIKF SHEAT &7
C CONDF DOESe SEE FUNCTION CONDF FOR A DETAILED DESCRIPTIONa SHEAT 70
o of o o ol o X s o e ol Sl ofeshe ol sl oo s ol ok ok o e s e ek e e o e e e e e o o ool ke ko 3 ool o e e 3 sk e o dede ko ofe v ode e ok Sl ook ook ke e ok Rk
CxxkxABEGIN COMMON AREAS : SHEAT 90
COMMON /NDIJKL/ ICURRyJCURR,KCURR,LCURR SHEA 170
COMMON /TEMPS/  THMPOLD(1D000 ), TMPNEW( LOCGY ) SHEA 117
DIMENS IDN TEMP {10000} ' SHEA 120
EQUIVALENCE {TMPOLD,TEMP) , SHEA 130

C TEMP = QLD TEMPERATURES AT PREVIOUS TIME STEP FOR TRANSIENT TRANSENT
COMMON /DERIV/  TDERIVILIONGD) SHEA 150
COMMON /REALTM/ TSTEP(S500D) +DELTA,DELTAZ,STHTIM, TIME,SECTIM, SHEA 16N

1 INSTEPJNSTEPS SHEA 161
Crrk%END COMMUN AREAS ' SHEA 175
TMPEST = TMPDLD(KCURR) + TDERIVIKCURR)I*DELTZ SHEA 180

1 CALL MISQU{3,"SHEATF ERR1 - SPECIFIC HEAT FANCTION CALLED - MATL,LSHEA 19D
11QUDK, KCURR=$7 ,MATL , L IQUDK , KCURR} SHEA 191
SHEATF =90 CC000. G0+ 00 ' SHEA 2070

RE TURN ' SHEA 210

END SHEA 220




140

LISTING OF SKELEION SUBPROGRAM FOR SMASSF (TRANSTENT ONLY)

FUNCTION SMASSF{MATL,tLIQUDK) SMASS 17
IMPLICIT REAL¥E (A-H 0-Z) SMASS 27

Codded dmpporis ddoh wd ok goRgobd .yl bk ok dok § S ol 4ok o e ootk ool ok ok o o o o o s ok ok
C THIS FUNCTION IS IDENTICAL TC FUNCTION CONDF EXTERPT THAT THE SMASS 40
C DENSITY IS BEING CALCULATED INSTEAD OF THE (ONDUCTIVITY. SMASS 50
C THIS FUNCTICN SHOWS HOW 1O ESTIMATE THE TEMFERATURE JUST LIKE SMASS 67
C CONDF DOESe SEE FUNCYTICON CONDF FDR A DETAILED DESCRIPTION, SMASS 7"
C ot o R o el o o st ok b ook e o o R o ok S A0k o0 ok RO ok o ok ko gkt kot o o sk otk i b sk ko Ao
CrxxxtBEGIN COMMON AREAS SMASS. 90
COMMDN /NDIJKL/Z ICURRyJCURRyKCURR,,LCURR SMAS 100
COMMON /TEMPS/ TMPGLDILONCO )y TMPNEWLLIDL0D) SMAS 117
DIMENSION TEMP (10200) SMAS 127
EQUIVALENCE {(TMPOLD,L,TEMP) SMAS 137

C TEHMP = OLD TEMPERATURES AT PREVIOUS TIME STEP FOR TRANSIENT TRANSENT
COMMON /DERIV/ TDERIVILIONG)H) SHMAS 157
COMMON /REALTMY TSTEP(SONG ) 4 DELTA,DELTAZ2,STETIM, TIME,SECTIM, SMAS 167

1 INSTEP,NSTEPS SMAS 161
CxxxxxEND COMMCAN AREAS SMAS 179
THMPEST = TMPCLDIKCURR) + TDERIV(KCURR)I*CELT# SMAS 187

1 CALL MISQU{3,*SMASSF ERR1 ~ SMASSF DENSITYY FUNCTION CALLED — MATLSMAS 199
1, L TQUDK, KCURR=¢" ;MATL 4LIQUDK 4KCURR) SMAS 191
SMASSF=3OCC0NC 0O 0T SMAS 2UGD

RE YURN SMAS 217

END SMAS 22N



1k

LISTING OF SKELETON SUBPROGRAM FOR QF (TRANSIENT AND STEADY-STATE)

FUNCTION CF (K} ‘ e 1n
IMPLICIT REAL#8 (A-H,0-Z) ' oF 2
(Ao e e B % ol ok e ofe gl e f o ool e e e e ke shole e sl o ok o e ok e e o el e afeode o o ok ok e ode ol o e o e o o ok e ol e ol ek
C THIS IS A DUMMY HEAT SOURCE FUNCTICN WHICH MAY BE REPLACED BY A QF 47
C USER-WRITTEN FUNCTICN. THIS FUNCTICN KEEPS THE LINKAGE EDITOR HAPPY 50
%k s e o ol o o el dfe ok ook o ok dk ek ol % o ok e sl ol a dk ke el WK ol e ke g kol R ok 9ol ook e e ol of e e sk dhe sk ol o o ek e e g e e e e ke
CALL MISQUIL,*GF CALLED - THIS IS A DUMMY FUNCTION — K=$°%,K) oF 70
QF=90200C0, 50+00 : : oF  an
RETURN QF 90

END QF 100




1L2

LISTING OF SKELETON SUBPROGRAM FOR TOBARF (TRANSIENT ONLY)

SUBROUTINE TOBARF(TMPCH) YCBAR 10
IMPLICIT REAL*E (A-H,0-2) TNBAR 27
C % e o o e otk Ak o o e e e Aok Jok AR S e sk g okl ok AR ol ol ok Aot o o ok kol o ook ot ol Xk ok ke oo ok oo ol g ke ook ol e ook e gk
THIS SUBROUTINE iS USED TO ALTER THE BOUNDAFY CONDITIONS {SPEC “ICALLY 4°
THE BOUNDARY TEMPERATURE) AS A FUNCTION CF 1IME, THE USER SPECIFIES 5%
A TEMP CHANGE VALUE WHICH [S SENT TO THIS SUBROUTINE AT THE SPECIFIED 67
TIME STEP OR STEPS. THIS TEMP CHANGE VALUE MAY BE USED IN ANY WAY THE 77

OO0 DOOO0OOO0O0ON

OO0

USER DESTRES (BY WRITING TOBART OR ALTERING THIS ONEY TO CHANGE THBAR 87
WHATEVER BOUNCARY NODE TEMPERATURES HE WISKHES. THIS TEHP CHANGE TIBAR 97

VALUE MAY HAVE UNITS {SUCH AS *f. OR 'F/S. ) ATTACHED TO IT AND TGBA 127
AMY NECESSARY CONVERSION TO INTERNAL UNITS yILL BFf DONE BY SUBRODUTINE 110
INPUT., ALTHOUGH SUBROUTINE TOBARF MAY CHANGE THE ARRAY, TDBAR, IT TfHBA 127
SHOULD NOT ALTER THE TYPE OF BCUNDARY COCNDITION (FIXED TEMP. OR IHgA 134
GRADIENT ) SPECIFIED IN THE ARRAY; IBNDRY (3 =GRADIENT, 4=FIXED TEMP)}, 140
I IT DOES, THEN SUBROUTINE NDTYPE SHOULD BE CALLED AGAIN HERE. TCBA 155
THERE IS NO #WAY IN THE INPUT 7O SPECITY WHIC(H BOUNDARY NODES ARE THBA 167
TO BE AFFECTED AT EACH TIME STEP. THIS MUST BE DONE WIVHIN TOBARF T2BA 175
ToBA 185

THIS PARTICULAR SUBROUYINE SIMPLY TAKES THE TEMP CHANGE vVALUE 7ea 197
(ASSUMED TO BE TEMPERATURE) AND PUTS IT INTL EVEFY BOUNDARY NODE, 1.BA 207
TCOAR, DEPENDING UPON THE GEDMETRY USED (RyTHETA F.S ONLY SIDE 2 THBA 210
AS A BOUNDARY), IF THE BCUNDARY TEMPLRATURE CHANGED LINEARLY s T28A 227
FOR EXAMPLE, WITH TIME THE USER MIGHT LET THE TEMP CHANGE VALUE ToRA 238
BE A RATE = *F/Ss THEN HE COULD SET THE anI[ 1AL BOUNDARY TEMPERATURE 2465
WITH THE EXToTEMP OR EDGE. TEMP INPUT CARD AM) CALCULATE HIS BCOUNDARY 25"
TEMPERATURE IN TOBARF WITH AN EQUATION LIKE,, THBA 260
TOBA 277

TCBAR(ISIDLE,NODE) = TINITL(ISIDELZNCCE) + TMPCHATIME T7BA 282

T0BA 297

NDOTE THAT TINITL ALWAYS CONTAINS THE INITIAL TEMPERATURES GIVEN CONTOBA 3947
THE EXT4a TEMP OR EDGELTEMP INPUT CARDS, IN USING THE EQUATION ABNDVETHRA 314
THE USER ASSUMES THAT THE SLOPE, TMPCH, DOE S NCOT CHANGE WITH TIME,TSBA 327
AS AN ADDED FEAYURE IN THIS SUBROUTINE, THE ABOVE PROCEDURE DESCRIBED 33"
FOR A LINEARLY CHANGING BOUNDCARY TEMPERATURE HAS BEEN INCLUDECD. ALL 34"
OF THE VALID BCUNDARY NODES WILL BE CHANGET IN THIS MANNER, TO USETIBA 359
THE LINECAR FUNCTION RATHER THAN THE REPLACEMENT PROCEDURE DESCRIBED 360
FIRST, SIMPLY CHANGE THIS D2"A STATEMENTaW T2BA 370
TZBA 387

DATA [USE/Y/ T2BA 397
To8A 407

TO ONE wWrICH LCOKS LIKEea TABA 41-
TCBA 427

DATA 1USE/2/ LIN FUNC
THBA 44"

BY SIMPLY MCVING THE *C* IN COLUMN 1 FRCM TtE U FUNC CARD T(O THETOBA 452
REPLCMNT CARD. IN SCME CASES THE USER MAY WISH . ° VARY THE SLOPFE TOBA 465
IN THE LINEAR FUNCTICN PROCECURE wITH TIME 1C REPRESENT A NON-LINEAR &N
B0UNDARY TEMPERATURE, THIS HAS NOT BEEN CODEDN HERE BUT 7“AN BE BY T3BA 48"
USING AN EQUATION 0OF THE FORM.. T0BA 490
TGBA Bun

TOBAR{ISICE,NODE} = TOBAR(ISIDE,NGCE}? + TMPCH*{TIME ~ QLDTIM)TCBA S17

TOBA 527

WHERE OLCTIM IS THE TIME SAVED FRCM THE LAST CALL TO T2BARF, THE T0BA 537
CODING OF THIS PROCEDURE IS LEFT A4S AN EXERCISE FOR THE STUDENT. TA"BA 547
HE MIGHT LET IUSE TAKE ON A VALUE CF 3 FQOR THIS CASE. {(HINT) TGBA 557

e s o e e SRR K AR e ook ook o ol g B Rl o e st e ool e o ok o R ot ol ol ok bl o o 4 et ol e ol 2Ol R o ok 2 ok
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CHsxx2BEGIN COMMON AREA
COMMON /1 TRATE/ ITR,MAXITR
COMMON /CCORE/  IGEOM
COMMON /IJKMAX/ IMAX,JNAX, KMAX
COMMON /REGICN/ HRDIST{57) ,VRDIST(50},

1 NHREG P NVREG +NTREG ,

2 NHRNDS{S7) 4NVRNDS{53),
3 JTOLHUIOOD ), ITOLVLIOOG)

4 LHTG IS5 520 4LVTQIA50,2)

INTEGER*2 ITOLVyJTOLH,LVTOL,,LHTC Y

COMMON /BNDARY/ TIBART4, 1IN ) yARATE(4, 1000 ) yIBNDRY{4,1000)
LOGICAL*] IANDRY ,

COMMON JCHANGE/ TEMPCHISOLO) LOISTLR{SOOC), TINITL 4,100
COMMON /7 TEMPSY  TMPOLDLLIOQOIN ), TMPNEW{ LCOOD )

DIMENS{ON TEMP  {1000N0) :

EQUIVALENCE {TMPOLDTEMP)

TEMP = OULC TEMPERATURES AT PREVIOUS TIME STEP FCOR TRANSIENT
COMMON ZREALTM/ TSTEP(SOOL ) yDELTASDELTAZSTHRTIM, TIME,SECTIM,
1 INSTEP,NSTEPS
CxhxkwEND COMMCUN AREA
o
Cxx#x%x%BEGIN REPLCMNT CR LIN FUNC PROCEDURE
DO S5 ISIDE=1.4
[F{{IGEOM™ .EQe 1) 2AND. (ISIDE 4EQe. &)} GO 10 5
IF{{IGECM +EQe 3) 2 ANDs {1SIDE LNE. 23) GO 10 5
3
4

i

IF{{ISIDE 4EQse 1) ~CRe (ISICE #EQ. [N 2X=JMAX
IF({ISIDE +EQs 2) «CRa {ISICE oEQa {IMLIX=TMAX
GO TO {1,321, IUSE

Cxes%%BEGIN REPLUOMNY

1 DN 2 14d=1,1JdMAX
2 TOBAR(ISICE{J)=TMPLH
GO 7O 5

Cakx*2END REPLCMNT
Caxxe*BEGIN LIN FUNC

3 DO & Td=1,1JdMAX
4 TOBAR(UISICE W IJI=TINITL{ISIODE L JI+TMPCHATIME
GO TO 6 :

CxaxxsxEND LIN FUNC
5 CONTINUE
CAx¥x*END REPLCMNT CR LIN FUNC PROCEDURE
RETURN
END

TORA
TOBA
TOBA
TPBA
TOBRA
TOBA
TOBA
TGBA
TOBA
TBA
TOBA
THRBA
TOBA
TIBA
TOBA
TOBA

577
580
59‘”
HIN
61
611
612
512
614
627
63"
647
657
667
574
682

TRANSENT

TOBA
TOBA
TrBA
THBA
TCTBA
TORA
TOBA
ToBA
TOBA
TOBA
TaBA
TOBA
TCBA
THBA
TGBA
TCEBA
TOBA
TORA
TOBA
TORA
TRHA
TOBA
TRBA
THBA
TRBA

7"’
731
71in
72°
73N
740
7sr
767
77
787
79n
8an
81"
B2%
83N
4"
B50
gen
87"
887
89n:
onn
91"
gz2n
g3n
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LISTING OF SKELETON SUBPROGRAM FOR ARATEF (TRANSIENT ONLY)

SUBROUTINE ARATEF{DISCH
IMPLICIT PREAL#*E (A-H,0-2)

ARATE 1¢
ARATE 27

C %ok S Ak % AR 3 A W B A0k ok SORROR S AR Rk i AOK R R R b Sk Al ok e otk R 0K o A ek R g AORR A

THIS SUBRCYTINE IS USED TO ALTER THE BCUNDARY CONDITIONS (SPECIFICALLY, 47

C

C THE GFADIENT CISTANCE) AS A FUNCTICN COF TIME, THE ARRAY, ARATE, ARATE 5N
c CONTAINS THE RECIPROCAL GRADIENT OISTANCE (1/FEET, 1/INCHES, ETC.)ARATE 67
C FOR ALL FCUR SIDES CF THE BOUNCARY, THIS GRADIENYT DISTANCE, WHICH ARAVE TG
c IS ALSO KMNCWA AS THFE BCUNDARY LAYER THICKNESS, IS JUST ARATE 85
c THE CONDUCTIVIVY GF THE SURFACE MATERIAL (K=8/FH'F) DIVIDED BY ARAYE 97
C THE HEAT TRANSFER RATE (H=8/FFH'F) ACRCSES THE BCUNDARY. THUS ARAY 1%
C ARATE = k/Ka THIS SUBROUTINE CAN 8 CALLED AT ANY TIME STEP 7O ARAT 113
C CHANGE ANY VALUES IN THE ARATE ARRAY., THIS IS DONE 8Y INCLUDING ARAT 120
C A 'DISTLCHANGE?Y CARD IN THE INPUT CATA WITiF A NUMERICAL VALUE TC  ARAT 137
c BE SENT TC ARATEF AT THE SPLCIFIED TIME STEPS: FOR EXAWMPLE, ARAT 149
c ARAT 157
C DISTLCHANCE = Ceb Fa FCR TIMWSTEPS 30-6C o ARAY 160
c ARAT 17/
C THIS VALUE (C.€ Fo) MIGHT BE USED AS A NEW GRADIENT DISTANCE FOR  ARAT 18D
C THE TIME STEPS 30-674 AS YOU MIGHT NOTICE, THZRE IS NO HAY [N THE ARAT 197
C 'DISTa CHANGE® CARD TC SPECIFY THE BCUNCARY NODES AFFECTEDe THIS ISARAT 2380
C DONE BY THE ULSER WITHIN THIS SUBRCUTINE, THE USER MAY ALSO USE THEARAT 2145
c NUMERICAL VALLE IN ANY WAY HE wISHES wITHIN THIS SUBROUTINE. ARAT 22C
c FOR THE CCNVENCIENCE OF THE USER, WE HAVE WRITTEN THIS PARTICULAR ARAT 239
C SUBROUTINE TC CC ONE OF TwO THINGS DEPENDING UPON THE VALUE OF ARAT 240
C THE VARIABLE, IUSEe IUSE MAY BE SEY EQUAL TC 1 CR 2 BY USING ARAY 257
c THE APPRCPRIATE DATA STATEMENT GIVEN AT THE END OF THIS COMMENTARY, 260
C ARAY 279
C IF TUSE IS SET EQUAL TO 1y THEN A STRAICHT REPLACEMENY PROCEDURE (S 287
C USEDe THIS PRCCEDURE SIMPLY REPLACES THE OLD ARATE VALUE IN EVERY ARAT 290
C BOUNDARY NODE %ITH THE NEW ONE SENT TO THIS SUBRCUTINE VIA THE ARAT 300
c ARGUMENT LIST (DISCH), ACTUALLY, THE RECIPRCLCAL OF DISCH (VHE ARAT 31
C GRADIENY CISTANCE} IS PUT INTO ARATES. ALY BCUNCARY NODES FOR THE  ARAT 320
c PARTICULAR GECMETRY BEING USED ARE CHANGED. IN CUR PREVIOUS EXAMPLE, 33
C THE NEW ARATE VALUE WOWLD BE 1,666 1/FEET. (ARATE IS DIMENSIONED ARAT 348
C BY SIDE AND NCCEy ARATE(ISIDEsNQDE).) ARAT 350
C ARAT 360
c IF IYSE IS SET EQUAL TC 24y THEN A RADIATICA-CONVECYION PROCEDURE  ARAY 370
C IS USEDe THIS PROCEDURE ALLOWS RADIATICN PLUS FORCED COMVECTICN ARAT 380
C PLUS MATURAL CONVECTICN TO CGCCUR AT ALL CUTSIDE BOUNDARIES WHICH ARAYT 396
c ARE NOT IASULATED OR SET AT A FIXED TEMPERATURE INITIALLY. THUS ARAT 400
c THOSE NODES wHICH ARE *TINSULATED® OR GIVEN £N 'EDGE,TEMP® INITIALLY 410
c ARE NOT IAVCLVED IN THE RADIATICN-CONVECTICN PROCEDURE. THE ARAT 420
c EQUATION wHICH EXPRESSES RADIATION PLUS FORCED AND NATURAL CONVECTION 430
o IS GIVEN RELCw IN TERMS OF AN EFFECTIVE HEAY TRANSFER COEFFICIENT, Hee 447
c ARAT 450
C H = FCONV FORCED

C FNATYR( #* ABS{ (TB-TEXV)/TCCNS )%*HE + NATURAL
C STEFAN * EMISS * (TB¥%4 - TEXT*%4)/(TB ~ TEXT) RADIAYE
c ARAT 490
c OR IN TERMS CFf THE ARATE VARIABLE.. ARAT 500
C ARAY 51n
C ARATE = ACONV + FORCED

c BENATRL *1/CONDK * ABS( (TB-TEXT)/TCONS )*#HE + NATURAL
c STEFAN*EMISS*1/LCNDK %= (TB#*4 — TEXT*%4)/(TB-TEXT) RADIATE
C ARAT 550
c WHERE THE TERMS ARE, ., ARAT 567
c ARAY S57T3
C HCONV = FEAY TRANSFER RATE DUE TG FORCED CONVECTION B/FFHAF
C ACONV = ARATE QUE TO FORCED CONVECTICN = HCONV/CONDK 1/FEET

C HNATRL = NATURAL CONVECTICN CCEFFICIENT B/FFH'F
C HE = EXPONENT FGR THE TERM SIMULATING NATURAL CONVECTION UNITLESS
C STEFAN = STEFAN-BOLTZMANN CONSTANT = 5,66970-78 W/MM'K'K'KIK
C EMISS = EMISSIVITY OF THE SURFACE UNITLESS
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CONDK = CONDUCTIVITY OF THE SURFACE MATERIAL : B/EHYF

T8 = SURFACE TEMP OF ROUNCARY AT NEXT TIME STFP e 650

TEXT = EXTERNAL TEMPERATURE OF THE CUTSIDE MEDIUM 660

TCONS = A CONSTANT TEMP VALUE OF CNE DEGREE FAHRENHEIT 1.0 7F

, : ARAT 682
THE ACONV VALLE ABOVE IS JUST 1/DISCH = 1/FEET = 1/C.6 IN OUR ARAT 692
PREVIOUS EXAMFLE, THUS THE USER CAN SPECIFY THE FORLED CONVECTION ARAT 700
CONDITION ON KIS "DISTJCHANGE® INPUT CARD. {TO IGNORE FORCED ARAT 710

CONVECTION SINPLY SET THE NUMERICAL VALUE TC J.0 DN THE 'DIST.CHANGE! 727
CARD, THE 'DIST.CHANGE?® CARD SHOULD STILL SPECIFY WHEN THIS SUBROUTINE 732
IS 70O BE CALLEC)s ThE CTHER THREE PARAMETERS, HNATRL, HE, AND EMISS, T40
MUST BE SFPECIFIED WITHIN THIS SUBROUTINE IN THE DATA STATEMENTS ARAT 75
GIVEN AT THE END OF THIS COMMENTARY., IF NATURAL CONVECTION IS TC ARAT 762
BE IGNORED, THEN HNATRL SHOULD BE SET TC ZERQ. LIKEWISE, THE ARAT 777
EMISSIVITY SHCULD BE SEYT TO ZERQ IF RADIATICN IS NOT ALLOWED. ARAT 780
NOTE THAT WHEM FAHRENHEIT DEGREES ARE BEING USED, THAT THE NATURALARAT 79%
CONVECTICN TERM LDOKS JUST LIKE THE STANCARE TEXTBOO0K EQUATIONS.», ARAT 840

ARAT 817
H{TURBULENTY = HNATRUXABS{TB-TEXT)x%*1/3 ARAT 820
H{LANMINAR) = HNATRL*ABSITB~TEXT i%%1/4 ARAT 8430
ARAT 840

THE HNATRL VALUE AND ITS CORRESPONCING UNITS FIFLD ARF WRITTEN IN THE 852
DATA STATEMENT BELDW AS CONE LONG HOLLERITH STRING, THE UNITS USED ARAT 867
MAY BE DIFFERENT THAN THE INTERNAL UNITS GIVEN IN THE HEADER SECTION. 872
THE REST CF THE ABOVE PARAMETERS ARE KNCWN EXCEPT FOR TB. [T MUST ARAT 88D
BE FOUND BY SCLVING A FOURTH DEGREE EQUATICN USING THE NEWTON-RAPHSON 89D

METHODS THIS METHOD CALCULATES TB A5 SHCWN BELOW,. ARAT 905
ARAT 910

TB{I41) = TB(L)} - F{TBLL}) / FULTB(1}) : ARAT 92

ARAT 932

WHERE F{TE) IS THE FCURYTH DEGREE EQUATICN IN T8, IN THIS EQUATICN ARAT 945
WE MUST APPRCXIMAYE THE CUTER NODAL TEMPERATURE AT THE NEXT TIME STEP,.950

ARAT 960
TNEWIK) = TOLD(K} + TDERIVIK)*DELTA ARAT 970

ARAT 987

IN ALL OF THESE CALCULATIONS THE TEMP,S MUST BE CONVERTED TO KELVIN, 990

AND STEFAN TC THE INTERNAL UNITS, THE FINAL RESULT WILL BE AN ARATE  10¢7

VALUE FOR EACH BOUNDARY NODE. ARA 1017

ARA 1020

LOGICAL*1 HNATRL{20) ARA 1030

o DATA TUSE /1/ ' REPLACE
DATA IUSE /2/ , ARA 1050

DATA HNATRL/ZCE (,19D4D0 B/FFH'F, / ARA 1N6D

DATA HE / {e33333333304020 / ARA 1072

DATA EMISS / Ca® / ARA 1987

C ARA 1297
o 3 s o ook ok 3 o o e X 3 e e o o e e oo e ook ofe sk ol ofe ol ok Sk o ol e e o ok ol g ok e ko e ol de ko ok ek e e ool o ke ek e A okt Aok ok
Cxexx*BEGIN COMMON AREA ARA 1117
COMMON /UNITS/ LENGTH, MASS LITINE ,ITEMP ,IHEAT ARA 1129
COMMON /ITRATE/ ITR,MAX{TR : ARA 1137
CUMMON /CCORC/ IGEOM ARA 1140
COMMON /1 JKMAX/ IMAX ,JMAX,KMAX ARA 1157
COMMON /REGICN/ HRDISTISC) JVRDIST(59), ARA 1167

1 NHREG +NVREG +NTREG, : ARA 1161

2 NHRNDS{50) ,NVRNDS{52}, ARA 1162

3 JTOLHULIGED ), ITOLV 100}, ARA 1163

4 LHTOJUSD 420 4LVTCI{55,2) ARA 1164
INTEGER*2 ITOLV,JTOLH,LVTCI ,LHTOJ ARA 1170
COMMON /MESH/  RDELTA(S0) ,RO,R(100D),RBIGU,RBIG(ISOC), ARA 1180

1 ZDELTALSD) 4 ZG 42010300 2 ZBIGE 4 Z8IG(1060) ARA 1181
COMMON /BNDARY/ TOBAR{4, 1600 ), ARATE (4, LGGT ) 5 IBNDRY {4, 1007) ARA 119n
LOGICAL*1 IBNDRY ARA 1200
COMMON /CHANGE/ TEMPCH{SO00) ¢DISTCHISCDO), TINITL{4,1000) ARA 1210

COMMON /REGNTL/ MYLNAM{ANG) JNMATL,MATLNC{250D) ARA 1227
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REAL®8 MTLNAM
COMMON /MTCCNL/ CONL{3CO,2), ICCNDF,ITEMPF

COMMON /MELTNG/ TMELT(30U) yFUSTON{330 ) ,ENERGY(L10OCGH oI MELT,

TAMLIQ,L IQUIO(15509)
LOGICAL®Y LIQUID
COMMON /TEMPS/
DIMENSION
EQUIVALENCE
TEMP =
COMMON
COMMON

TMPOLD(1C007 ), TMPNEW(LGT30)
TEMP (10000
{TMPOLD,TEMP)

/DERIV/
/REALTN/

TDERIV(LIEDLD)

INSTEP,NSTEPS

ICURR y JCURR ; KCURR yLCURR
[FTYPE(4)

CUNDK

LI QUDK

COMMON
COMMON

/NCIJKLY
/NCFACE/
COMMON /NLCCONC/
COMMON /NDSTAT/

OLC TEMPERATURES AT PREVIOUS TIME STEP FOR VTRANSIENTY

TSTERP(S5DU20) ,CELTADELTA2,STRTIM,TIME,SECTIM,

Cxxxx%END COMMCh ARES

CHex¥*xBEGIN CONVERS ICN CONSTANTS
DIMENSION CLNGTH{4 34 ) oCTIME(3,3) 4CHEAT(5+458 yCTEMP{4,4) TPCONS{4,4)ARA

DATA CLNGTH/ 1, 0D+00, 12,0040 4439369920400, 39,36992D0+00,
1 « L 83333330+01, 1.1D+00 , ,33287.83D+00, 3,28083D400,
2 265407 10400, 3.14,481L.006D+3U, le GD#GD, 100, 0D+407,
3 o L2540 0 1D+DT,y o 3548006D+0L0, #1400, 100400/

DATA CTIME / 1. 00+0G, 60,70+4LG,y 36N05,00+00,

1 «L1666666D40T, 1a PD4( 0y &N NDHDD,
2 o CUS2TTTTTTIOADD o 71666666D+CT, 1. 0D+08/

DATA CHEAT / 1e3D 4004 435658T0~02+49478672D-034494T8672D~10,
1le94786720~03, 252,15105D400, 1:00400 4423807 5TD4N 44 2390057D-07,
202390 5TD+C7T, 10355, 00455, 4. 18400407, 120470, 1. 40~-07,
3 1 GE 4{:13, 1055000‘#{-7’ 40184'30""\:71 10(:0"37' 1.00"(}!"»7
4 120407, 1055, 010+00, 4. 1840QD+00, 1la:30400, 16 GO-CTy
5 1.00400/

DATA CTEMP / 1., 0D¢GC, leD4C0 21a 8D+ D 14,8D401,

1 1. CO+G0, 1620440 ,1,8C+30.1,8D+407,
2 e £5555555D40(, 4555555550400 ,1. CCH0T 3, 14 CDE0 0,
3 » £55555550407, 6555555550400 31, 00+ Yy 1a 0D/

DATA TPCCANS/ CeNCe00 4 =459, 67D+0G,

1 459, 6TD+0D, Do DN, 4G1 4 £TDEDD,
2 =1 Te TT7TTTD¢CH 4 -273, 1504075,
3 2554372222D%035, GeTDE0G,2T3,15D¢00,

CorxxxxEND CONVERSICN CONSTANTS
Crxxx%gdEGIN SPECIFICATIONS
COMMON /RCDATA/ LUNITLLENGTL,
1 INITNC,NCARDS,
LOGICAL*1 CHARL,CARD
LOGICAL*1 CHARZ(256) 4CARCZ(17324)
LOGICAL*1 LENGUN{&4)/*TIFCM'/,BLANMCL/LIH /
CrxxkeEND SPECIFICATICNS
DATA [YET/O/

ISKIP, ISEP,
NCHAR,CHAR( 2561},

C
IF(IUSE «EQ, 2) GO YC 3
IF{DISCH «+EQs L OD+{:0) GC TO 18
RECIP=14CC+LlT /CISCH

C¥#4xx%xBEGIN REPLCMANT PROLCEDURE
DO 2 ISIDE=1,4

[IF{UIGEOM .EQs 1) 4ANDs (ISICE oEQs 4)) GO TO 2
IFCCIGEDM +EG, 3) ANDe (ISIDE oNE. 2)) GO TO 2
IF({ISIDE «EQse 1) +0ORe (ISICE LEQ- 3)) IJMAX=JMAX
IF{UISIDE 2EQs2) «0OKse (ISIDE oEQe %)) IJMAX=IMAX
DD 1 [Jd=1,y1Jd¥aX

1 ARATE({ISICE,LJ)=RECIP

2 CONTINUE

CexxxwEND REPLCHMNT FRCCEDURE
RETURN

32,0407 4 -459,67D+%C,

Ca DL,

D002 -2T3015D¢0U,

N D0/

IPRINT ,IERROR
[POINT ,CARD( 1L24)

ARA
ARA
AR A
AR A
ARA
AR A
ARA
ARA

1232
12 40
1250
1251
1267
1279
1285
129"
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ARA
ARA
ARA
ARA
ARA
ARA
AR A
ARA
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ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
AR A
AR A
ARA

ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
AR A
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA

1310
1324
1321
13306
1347
135¢
1367
13717
138C
1397
1437
1401
1452
1403
1410
1411
1412
1425
1421
1422
1423
1424
1425
1430
1431
1432
1433
1440
144}
1442
1443
1450
1467
1470
1471
1480
1490
1500
151
1520
1530
1540
1557

1560
1570
1580
1590
1670
1617
1620
163%
1640
1657
1660
1679
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CrEx3BEGIN RACIATICN PLUS CONVECTICN AROUAND ALL EOUNDARIES ARA 168
3 {TEMPF =1 ARA 1690
CH¥&xXBEGIN HNATRL CONVERSICN TO INTERNAL UNITS ARA 1700
LUNITZ=LUNIT ARA 1710
LENGTZ=LENGT] ARA 1720
[SKIPZ=ISKIP ARA 1730
ISEPZ =1SEP ARA 1740
IPRINZ=IPRINT ARA 175D
IERROZ =1 ERRCR ARA 176¢
INITNZ=INITNC ARA 1770C

NC ARDZ =NC ARDS ARA 1782
NMCHARZ =NCFAR ARA 1792

00 4 I=1,25¢ ARA 1370
CHARZ{ 1) =CHAR(I} ARA 1810

% CHAR{I J=BLANK1 ARA 1822
IPOINZ=IPCINT ) ARA 1837

DO 8 1=1,1024 ARA 1847
CARDZUI)=CARC (1} ARA 1852

5 CARDUI )=BLANK] ARA 1860
LUNIT=99 ARA 1877
LENGTL =30 ARA 1883

NC HAR=QO ARA 1890
IPOINT =1 ARA 1909

DO 6 I=1,29 ARA 1910

6 CARDULI=HNATRL(I) ARA 1920
HNATUL=GETVAL {CLDVAL OLDIMN, VALDIM ,NDCH2R) ARA 1937
LUNIT =LUNITZ ARA 1940
LENGTL=LERGYZ ARA 195G
[SKIP ={SKIPZ ARA 1560

ISEP  =ISEPZ ARA 1977
IPRINT={PRINZ ARA 1983
IERROR =] ERRCZ ARA 199¢
INITNO=INITNZ ARA 200{
NCARDS=NCARCZ : ARA 2010
NCHAR =NCHARZ ARA 2020

D 7 I=1,25¢€ ARA 203D

7 CHAR{ T I=CFARZ(I) ARA 2040
[POINT={PLINZ ARA 2050

DO 8 I=1,1024 : ARA 2063

8 CARD(I)=CARDZ{]) ARA 2077
Ch¥xxxxEND HNATRL CONVERSION TO INTERNAL UNITS ) ARA 2n8fn
IFCIYET +€Qs 0} PRINT 1601, ITR,LENGUNILENGTH) 4 DISCH, VALDIM,HNATUL y ARA 2090

1 HELEMISS ARA 2091

1001 FORMAT{/////" BOUNDARY CONDITICNS ARE CHANGED FOR THE FIRST TIME AARA 2170
IT TIME STEP',1&/1Xy"NEW BOUNDARY LAYER THICKNESS FOR FORCED CONVECARA 2101

2TION (2,A1,%e) ='yFl4s 6/ 14X, "NEW NATURAL CONVECTION CUEFFICIENTARA 2192

3 {*,A8,") =V 9 F1446/1 X+ *NEW NATURAL CONVECTION EXPONEARA 2173

4NT {UNITLESS) =Py F14ab/1X " NEW EMISSIVITY VALUE FARA 2104

50R RADIATION {UNITLESS) =1,Fl4.6//7/) ARA 2175
IYET=] : ARA 211N

DO 17 ISICE=1,4 ARA 2120
IF((IGEON LECs 1) «ANDe {ISIDE 4EQe 43} GO TO 17 ARA 2130
IFLLIGEDM .EQa 33 +ANDe (ISIDE WNE. 2)) GG TC 17 ARA 214C

GO 70 (9,1C,11,121, ISIDE ARA 215%

9 I1=1 : ARA 216%
i2=1 ARA 2170

Ji=1 ‘ ARA 2187
J2=JgMA X ARA 2190

GO TO 13 ARA 2297

1% I1=1 ARA 221N
12=IMAX ARA 2224
J1=JMAX ARA 2234

J2 =JMAX ARA 2247

GO 1O 13 ; ARA 2259
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11 [1=IMAX
[2=1M8X
Jl=1
J2=JHMAX
GO 740 13
12 11=1
12=1IMAX
Jl=1
J2=1
C*xxxx%3EGIN MOVING ALONG BOUNDARY SIDE
13 1J=0
DO 16 I=11,12
DO 16 J=d1,42
Cexx%x#gCGIN NOCE DESCRIPTICN CALCULATICNS
1J=1J+1
K={I-1}#JFAX4
LV=ITOLVLIT)
LH=JTOLH(J)
L=(LV=1) *NHREG+LH
MATL=MATLAG(L)
ICURR=1]
JCURR=J
KC URR=K
LCURR=L
C TydaK NCCE POSITION
C LVyLHy L REGICN POSITION
C MATL NOCE MATERTAL
Chkx%x%x%END NODE CESCRIPTION CALCULATILNS
Cxxx*x*gdEGIN NODAL FRCPERTY CALCULATICNS
CALL GETYPE (K}

IF((IFTYPECISIDE) «£Qs 3) »ANDe (ARATE(ISICE,LJ)

1 GO TO i6

C IF NODE IS INSULATED, IGNORE IT
IF{IFTYPELISICE) +EQe 4) GO TO 16
c IF EDGE TEMfF CGIVEN, IGNORE IT

IF{IFTYPE(ISICE) oNEs 2) GO TC 19
LIQUDK=L TQUIL(K)

CONDK =GTCOND(MATL,L IQUDK)
TNIDE=TMPCLE(K)
TEXT=TOBAR(ISICE,IJ)
STEFAN=5,£66G7C-C8

ACONV=GC4 CC+0C

IF{DISCH oNEe CuoODtLL) ACONV=1.00+007015CH

TDERV=TDERIV(K)
C#%%%%END NODAL PRCPERTY CALCULATICNS
Cxxxx#B3EGIN UNITS CONVERSION

[FAREN=L

KELVIN=4
c

[g7u=1

JouLeE=3
C

[SEC=1

IHOUR=3
C

IFEET=2

METER=4
c

TKELUN=CYEMP{ ITEMP , KELVIN?
ABSOLU=TPCONS (ITEMP, KELVIN)
TNOQOE= TNCCE*TKELVN+ABSCLU
TEXT=TEXT*TKELVN#ABSCLU
TDERV=TDERV*TKELVN
STEFAN=STEFANSCHEAT(JCULE, IHEAT)

[SPRVIVELRIVE N |

ARA
ARA
ARA
ARA
ARA
ARA
ARA
AR A
ARA
ARA
ARA
AR A
AR A
ARA
ARA
ARA
ARA
ARA
ARA
ARA
AR A
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
AR A
AR A
AR A
ARA
ARA
ARA
ARA
AR A
ARA
ARA
AR A
ARA
ARA
ARA
ARA
ARA
ARA
ARA

2260
227
2287
2290
23e0
231G
232%
2330
2349
2356
2360
237D
2380
23 9%
2400
2410
2620
2630
244D
2450
2467
2470
2480
2493
2500
2510
2527%
2530
26470
255"
2567
2561
2570
2580
2594
2600
261%
2620
2637
2640
2657
2667
2674
2687
2697
270
2715
2720
273"
27460
2755
2760
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2780
2797
28C0
2817
2827
28737
2840
2858
2867
287D
288"
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STEFAN=STEFAN#CTIME(ITIME, ISEC) ARA
STEFAN=STEFANX(CINGTHILENGTH,METER ) ¥%2) ARA
CONDU=CONEK*CTEMP{KELVIN,ITENMP) ARA
ANATUL=HNATUL /CONDK ARA
CREXEREND UNITS CCNVERSION ARA
C**xx%%BEGIN NODE TE¥F ESTIMATE AT NEXT TIME STEP ARA
TMPEST = TNCDE + TDERV*DELTA : ARA
CREXRk¥END NODE TEMP ESTIMATE AT NEXT TIME STEP ARA
Cx*x+2%BEGIN NEWTON-RAPHSON METHOD TO CALCULATE T8 AR A
TGUESS=TMPEST ARA
TOL=D. OCGCLD+CT ARA
IF{ISIDE «EGQs 1) DELX=IBIG(1)} AR A
IF(ISIDE oEQe 2} DELX=R{JIMAX)~RBIGI{JMAX} AR A
IF{ISIDE oEQe 2) DELX=Z(IMAX)~IBIG{IMAX) ARA
IFUISIDE oEQe 4) DELX=RBIG(1) ARA
C=EMISSXSTEFANSDEL X/CONDU ARA
O=ACONV*DELX ARA
E=ANATUL#DELX ARA
D1=1,00+4C¢C + L ARA
RHSCON={ - TMPEST-CX(TEXTH®4)~DXTEXT) AR A

14 TOIFF=TGUESS~-TEXT AR A
FAHREN=DABS{TCIFF) *LTEMP{KELVIN,IFAREN) ARA
HEPOWR =F ARREN#2HE AR A
TBETTR = TGUESS - ( C*{TGUESS**4} + DI1*TGUESS +. ARA

1 EXHEPOWRATCIFF + RHSCON 3} 7/ ARA

2 { 4, 0DH+COFCE{TGUESS*%2) 4+ D + ARA

3 HEXE£{FAHREN®%(HE~1,CD+TC) ) 2TOIFF + ARA

4 E*HEPOWR ) ARA
IF(DABSUTBETTR-TGUESS}) LLEs TOL} GO TO 15 ARA
TGUESS=TBETTR ARA

GO TO le ARA

15 TB=TBETTR ARA
Cx%xah%END NEWTYUN~RAFFSON METHCD TO CALCULATE 78 ARA
CekxxxBEGIN CALCULATICN OF ARATE ARA
FAHREN=DABS(TE-TEXT)*CTEMP(KELVIN, IFAREN) AR A
ARATE{ ISICE,IJ) = ACONV + ANATULA{FAHRENX*HLC) + ARA

1 STEFANREMISSE(TB4ATEXTIR{TEXx%2 + TEXT*%2)/CONDU ARA
CrexesEND CALCULATICN CF ARATE ARA
16 CONTINUE ARA
CraxExEND MOVING ALUONG BOUNDARY SIDE ARA
17 CONTINUE ARA
CrkixaEND RADIATICN PLUS CONVECTION ARUDUND ALL BOUNDARIES ARA
RETURN : ARA
LxexxkBEGIN ERRCR ANALYSIS ARA
18 CALL MISQUIU3, '"ARATEF ERR1 ~ CISTANCE CHANGE VALUE = 1,0 ~ ARATE = ARA
ISTEP+TIME ,SECTIM=8", ITR,TIME,SECTIM) ARA

GO 10 20 ARA

19 CALL MISQU{%, "ARATEF E£RR2 - BOUNDARY NCODE F2CE IS NOT TYPE 3 ~ JFTARA
LYPE=4 1 9o J s ISICE=$*, IFTYPE(ISICE) 9I+Js1S{CE} AR A

GO TO 20 ARA

272 RETURN ARA
Cxx2x%END ERROR ANALYSIS AR A
END ARA

2890
290n
2917
2920
2330
2947
2950
2967
297
2980
2990
30070
3010
3020
i03n
3740
2050
3060
3070
3080
3090
3100
3110
3120
3121
3122
3123
3124
3136
3140
3159
3167
3170
2] 81
3190
3200
3201
3210
3220
3230
3240
3250
3260
3270
3280
3281
2290
3353
33n1
3310
3320
3330
3340
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APPENDIX F. LISTING OF SKELETON SUBPROGRAMS FOR SAMPLE I/0.FUNCTIONs

SUBROUTINE TEMFUNINCALLEXPNAMyNINTGR, INTGEFR})
IMPLICIT REAL*T (A-H,0-2)

DIMENSION INTGER{Z,50C)

INTEGER%2 INTGER

COMMON /TEMPS/ TMPULDULOCOO ), TMPNEWLLGOO0)

Cx*%«%BEGIN READING TEMP,S

1091 FORMATH{LIX,'END TEMPERATURE RESTORE FROM  LUNITY, 145

LUNIT=INTCER(1,41)

REWIND LUNIT

READ (LUNIT) IMAK, IMAXGKMAX , (THFNEW(T ) I=1,KkMAX)
DO 1 I=1,KMAX

TMPOLDAT ) =THMPNER(I )

REWIND LUNIT

PRINT 1001, LUNIT I MAX  JMAX  KMAX

1X. KMAX =" ,316)

CrexxxEND READING TEMP.S

1301

1001

RETURN
END

SUBROUTINE BOUFUNINCALL,EXPNAM NINTGR INTGE R}
IMPLICIT REAL*E (A~H,0-7)

DIMENSION INTGER{(2,500)

INTEGER®*2 [INTGER

PRINT 1201

FORMATE///1X.*1/0 SUBROUTINE BOUFUN CALLED® /)
RE TURN

END

SUBROUTINE MATFUN(NCALL ,EXPNAM,NINTGR INTGEF)
IMPLICIT REAL%8 (A-~H,0-2)

DIMENSION INTGER{2,500)

INTEGER#*2 INTGER

PRINT 1091

FORMAT {(/ /7 /1%, *1/0 SUBROUTINE MATFUN CALLED? +/)
RETURN

END

SUBROUTINE LISFUNINCALL,EXPNAM NINTGR, INTGER)
IMPLICIT REAL%E (A-H,0-2)

DIMENSION INTGER(2,500)

INTEGER%*2 INTGER

PRINT 1001

FORMAT(///1X+*1/0 SUBRCOCUTINE LISFUN CALLED?® //)
RETURN

END

TEMFU
TEMFU
TEMFU
TEMFU
TEMFU
TEMFU
TEMFU
TEMFY
TEMFU
TEMF
TEMF
TEMF
TEMF
- IMAX, JMATEMF
TEMF
TEME
TEMF
TEMF

BOUFU
BOUFU
BOUFUY
BOUFU
30UFU
BOUFU
BOUFUY
BOUFU

MATFU
MATFU
MATFU
MATFU
MATFU
MATFU
MATFU
MATFU

LISFU
LISFU
LISFY
LISFU
LISFU
LISFU
LISFU
LISFY

1
2!‘
39
40
Sf
6r
To

9n
107
110
127
130
140
141
153
16°
170

1f
25
35
4?\
50

T~
8n

1°
2(
r
[Y'\

-
7"
8"

1~
2
3"
4"
57
67
T~
8"



APPENDIX G. DERIVATION OF DIFFERENCE EQUATION FOR dT/dn

The normal derivative of the temperature is written in the form:

aw/an)S = (TK,S - TK)/BK’S (2-15)

where the index K designates the nodal volume in which a heat balance is

being computed, and the index g indicates which face of the nodal volume

is being considered. BK g7 then, is in the form of a distance and T
»"

K, 83

is in the form of a temperature at the neighboring node. There are four

) *
cases to consider:

1. Neighboring node in same material

K K+l
8 Y Ry
N T -
g_g: - 9_2 ~ K+1 TK (C*l)
an ar r T RJ+l - RJ
J
so that TK)S = TK+1 and BK,S = RJ+1 - RJ )

2. Neighboring node in a different material
Let T indicate the temperature at rJ, the interface between the

nodal volumes. Then continuity of heat flow at s requires:

Ly 9T _ ol
r

= - G-
K or - kK+1 or o+ : (G-2)
J J

* . . - . . . .
The derivations here are for the radial direction in r-z geometry.



The symbol s

the left of the interface, and r

evaluated just to the right of the interface.

series about Ty yields:

k..
gl — » K é_@ 1. - T
Teeyr 7 T (Rypy - 7)1 N () - Ry)
K+1 r
J
so that
TK,S TK+1
kK

B wl = (R . r ) 3 + (II_ " R )
K,8 J+1 J kK+1 J J

3. Boundary node, mixed

152

J

- oT

I - (ry - Ry) S?) 3
.
J

- T

T+ Ry, -ty 7 .

eliminating T we have

boundary condition

With the boundary condition:

oT

3r
T
we have
T(r

J)

and expanding T in a Taylor's

- LText - T(rJ)]
R
ext a Or ;
P

series, we have

oT

or

indicates that the derivative is to be evaluated just to

i

J

indicates that the derivative is to be

Expanding T in a Taylor's

(G-5)

(G-6)

(G-7)

(G-8)

(G-9)



oT
T(PJ) = T(1J> - (I‘J - RJ) B—;) 3
r
J
thus
™R,) = T ., - (r_ -~ R.+ 1/a) oz
J ext J J or |
r
J
go that
TK,S - ext
BK;S = Try- RJ + 1/a
k.  Boundary node, fixed temperature
With the boundary condition:
T(rJ) = T
substitution into G~10 yields
' BT}
s Ul - - r—
M(By) = T, - (r; - Ry) ol
)
so that
K,s T b
B = rv. - R

K, S I |

(G-10)

(G-11)

(G~12)

(G~14)
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APPENDIX H. STUDY OF STEADY~STATE CONVERGENCE

There are two aspects of convergence which we wish to discuss in
this appendix. The first is the convergence of the iterative procedure
for the solution of the finite difference equations (Section 2.3),
whereas the second is the convergence of the solution of the finite
difference egquations to the solution of the differential equation as the
mesh size becomes arbitrarily small.

To study these aspects of convergence we considered a fairly simple
model prooblem, a one-region cylinder with a uniform heat source and with
insulated top and bottom boundaries. The analytical solution of this
one-dimensional problem can easily be cobtained either for the linear case
(constant thermal conductivity) or for selected nonlinear cases (e.g.,
a thermal conductivity linear in temperature). We used boundary condition
(2-1) at the outer radius of the cylinder:

aT

= = a[TeXt - T(p)] . (H-1)

=D
In the case in which the thermal conductivity is a linear function

of temperature we write:
K(D) = k(T[4 ofr - 1)] (1-2)

We define a new dependent variable, U(r), by means of a Kirchoff

transformation: (see, for example, M. N. Ozisik, Boundary Value Problems

of Heat Conduction, Tnternational Textbook Co., Scranton, Pa., 1968, p. 353)

T(r)
u(r) = JQ k() ar (H-3)
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or, using (H-2)
u(r) = k_ T(r) [l - o+ ff T(r)]

with k= k(T ).
O e}

The differential equation (2-10) becomes

d aT k 4T
dr (k dr) + r

In terms of U(r), however, we have the linear equation

d U 1 du
Peolithet = == =
ar2 T & * 4 0
Since'%% = 0, the solution to (H-6) can be written in the form
r=o
L gy
dr - ar/2
2 2.,
U(r) = U() +q (b - )/k

Taking the derivative of (H-3) we obtain

au . ) aT
dr k(T) dr
so that, at r = b,
ary o
k[T(b)] o = =~ gqb/?

b
and substituting (H-1) and (H-2) into (H-9), we obtain a quadratic

for T(b):

[ 7(b) + 1 - & TO] [T(b) -~ Text] = qb/ERO a

(1-b)

(5-5)

(8-6)

(H-T)

(H-8)

(8-9)

equation
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Solving for T(b) and choosing the positive rcot

olT (1 -aT) + dgb/2k  a]
T(b) = ext 9 2 . (E-11)

2
- - a T + - - QT :
Leol ~oaf . (1 - « T, -« eX_t) Lo qb/ko 2.

u(e) = k_ T(b) {:1 a4 % T(b)'] (B-12)

so that U(r) can be calculated from (H-7). Finally from (H-4) we can

calculate

o(r) = Hz=bo 2 . (5-13)

<]
o 1- 0ot +Af1 - o T )"+ 2au(r) /x

This result coincides with the solution of (H-5) in the case of constant
conductivity when @ = O, as we would expect.

The finite~-difference equations for the temperatures are obtained in
Section 2.3 by iwmposing a heat balance on each nodal volume. In the one-
dimensional problem studied in this appendix, the finite-difference

equations can be solved explicitly for the temperatures in the constant-

conductivity case. When Text = 0 we can write the temperature of node 1
as
2 t———n
= _ o [, 1 g o -
T, Tl s |t T , i=1,2,...,N (H-14)
In the constant-conductivity case with Toxt = 0, the sclution of the
differential equation is
2 2
b 1 1 iy c
T(r) = 21 4y =ty I H-1
o(r) 2K [ab+2 be} (i#-15)
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at the nodes (r = Ri) we have

p2 |1 1 o3 - 1+ 2l1i Ji-1

so that the error is

G2 1 - 2(i - JiJi 1)

e N ' (8-17)

Expanding Ji-1 we have

gso that

. G L S ' -
fi-Ti = %g—ﬁ'k(1+?12+) (H-18)

which is the negative for all nodes and has its largest absolute value
for i = 1. The maximum absoclute error then should appear at the first
node, and should be inversely proportional tc the number of mesh points
and independent of the boundary constant a. Since the temperature at the
first node will be smaller for large a (H-16), the relative error will
be larger for large a. These features are all observed in the results
of calculations with ORTHIS.

The rate of convergence of the iterative procedure used in ORTHIS
has been shown by Stewart and Lick* to depend on the boundary constant a.

They observed that the larger the value of a, the more rapid the convergence

*
G. W. Stewart, ITI, and D. W. Lick, '"Numerical Solution of a Thin Plate
Heat Transfer Problem," Comm. of the ACM 11, 639 (1968).
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should be. Since our model problem was different in two important respects
(nonuniform mesh spacing and temperature-dependent conductivity), we ran
several test cases with ORTHIS to investigate the effect on convergence

of various values of B, the overrelaxation factor (Eq. 2-18), and of q,

the slope of the conducbivity function (H-2). Typical results are shown

in Fig. H-1, where we have plotted the error measure

KMAY TE“l
e = -1 (H-19)
n n

k=1 | T

as a function of n, the iteration number. In the region where the plotted
curve becoues a straight line we can define Nlo’ the number of iterations
required to reduce the error measure by a factor of 10. Results of

several calculations are summarized in Table H-~].

Table H-1. DNumber of Iterations Required to Reduce
Error by a Factor of 10

a = .1 = 2.0
a =0 Q= .] o= .2 o =0 o= .1 o= .2
B Nlo N10 Nlo B Nlo Nlo NlO
1.85 167 131 120 1.40 59 58 57
1.75 30k 2o 221 1.3%0 75 73 72
1.65 456 359 332 1.20 93 91 90

These results are in gqualitative agreement (for the & = O cases) with

those of Stewart and Lick.
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APPENDIX I. CONTROL CARDS

The current versions of ORTHIS and ORTHAT are stored on the ZZ27277's
disk at the computing center at Oak Ridge National Laboratory. The DSNAME
for each code, respectively, is

DSNAME = AZ.GL.P31177.C10229.DURFEE. ORTHIS

DSNAME

Il

AZ.Gh . P31177.C10229. DURFEE. ORTHAT

The control cards which are necessary to use either of these codes are given

below
//anaaw JOB xxxx, MSGLEVEL=1, CLASS=C
//STEP EXEC LINKNGO,REGION.GO=1024K (700K for ORTHIS)
//LINK.HEX DD DSN=AZ.GL.P31177.C10229.DURFEE. ORTHAT, (or .ORTHIS)
// VOL=SER=727777,UNIT=2314, DISE:-SHR
//LINK.SYSTN DD *

INCLUDE HEX
/%
//GO.FT50F001 DD *
(Input Data Goes Here)

/*
//

The aaaw in columns 3-6 of the first card contain the job name, and the
xxxxx in columns 12-16 contain the charge number. If a user wishes to
generate plots with the steady-state code (ORTHIS), an additional DD card

must be placed just vefore the //GO.FTBOFOOl card.
//GO.PLOTTAPE DD UNIT=TAPET7,VOL=SER=25, LABEL=(, NL), DISP=0LD
Likewise, if temperatures are to be saved on tape (see Section 3.12), then

a DD card describing this tape must be placed just before the //GO.FT50FO0L

card. A typical card might look like:

//GO. FTO2FO01 DD UNIT=TAPE9, VOL=SER=2,DISP=0LD, LABEL=(,NL),
// DCB=(RECFM=V, LRECIL=3600, BLKSIZE=3604)
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Of course, if any tapes are being used, they should be listed on the job sub-
mission form by their volume serial number (25 or 2 for DD cards above).

The job class must also beichanged to F.
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ADDENDUM

BOUNDARY CONDITIONS FOR TRANSIENT HEAT TRANSFER BY
RADIATION, FORCED CONVECTION, AND NATURAL CONVECTION

The heat flow per unit area per unit time at the outer boundary is

agsumed to be of the form

~, A 4 .
oT A & A
-k == = = + T™ - 7 -
s Br)r eG(Tb Text) hc(fb Tox Text)
JMAX
(1)
where the superscript A indicates that the boundary temperature Tb and
the derivative‘§§ are to be evaluated at t + At; TCXL is the external
sxt ‘

temperature and T is a temperature difference of 1°F; k is the conduc-
tivity of the surface material; ¢ i1s the emissivity of the surface
material; o is the Stefan-Boltzmann constant; hc ig the heat transfer

coefficient for forced convection; and the heat transfer coefficilient for

natural convection is assumed to be of the form

h o= h |- : (2)

We expand the temperature near the boundary in a Taylor seriesg:
A A

A (%)
v JMAX JMAK JMAX/ Or .
JMAX

and substituting (1) into (3) we have



T = Tna t Covax ~ Fouax) {' "eig" (TQQ - Toxt)
e 2 o - o he] (- o >% (1)
k k Tc b ext
which can be written concisely as
F(12) = 0 (5)

Equation (5) can be solved iteratively for the new boundary tempera-

ture by the Newton-Raphson method:

f mlh
F(T. )
A i - A - bzl (6)
b,l‘i‘l b,l F,(TA )
b,1

Our boundary condition is (cf Eg. 2-1)

1 oT oT .
Tt a §§>b = Toe O '”5}")13 = alTy - T - (7)

We therefore define a total gradient constant &y as

h
4
TA—TQW TA—T e
a = 29 b ext a4 + a b ext (8)
T_kTA_T " %% " %n T,
b ext

h
TA T e
s -
€0 , - b ext
aT k (Tﬁ * Le t)(T% N lext) et an TC (9)
where
a, = hc/k and
= h .

an n/k



We have implemented these equations in the transient code (ORTHAT)
for all outslde surfaces by using the subroutine ARATEF (see Appendix T).

This subroutine allows the gradient constant, a., to change at specified

T

time steps. The usger can write, for example
DIST CHANGE = 0.6 . TFOR TIM.STEPS 30-60 .

in the ***BOUNDARY*** section of the input. Subroutine ARATEF would then

be called for time steps %0-60 to calculate a gradient consbant & with

additional inpub parameters given in Table 6.1.

Table 6.1
Type of , Default
Parameter Heat Transfer Fnglish Units Value
€ Radiation none 0.9
2
b Natural convection BTU/nr ft~ °F 0.19
he Natural convection none 1/3

These parameters are specified in DATA statements in the subroutine
ARATEF. The reciprocal of the gradient constant for forced convection,
l/ac, will be given fthe value on the DIST CHANGE card.

To delete radiation as a heat transfer process the user can set ¢
to zero . in the appropriate data statement. Similarly, l/aC or hn can be
set to zero to ignore forced or natural convection. Note thal a new

gradient constant, will be calculated for every boundary node not set

CIp
at a fixed temperature (EDGE TEMP = ...) or insulated. If this is unde-

sirable, the subroutine can be changed fairly easily.
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