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ORTHIS, OETHAT - 'IWO COMPUTER PROGRJ\1\1[S FOR SOLVING 'NO-DIMENSIONAL

STF.ADY-STATE MID TRANSIENT HEArl' CONDUCTION PROBLEMS

R. C. Durfee and C. W. Nestor, Jr.

ABSTRACT

The two programs, ORWIS and ORTHAT,* are designed

to solve steady-state and transient heat conduction prob

lems, respectively, in two-dimensional geome t.r-Le a. Either

Cartesian (x-y) or cylindrical (r-z, r-B) coordinate

systems may be used. 'I11ermal properties, heat generation

rates, and boundary conditions may be fUIlctions of position,

time, or temperature. 'The first program uses the iterative

method of successive overrelaxation (SOR) to solve the

steady-state problem. In addition to overrelaxation it

also uses a donu.nanb-ce.rr-or-emode extrapolation procedure

to increase the rate of convergence. The second program

uses a modified alternating-direction implicit method

(ADI) to solve the transient IJroblem. The input for

both programs has been designed in an easily usable

free-form style.

1. INTRODUCTION

We have written two FOETRAN IV programs, ORTHIS and ORTHAT, to solve

heat conduction problems in blO-dimensional geometries. The first pro-

gram solves the steady-state problem while the second solves the transient

problem. JVTany features are common to both programs, and therefore no

distinction will be made between the two except when necessary. 'I'he user

ORTl-IIS :z

ORTHAT
Oak Ridge Transfer of Heat in Steady State
Oak Ridge Transfer of Heat at Transient

1
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has a choice of either the Cartesian (x-y) coordinate system or the

cylindrical (r-z, 1'-0) coordinate system. Thermal properties, heat-

generation rates, and bouDdary conditions may be functions 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

relaxation
l

(SOR) to solve the steady-state problem. In addition to

overrelaxation it also uses a dominant-error-mode extrapolation procedure
2

to increase the rate of convergence. We are also planning to include

3 4some type of regional heat rebalancing' to ~lrther accelerate convergence.

The second program uses a modified alternating-direction implicit method1

(ADI) to solve the transient problem. We found that the normal alternating-

direction method was unstable for very small nodes such as those which

occur in air gaps. This instability was due to the explicit approxi-

mations used in evaluating the time integral. Therefore ,'Ie modified the

ADI method by removing this explicit dependence and thereby removed the

instability. This modification required a double mesh sweep at each

time step.

'I'he 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. 'I'he body must first be zoned into

regions, the regions mllst 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 geometrtcal
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description 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 symbols intermixed with the necessary numeric information.

Another headache which is often encountered involves the readability of

the computer output, especiallY the temperature distribution. To help

solve this problem, we have developed routines for printing and plotting

the temperatures in a map-like framework so that it is easy to see what

the temperatures are an;y1vhere 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 3 and 4, illustrated by a sample

problem. Finally, in Section 5, ve point out some Lmpr-ovemerrt s which

should be made in the codes.
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2. MATHEMATICAL AR~IXSIS

2.1 General Problem Description

The two programs, ORTHIS and ORTHAT, were originalJ~ 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 geometries. After 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- e geometries could be included. 'I'he internal composition

of the assembly was assumed to be homogeneous with.i.n 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.

ORNL-DWG 71-3951
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Figure 2.1
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A different material may be placed within each region if desired.

These regions are divided into nodes both vertically and horizontally as

described 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 c ond I tions must be specified on the other three boundaries

only. The boundary conditions may be spec i.t'Led by a fixed temperature,

Tr , or a relation of the form
,)

r
ext (2-1)

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

conditioD, the user must specify the external temperature, T t, and the- ex

effective boundary layer thickness, l/a. This boundary layer thickness

is simply the thermal conductivity of the surfaee material divided by

the heat transfer coefficient, h. Of course , any part of the boundar-y

may be insulated from the outside.

An initial temperature distributioD must be used to begin a calcu-

lation. The distribution will probably be an educated guess in the case

of a steady-state problem. However, in the case of a transient problem,

this distribution will usually come from a previous steady-state solution.

Heat sources and sinks may be placed inside any node within the

assembly. The user may wish to specify a regionaJ. heat source rather

than a nodal heat source. In this case, the heat source at each node in

the region is the total heat sour-ce elivided by the vo.Lume of the region.

As stated previ.ousIy, the codes wl Ll. handle x-y and 1'-8 geometries

as "\'1811 as the r-z. Although the x-y geometry uses a spacing different
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from the r-z, it looks the same since both are rectangular in shape.

However, the mesh layout for the r-e geometry is slightly di.fferent 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.
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2.2 Mesh Layout and Description

As was mentioned previously, the body to be studied is approximated

by dividing it into regions, depending on its shape and material struc-

ture. These regions are formed by drawing lines parallel to the rand

z axes as shown in Fig. 2.2 be Low . These lines mus t extend the complete

length or width of the assembly. Each region may contain only one

material (however, many regions may contain the same material). These

regions are numbered horizontally (LH), vertically (LV), and internally

(L) as shown. The user must specify the thickness (Ii) of each horizontal

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

ORNL-DWG 71-3952
r ...
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.----------~-- H1 ----
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L=3
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Figure 2.2
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Once the regions have been constructed they must be divided into

nodes both hori-zontally and vertically. This is done by specifying the

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

in each vertical region as shown in Fig. 2.3. The center of each node

is called a nodal point, and it is at these nodal points that the tempera-

tures are calculated. The nodes are also numbered horizontally (J), verti-

cally (r), and internally (K) as shown 'beLow ,

ORNL-- DWG 71 - 3953
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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.

'Ihis is done by the program itself in such a way that every node wi thin

a given region has the same volume. 5 l',s a result of such a procedure in

r-z and r-G geometries, the nodal points are not equally spaced in the

radial direction. However, the vertical intervals are equally spaced

wi thin a given region. Figure 2. 1j and Eqs - (2-2) through (2-5) show the

radial and vertical distances of the nodes and their nodal points-

ORNL-DWG 71-3954
r ...
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(2- 3)

r + r
J J-l

2 (2-5)

All 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
La

x_ + x
J

_
1+ X

J
Jx

J
_

1 nLH 2

h
LV Yr + YI-l

YI-1 + Yr 2
~V

(2-6)

When using the x-y geometry, boundary conditions must be specified for

all four sides of the mesh.

In the case of the r-8 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-8 mesh as being a deformed r-z mesh where the bottom has

been stretched clockwise around the origin until it touches the top
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(z = 0 line). Notice 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
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The equations for the 1'-8 spacing are

(2-8)

(H
1

+ ... ~)2 -(H
1

~H

TtJhen using the r- e geometl~y, boundary conditions can be specified for only

one side of the mesh (the outside edge), since the range of e is from 0

to 2n in this version of the programs.

Wilen laying out the mesh spacing, the user should try, wi thi.n 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 quite different on each side of

the boundary.
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2.3 Numerical Technique for Steady-State Heat Conduction

The partial differential equation which represents steady-state heat

conduction in an isotropic material may be written in vector notation as

-\

k v T + q o (;2-10)

...\
where V is the gradient operator, l' is the temperature, is the thermal

conductivity, and q is the heat-generation rate per Wlit volume. lnte-

grating O1[er the nodal volume, V
K,

we have

f· ~. k V l' dV +f q dV
V VKK

o

'I'hrough the use of Green's first identity (or Gauss' theorem) we can re-

write this equation as

Tt-lherewe are now integrating over the nodal surface, ~\'

o

01'The ~ representson .

the partial derivative 0~1 T with respect to the outward normal to the sur>L

face of the node, K. Assuming that k does not vary as we integrate over

the surface area , and assUlIling that q does not vary as we integrate over

the nodal volume we have

o (2-13

as shown,

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 is taken are numbered

Assuming that dT does not vary over each surfaCe of integration,ilii
we can write Eg. (2-13) as

o
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Figure 2.6

where ~ S is the area of side S; for node K, in the mesh. All that re,
d'f

mains to be done now is to evaluate ~ on each of the four sicles of
CJnK 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,

dT b . t d t f 'tl-d--- may e approxlma e by an equa ion 0 ne form
~;s

T - T-15:;. S K
B

K; S

(2-15 )

where 'T
K

; S is a neighboring temperature; 1'K is the temperature of the node

itself, and BK,S is an internodal distance. IK,S and BK,S wi.Ll. depend

upon the type of neighboring node (or boundar-y ) touching each s ide of the

given node; K. Since there are t.wo types of boundary conditions allowed
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(see Eq. (2-1))) there are four different equations to be chosen from in

the evaluation of B
K

p' These four different ca.ses are shown in Fig. 2.7
)0

for the side) f3 '" :2. Appendix G contains a derivation of Eq , (:2-15).

By SUbstituting Eq. (2-15) into Eq. (2-1~) we now have

Li· (TKz3 - TK \
k ~ A + qK VI( '" 0

K 3"'1
K)S \ BK) 3 J

ORNL-DWG 71-3957

--r--

(2-16)

1.

2.

z

NEIGHBOR= I\JODE IN SAME REGION

BK,2=R J +1-R J

T K ,2= TK +1

NEIGHBOR=NODE IN DIFFERENT REGION
kK

B K,2=(YJ- RJ)+(RJ +1--YJ) "kK':;;
T K ,2 = TK + 1

3.

NEIGHBOR = OUTSIDE BOUNDARY WITH
TEMPERATURE GRADIENT GIVEN:

(~- .-. a (Tb-T ))
onb ext

BK,2= Ya+(rJ-RJ)

'K,2=Text

4.

NEIGHBOR = OUTSIDE BOUNDARY WITH FIXED
BOUNDARY TEMPERATURE,
Tb GIVEN

B K , 2 = f J-RJ

TK,2=Tb

Figure 2.7
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After r ewr i tlng this equation so that T
K

appears on the left-hand side,

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

)~

qK VK + ~ t
S"'l (2-17)

The temperature of node K is expressed in terms of r K S' the tempera,
tures of its four surrounding neighbors. Since at the beginning of the

steady-state problem we do not know any of the temperatures wi thin 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

old 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 )+, 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, P, in the following manner:

(2-18 )

T~ are the temperatures calculated during the nth iteration using Eq.

(2-17) .
n-lT
K

are the final "overrelaxed, extrapolated" temperatures

resulting from the (n-l)th iteration. 'l,new are, of course, the "over
K

relaxed" temperatures being calculated during this nth iteration. The

P factor is an input quantity which must lie in the range, 1 ~ P < 2,

and usually lies between 1. 6 and 1. 9 for the best convergence. If a

given problem does not converge in one machine run, P 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 is calculated for the mesh as a whole,

e
n

- 1

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

f

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

(2-20)

~Kew + 1. f (Tnew _ Tn-I)
f K K (2-21)

rrnew d Tn- 1 d f" db' E' (2 18) fl'fK.inal may now be rp-.fp.I'I'ed. K an . K are e lne a ave Ul q, ."- ',' . --

to as the final "overrelaxed, extrapolated" temperatures, 'I~, for the nth

Heration. This extrapolation is not done if the factor, 1', in Eg. (2-20)

is greater than one. Actually, we found that this extrapolation should

only be used every )-loth 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

f'cr the whol.e machine run.

Successive iterations are carried out until

max
K

- 1 e ( 0 02'. c.-c.....

where € is the specified convergence criterion. Note that this error

term is calculated for every node in the mesh, but only t.he maximum

is used in Eq. (2-22).
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2.11 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

..J. ~

'V k'VT+q
aT

p c at (2-23)

where t represents time, p is the density, and C is the specific heat (k,
.-\

T, q, and 'V were defined in Section 2.3). Integrating over the nodal

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

we have

f k aT dA +1 q dV
A dn v

K K

(2-24)

aTAgain we assume that k and - do not vary as we integrate over any of the
on

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

oTC, and dt do not vary as we integrate over the nodal voDune. The re-

sUlting equation is

4
k \' A._ dT + V

K S~ -K,S o~,S qK K

where ~ S was defined in Section 2·3·,

(2-25)

Next we integrate Eq. (2-25) over the time step, 6t:

f t +6t ( 4 dT) ft+6t
k K L A..J{ S~ dt + qK VK dt

t S=l' K,S t

(2-26)

Assuming that k, q, P, and C do not vary appreciably over l\t, Eq. (2-26)

becomes
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PK CK VK [TK(t + fit) - TK(t)] .

(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 equation the directions are

interchanged. This procedure results in a set of simultaneous equations

which may be solved for new temperatures by the direct inversion of a

tridiagonal matrix. No iterations are required. However', when we used

this method, we f'ound that the explicit approximations on two of the fOUT

sides caused instabilities similar to those in a one-step explicit method.

(-JT IIn the conventional ADI technique a term of the form "\ is neglected
on t+lit

on the two explicit faces. By Lnc Ludi.ng approximations I'or 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.

We assume that ~ varies linearly over a time step and apply the

trapezoid rule to Eq. (2-27)· Defining T = T(t), rr6 = T(t + lit),

CT__ 0TI ()T
L1 dTI" - "".'"""" and -.;:-- "" ~ , we then have

un on t on on t+flt

::: (2-28)

futting the t + lit terms on the left we have
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+ k K f.lt t.A,
2 8=1 K,8

dT
Using the approximation for an given in Eq. (2-15) we have

dT
dD..,

.l\.,S

4
~ Q1K S

8=1 '
(2-30)

where 11.,." vK' ware defined as
.l\. K,S

~,8
.~ t.\t ~,S

2 (2-31)

Equation (2-30) is implicit in both the l' 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 + !'J.t, on either side of this column, we may then re-

write Eq. (2-30):

(~ )B
K-,1

(

)+ <ll. )\' ...lh.§
+ U B + "x

8::::1 K,S
Tt.\
K+ (-~'3)BK,3

!'J.
'TK,3

+
(

1'K 8 _. TK)
~-- +

B
K-

..,
, :::>

L
3=2,4

(2-32)

This Eq. (2-32) represents a set of IMAX simultaneous equations in-

volving only the temperatures in column J. For an internal point, K,

which has nodes above and below it, we can rewrite Eg. (2-32) as
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a r '1'6 + br
rp6 + c r cr6 ::: PI (2-33)

K-JMAX ~K K+JMAX

or in matrix notation:

fb, c
1 l T~:=l, <J1 P

~l

i& b c rrL1 I P2
f 2

., 2 .".J I, I, I !
~ b

3
Cs

TLl ! -- Ps
(2- 3)~)

-3 J ,J i
!

r

T6

l
a4

b r- P44 -4 4, ,J

a
IMAX

bIMAX TlIMAX, J PnvrAX

J-1 J

ORNL- DWG 71- 3958

J + 1

1=1 • • •
b.

k' l--- TK - JMAX

1=2 • • •
b. b.

T K 4 T~ T K,2,
• • •

b.
~ '-- TK+JMAX

• • •

I=IMAX • • •

P'Lgure 2.8



22

The coefficients and Tr J are defined as,
-~,l 4

~s -~,3
a_ '"' b r ~ ~ + v

K
c ... •..

1 B BK S 1 BKK,l S""l , ,3

(If I

,.Li
:::0 1) + ~3 K,3

B
K,s

(If I lMAX)

TK ' where K = (1 - 1) * JMAX + J (2-35)

The only thing remaining to be done is to supply the temperatures, r Li
K, :3

and 'T~,4' which are used on the right-hand side, PI' of our matrix equat i on ,

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

temperatures, I:
K

' has already been calculated. Thus we only need an
,4

approximation for T
K
Li :
,2

d'T
K,2 , Lit + T

Ktit ,2
(2-36)

1 1 t " d'i t f" -6neva ua lng dt le . us de lne T '"' 'T(t - Lit) so that we have

d'TKz:3

'at

-6
'i' - 'T

K,:2 K,2.
Lit

(2-37)

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

for 'iK
6 which can be used in calculating p .. in Eq. (2-35). When using

,2 1

this approximation for T~,:2 to solve real heat problems, we found that

the results were not quite good enough (1-2% error). Therefore it was

necessary to repeat our mesh sweep a second time using the temperature

just calculated for 'T
K
!':1 rather than the approximation in Eq. (2-36).

,2



The equations for the row sweep are the same as those for the column

sweep, except for the interchange of references to faces 2 and 3 (right

and lower sides) and faces 4 and 1 (left and upper sides). There are

J}TAX equations, one for each row.

To summarize the transient calculations, we first move across the

mesh, column by column, solving the tridiagonal system for each column

of temperatures. It is necessary to repeat this column-by-column sweep

a second time at the same time step. We then increment the time by lit

and move down the mesh row by row soJ~ing for each row of temperatures.

Again, it is necessary to repeat the 1'0\>7 sweep a second time at the

same time step. The time is again incremented by lit and we start all

over with the column sweep, and so on, until the desired time period

has been spanned.



2.5 Position) Time) and Temperature Dependent J<'unctions

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) q. In addition) the tran

sient code allows the boundary conditions to vary at any time step. Hhen

anyone of these quantities) such as thermal conductivity) is to be

treated as an external function) the FORTRAN progrllin 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 positioD) or it may vary with time. Rather than using some

type of equation to calculate the thermal conductivity, the user may Vlish

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 be 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 + bt), using the folloVling

equation:



T(t + lit) T(t) + %'f . lit (2-38)

. ClT
where dt is calculated at time, t. This approximation has already been

coded in the skeleton subprogram so that the user needs only to evaluate

his function using the T(t + lit) supplied.. In steady-state problems the

user should evaluate his temperature-dependent function using the most

recent value of the temperature, T
new

(cf Eg. (2-18)).

When the boundary conditions are allowed to vary in a transient prob-

lem, the user must specify two things. First, he must specify the time

steps at which the boundary conditions are to change, and second, he rrrtlst

specify a numerical quantity to be used in calculating this change. This

numerical quantity may be used within the skeleton SUbprogram in any way

the user wishes. At present, the SUbprogram is 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. There are two types of

boundary values wh.i ch may be changed wi thin this subprogram. The first is

an outside temperature, either the external temperature, T t' or the surface
ex

t emper-ature, (1' •
b

The second is the effective boundary layer thicF~ess, l/a,

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 dependent it is

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

we simply let
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0- F (T
b
4

- T
4

.. ) / (T
b

- T t)se exe ex
0- F (T

b
2 + '1'2 t)(T, + '1' J (2-39)

se ex 0 ex~

where 0 = Stefan-Boltzmann constant) II' ~ radiation interchange factor)
se

T
b

= temperature of boundary surface) and '1' t 'co external temperature.ex

There is a total of six different subprograms whi.ch may be supplied

by the user to implement 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:& 'I'he ccnment.ary in these listings should prove heLpt'u l,

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

steady-state and another for the transient.

'Table 2.1

Physical Qnantity To Be Calculated Subprogram Called

1. Thermal Conductivity - k CONDF

2. Specifi'c Heat - C SHEATF (T:cansient only)

3· Density - p SMASSF (Transient only)

)+. Heat-Generation Rate - q Q,F

5· Boundary 'Temperature - T
b

or T TOBARF ('Transient only)ext
6. Boundary Layer 'I'h'i ckrie s s - l/a ARATEF (Transient only)

When solving heat-conduction problems inv-olving 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,

k
K,

of node K is the same on all four faces of the node. This assumption

Ls not correct when the temperatures on the four faces of the node are quite

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 Eg. (2-40) below.

(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-dimensional calculations6 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, T , and
m

latent heat of fusion, Hfu. 'Irien as the temperature within a meltable

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 descri.bing the amount of energy absorbed by the

heat bank at each time step is

e.(T ._rr)
proJ m

where T . is the projected temperature which would be reached wjthin
proJ

node, K, if no heat were lost to the heat bank. EventualJy the amount of

energy absorbed by the heat bank equals or exceeds the latent heat of

fusion for that particular material. At this point the temperature of node,

K, is set to:

T + (H- H ) Ie
m fu

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 he lpful 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 as conduction. 'I'he hotter liquid will move upward

",hile the cooler liquid will fall due to their difference in densities.

Thus the user may wish to account for this extra transfer of heat by

using a thermal conductivity which is slightly higher tha.n that of the

liquid material. The best way to simulate natural convection in this

program would be to let the liquid 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 liquid

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 arise when a material first becomes hot enough to melt and

then later cools off enough to freeze] or is initially molten and freezes

as the assembly cools.
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3. INRJT DESCRIPfrON

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

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. 3.1 below.

ORNL- DWG 71- 3959
r ...

Text = 130.0°F

1/0 = 6 in.

+---+_ __n .-=:L--+-_

~~f-----+------ -l---------i

I HE.AT SOURCE Tb = 500°Fr -----6 in ----IJ -----6 in'-~-~---l

r": r----.-,---.n r : I ± --- ----- --------~-~~..---J-
\ I _~ -~-s:+=--- :__L_~~

--- URANIUM _. -. STEEL--+------+3 in.

1-~:--~~

T_~=t-----I-LEt3=

z

FigureS.l
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This particular example solves the transient problem for the hypo-

thetica1 cylinder shown in Fig. 3.1. The initial temperatures are specified

as 130.0° F for every node in the mesh, and the 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 F'ig. 3·2.

Each section contains information dealing with a different aspect of

the problem. The alphabetic keywords are used to identify the information

given and where it is to go ·within the mesh. The numeric values may be

f'o.lLowed by a units field such as B/pf:8', which represents BTU per pound

per degree Fahrenheit. All"of the input given in Fig. 3.2 could be punched

on cards as shown, and it would be acceptable to the transient code. Each

of the seven input sections must begin vdth a section definition card

(***Section Name***), and each ends when the next section definition card

is read. These sections may appear in any order except for the first

two. Within any of these seven sections (except the **~~SH*** section),

the various items, themselves, may appear in any order. Thus in Fig. 3.2

we could have given the }illAT SOURCE value before the MATERIAL NO speci-

fications. Each section has a certain syntactical format which uses key-

word names, equal signs, and numeric values. These syntactical formats

are called expressions, and there are three different types of these ex-

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

form:

values

HORZREGS = 2
( 3-1)

where values are either numeric or alphabetic (YES, NO, ... ). The second

type of' expression is the "name-expression" which is of' the form:
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..
TRANSIENT PROBLEM TITLE CARD - 4 REGIONS, 144 NODES

Section 1

Section 2

INITIALZ == YES
LISTINCR == 1
MASS = roUND
STARTIME == 0 H.

***HF.J1JJEH***

LISTINPr == YES LISTJVIESH"= YES LISTTEM:P '" YES
SAVETEMP:o= NO SAVEUNIT ,~ 0 LEl\fGTH =' FEET
TIME " HOUR TEM:P:o= , FAHREN HEAT BTU
STRTSTEP :0= 1 NTIMSTEP ,= 300 MAXSEC 0

***MESH***

SYSTEM " R,Z HORZREGS 2
HORZDIST == 6.0 I. 6.0 1.
HORZNODE == 6 6
VERTDIST ..- 3·0 1. 3·0 1.
VERTNODE == 6 6

VERTREGS == 2

Section 3

Section 4

Section 5

Section 6

Section '"[

Endata Card:

***NAMES***

MATERIAl, NO :" 1 FOR URANIUM
2 FOR LEAD
3 FOR S'I'EEL

***BOUNDARY***

EDGE TEMP == 500.0 'F. FOR TOP. SIDE
600.0 'F. FOR BOT. SIDE

EXT TEMP == 130.0 'F. FOR RHS.SIDE
GRAD DIST == 6.0 1. FOR RIiS. SIDE

***MATEH.lALS***

MATERIAL NO 1 :FOR H,Z.REGION (1,1)
2 FOR R,Z.REGION (2,1) ,
3 FOR COL. REGION 2

CONDUCTIVITY = 10.0 B/FH'F. FOR MArI'.NOS 1
15.0 B/FH'F. FOR MA1'.NOS 2
20.0 B/FH'F. FOR MAT. NOS 3

DENSITY 100 p/FFF. FOR MAT. NOS 1
200 p/FFF. FOR MA'r.NOS 2
300 PIFFli' • FOR MAT. NOS 3

SPHEAT .1 B/pl F. FOR MAT. NOS 1
.2 B/PIF. FOR MAT. NOS 2
.3 B/P'F. FOR MAT.NOS 3

HEA'I' SOURCE 20 B/H:F'FF. FOR E,Z.REGION (1,1)

***TEMPERATURES***

TErv1PERATURES == 130.0' F. FOR ALL. "VIESH
MAX TEMP ALLOWED == 800.0 'F. FOR ALL. MESH

***TIME***

TIME STEP INCR =' 1.0 S. FOR TIM. STEPS 1-300
TEMP LIST FREQ == 60 FOR ALL. TIME

***ENDATA***

Figure 3.2
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The second type of expression is the "name-expression" which is of the form:

value FOR material-nameexp-name

MATERIAL NO == 1 FOR URANIUM
(3-2)

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 fOl~:

exp-name ::: value FOR location-name integer-exp
----------- ---------- ------------- -----------
SPHEAT == .1 B/PI.F. FOR MAT. NOS 1
HEAT SOURCE 20 B/H:F'FF. FOR R,Z.REGION (1,1) ·0-3)
TIME STEP 1 S. 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 probably 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 their respective

sequence in the input stream.

Table 3.1

No. Section Name Expression-Type Required Sequence

First. Title Cards Yes First

L ***HEADER*** Arithmetic-Exp Optional Second

2. ***MESH*** Aritbrnetic-Exp Optional Third

3· ***NAMES*** Name-Exp Optional Any Order
)+. ***BOUNDARY*** For-Exp Optional Any Order

5· ***MATERIALS*** For-Exp Optional Any Order

6. ***TEMPERATURES*** For-Exp Optional Any Order

7· ***TTh1E*** For-Exp Optional Any Order

Last. ***ENDATA*** Yes Last



In describing the form.q,t of each of these expression-types, it should

be stressed that everything is free-form. 'l'his 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. 'l'hus the blank "which is between the keyword, INITIALZ, and its

equal sign in Fig. 3.2 is absolute1y necessary.

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 wi L]. be explained in the appropriate section. Section 3.3 explains

the use and choice of available units. ~q,ny times a user wishes to run

the same problem several times with slight variations in some of the

parameters. This is discussed in Section 3.11. Section 3.12 expLafns how

to start (or restart) a problem from temperature distx'ibutions previous1y

saved on cards, tape, or disk. The maximum problem sizes which are cur

~cent1y allowed are given in Section 3.13. 'I'hose limits may be increased

if necessary.
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3.2 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 allowed in each input

section as shown in Table 3.1. Before explaining each expression-type

individually, let us define the notation which will be used. Whenever

items appear within 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 TtTithin a pair of

brackets or braces .{~~:: ~ , this means that one item may be chosen from
item ;J

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 from its neighbor by one or more blanks. Also numeric values)

unless otherwise specified) 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-expression" as:

example 1:

example 2:

[exp-name}

HORZDIST

SAVETEMP

[= }

=

[value}

6.0
NO

[unit]

1.

[value}

6.0

[unitJ

1. (3-4)

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} [~ }
~...

example 1: MATERIAL NO ::= 1 FOR URANDJM
2 FOR LEAD (3-5 )

example 2: MATERIAL NO .- 3 FOR STEEL

Here the expression-name is required 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 alloVls the user to specify several material-

names and number's in one expression. Another important difference between

the expression-name used here and that described earlier is that on~y the

first three characters (:t>wr) are needed here. Everything after these

three characters is ignored urrtiL the numeric value is read. 'I'hu.s the

equal sign is not really needed except for readability. The value itself

should always be a positive integer without any units field attached.

Following the numeri.c value should eventually come the word FOR. Immedi-

ately following the FOR should come a 1-8 character material-name. 'l'his

material-name may contain any number of alphanumeric characters except

blanks. Only the first eight characters are retained. Following the

material-name should come a comma (indicating continuation of the expr-e s-

sian) 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
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another muneric value. At present the "namevexpr-es s i.on" is used only in

the ***NAMES*** section of the input data.

The last and most complicated type of expression is the tffor-expression tf

which may be written in general form as:

[ exp-name] [value} [units] FOP. [lac-name} [integer-exp] [:}

example 3: TIME STEP INCR ::: 1 s~ FOR TIM.STEPS

example 4: HEAT SOURCE 2.0E 01 B/HFFF. FOE R}Z.P.EGION

example 5 : EDGE TEMP 500.0 IF. FOR TOP. SIDE
600.0 IF. FOR BOT. SIDE

example 1: TEMPS

example 2: CONDUCTIVITY

::: 130

:::: 10.0

IF. FOR ALL. MESH

FOR MAT. NOS 1

1-300

(i., 1)

(3-6)

The expression-name is treated the same way here as it was in the tfname-

expression. II Only the first three letters aTe 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 floating-point number as shown in

the examples above. The units field following the numeric value is optional

and need only be used when the input units differ from the standard internal

units set in the ***HEADER*** section. 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 location-name. The location-name is always

a seven-character name with a period in the fourth po s i t.Lon. Extraneous

characters on the end of the name are ignored (ALL.MESH). Each input section

has its own set of unique location-names which are acceptable only to it.

As 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 numeric value is to be placed. 'I'h e s e i!lteger-

expressions, when used, come in two types: those without parentheses

(type-I) and those within parentheses (type-2). The Vari01JS forms of each

ty~e are shown below.

'lYpe-l Integer-~~pressions ~,::ger-ex'pressions

i i i (i,i)
(i,i-i)

i-i i-i i-i (i-i, .i )
(i-i,i-i) (5-7)

.....~-_.
example 1: 1 2 3 8 9 10 13 14 (2,3) (2,4) (5,3) 0,4)

example 2: 1 2 3 8 9 10 13-1)+ (2,3-1+) 0,3-4 )

example 3: 1 2 3 8-10 13-14 (2-3,3) (2·· 3,)+ )

example 1+ : 1··3 8-10 13-14 (2- 3,3-1) )

where i represents any positive integer. Type-l integer-expressions con-

sist of simple integers 'written one after another. 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 nurnber 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 locations within the mesh while type-l integers

may 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-expresslon") or a period (indicating the end of the "f'cr- expression").
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These three types of expressions have been designed to mm~e the prepa

ration of input as easy as possible for the U:3er. Rather than forcing

the user to remember what type of input data goes in which columns on

what, cards) we have allowed the use of keywords to indicate what type of

data is being used. The data itself may be placed anywher-e on the card',

and the cards may appear in any order (wHh respect to keywor-ds ) in the

input stream.
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3.3 Units

Many of the numeric quantities which must be supplied as input to

these tl-10 codes have dimensions or un i ts associated with them to specify

length, time, etc. To facilitate the use of such un.i ts durLng the prepa-

ration of input, 'tie have a Ll.ow ed 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 between the two . As

has been stated previously, the last character of the 11nits field must

be a period. The field itself is made up of alphabetic characters plus

two special characters: a single quote mark, I, and a divide sign,j.

Each alphabetic character represents one of the nineteen different units

whi.ch are acceptable to these two codes. These nineteen uni ts fall into

five general categories or classes: length, mass, time, temperature, and

heat. Table 3.2 gives a breakdown of the units and their corresponding

character's wi thin each of the five classes.

Table 3.2

Length Char Mass Char Time Char

Inches I Pound D Second - S"-

Feet F Gram G Minute - N
Centimeter - C Kilogram - K Hour H
Meter M

Temp Char Heat Char

Fahrenheit - IF BTU B
Rankine IR Calorie - Q
Centigrade - IC Joule J
Kelvin IK Erg E

Watt W



J'iJotice that the first letter of each word has been used as the alphabetic

character to represent that unit (with tvlO exceptions: minutes, N, and

calories, Q). Under the temperature class each of the characters has

been preceded by a single quote mark. This quote mark stands for the

degree sign, 0, and must be used whenever temperature units are being

specified. The other special character is the divide sign, I, whi ch is

used to indicate that certain units belong in the denominator of' the units

Held. For 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 numerator. In Table 3.3 various physical quantitieE

are shown with their corresponding unit fields given in both the English

and metric systems.

Table.3. ]

Physical English English Metric Metric
Quantities (In. Sec) (Ft. HI') (CGS) (MKS)

Distance I. F. C. M.
Conductivity B/IS'F. B/FH'F. v-r/C'C. W/M' C.
Heat Source B/IIIS. B/FFFH. W/ccc. W/M1v1M.
TempeI'ature 'F. 'F' . 'e. 'C.
Density p/lII. pIFFF. G/Ccc. K/MMM.

3
Notice that to specify cubic feet, we must write FFF rather than ft ,

as is normally done. Also the user is not restricted to using only English

or only metric units as was done in Table 3.] above. He may use any

combination of units desired. 'rhe 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 ***HEADFeR*** section. If 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 'I'abLe 3.2, one of the choices for the unit of heat is watts, W.

Actually watts are a measure of power and represent heat per unit time

(1 wat.t '" 1 JOUle/sec) rather than just heat. Therefore 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. For example, in converting heat source values

from metric to English units, the printout would Lnd.Lcat.e that W/r-tIMM was

converted to B/FFF. The actual conversion would be from li'l/MMM to B/HFFF.

Again it should be s tressed that a final period is required as the

last character in any units field. 'I'he maximum number of characters allowed

in anyone units field is eight. ('l'he longest one, which is for thermal

conductivity, requires only seven characters.) If numerical quantities

are input without units, then no conversion is done and they are assumed

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



3.4 ***HEADER*** 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 sect.Lon 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*** section usually consists of'

problem parameters and indicators such as maximum execution time, internal

units, printout types, etc:. This type of information must be known before

the other input sections can be read in.

The only type of expression allowed in the **~dEADER*** section is

the "arithmetic-expression." 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-items" notation defined earlier, the general form of

these twenty-six quantities may be written as shown in Table 3.4. In this

table "i" represents a positive integer and "I''' represents any floati.ng

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



'I'ab Le 3.4

***HEADER***

INITIALZ {YES} LISTINPr := {YES\ LISTMESH {~~~}NO NO j

LIS'rTEMP {~~S} LISTINCR {j Ml\XITR
tOO}

MAXSEC {~} SAVETEMP ~Esl SAVEUNIT ~}NO J
I

~l l~lLENGTH .F MASS TIMEC
M

'Xl
B
Q'ETEMP 0=

'C HEAT J
E

'K
ItT

'I'r ans i.errt Onl~:

STAR'l'IME ~[LmitsJ} STH'rSTEP {j NTIM:STEP ill:= zz:
0.0 1

Steady State Only:

BETA {~.5} EPSILON
rOOOOl}

li::<TRlliJCR := m
{~} tRT I CRT I

HBALINCR TR.AVPLOT ;~CH Mfl.PPLOT MECH
NO )

{~}
PLOTCOLS I: .i i INTRAVSES or
PLCY~ROWS o 0



on the right-hand side 01' 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 correct1y. For

example, in specifying the units of mass the word roUNDS could be used as

long as the letter Pwere 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 brief1y, and the user

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

~Nenty-six parameters.

1. INITIALZ: Indicates whet.her 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. LISTnr.2T: Indicates whether or not to list the input data as it is
read in.

3. 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 is
YES .

.~. LISTTEMP: Indicates whet.her 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 specified iterations along
the way to convergence. (LISTHJCR 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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5. LISTINCR: Indicates hOI" frequently a single line of temperature infor
mation is to be printed out. For example, if it were 5
then a single line of information would be printed every
5th time step (every 5th iteration in st2ad~y- state). In
steady state a full temperature distribution will also be
printed i",ith each line if LISTTEMP == YES. (The printout
of t.emper-at.ur e distributions in the transient code is
controlled by input data in the 'A"**TIME*** section.)

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

7· MAXSEC: 'I'h e maximum
execution.
the problem

computer time Un seconds) allowed during
If it is zero then no check is made to see
is running longer than expected.

if

8. SAVETEMP: Indicates ",hethel' or not to save all the temperatures on
some output device Tt1hen the problem is f'Lndshe d or when
MAXITR or MAXSEC has been exceeded. (See Section 3.12.)

9. SAVKlJNIT: The logical output device on which temperatures are saved
when SiWETEMP == YES. (See Section 3.12.)

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

The standard internal unit for temperature. (See Section
).3. )

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

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

'I'he standard. internal unit to be used for length. ( 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.)

10. LENGTH:

11- MASS:

12. TIME:

13· TJ!-;MP:

Ilj. HEAT:

15· STARTlME:

16. STRTST~P: 'The initial time step number to be used in starting a
transient problem. It is normally one (the first time
step) unless a prevf.ous run is being continued where it
left off. (See Section 3.12.)

17. NTIMSTEP: '[The total number of time steps to be used in a transient
problem.

18. BETA: The relaxation factor (1 .::;; !3 <: 2) used to accelerate steady
state convergence. (See Eq. 2-18.)



19· EPSILON: The tolerance value (maximum acceptable error)
against in achieving steady- st.at e convergence.
2-22. )

tested
(See Eq,

20.

21.

22 ..

25·

26.

EXrrrUNCR:

HBALINCR:

TBAVPLOT:

MAPPLOT:

NrRAVSES:

PLOTCOLS
or

PLOTROWS

The frequency at which extrapolation is to occur (every
EXTRINCR iteration) in the steady-state code. If it is
zero then no extrapolation is done. (SeeEq. 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 f'ut.ur-e we may be able to
drive these imbalances to zero by adjusting the tempera
ture s vii thin each region accordingly. If HBALINCR == 0
then no heat imbalances are calculated.

Indicates whe bhe r a traverse-type plot is desired when
the steady-state problem is finished. In addiUon 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()')

Indicates whether a map-type plot is desired when the
steady-state problem is finished. 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. )+.9.)

The number of columns (or rows) wh i ch are to be plotted
on one t.raverse-Lype plot. The maximum number of trayerses
allowed in any one problem is five. The plot may consist
of either columns or rows, but not both.

The actual column (rOYI) numbers to be plotted on the
trayerse-type plot. Up to five different column (row)
numbers may be specified. Figure 2.3 shows the J-column
(I-row) numbers on the mesh.
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3.5 ***MESH*** Section

The second sect:ion in the input stream should be the***MESH***

section. This section immediately follows the ***HEADER**1<' section as

shown in Table 3.1. The section definition card which must come before

the actual mesh data is ***MESH***. TIle information specified in this

section describes the overall mesh lay-out. The geometry type, the number

and size of the regions; and the number of nodes wit.hin each region are

given here. Figures 2.2 and 2.3 show the vadous distances (h;n) 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 sbart.f.ng at the upper left corner, and then

sweep through the mesh by columns starting at the upper left corner , and

tht~l sweep through the illesh by columns starting at the lower right corner.

This is done by using the MS-wEEP parameters shown in 'I'abLe 3.5.

As in the ***HEADER*** section, only "ar i t.nmet.Lc-eexpr es sd ons " 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 jn 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 f'Lr s t three characters are

looked at. As before, "i" represents a positive integer and "f" repre-

sents any floating-point number. '1'11e 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 HORZREGS and VERTREGS must come before the

HORZDIST, VERTDIST, HORZNODE, and VERTNODE parameters. This is because

the number of regions must be known before the proper number of distances

and node number's can be accepted.

Table 3· 5

***lVIESH***

1~1 fi-l
{~}SYSTEM R,T HORZREG-S l.QJ VERTREGS

Y,Z

HORZDIST {~
[units] f [units] 1" [units] :}::=

0 0

VERTDIST {f [units] f [units] t' [units] .-1
::= o 0 .J,.0

~
i i i .1

HORZNODE '>

0 0 0 .j

VER'l'NODE {~ i i i -}::=
0 0 0

Steady State Only:

MSWEEPI {TOP} {LID} {ROW')
BOT RIG corJ

MSWEE~?-
f'roPI {~~} {RO\/l

== 1BOTf cOLf

The following list discusses each of the nine parameters in detail.

It would be very helpful to refer to Figs. 2.2 and 2.3 while stUdying this

list since they show the actual distances and number of nodes involved.

1. SYSTEM:: Indicates the type of geometrical system to be used. R,T
stands for the 1',8 type geometry. In the Y,Z system (same
as x-y) , the Y axis replaces the R axis and the Z axis stays
the same.
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2. HORZREGS: The number of horizontal regions, IJlMAX, across the mesh.

3· VERTREGS: The nu.mber of vertical regions, T"VMAX, down the mesh.

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

5· VEHTDIST: The thickness, h, of each vertical region down the mesh.

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

7. VERTNODE: The number of nodes; m; within each vertical region down
t.he mesh.

8 . MSlvEEPl:

9. MSWEEP2:

Indicates one of the four corners at which the odd-numbered
mesh sweeps are to start. (TOP LEFT, TOP RIGHT, BOTTOM
LEFT, BOTTOM RIGHT) It also Lndicabes whet.he.r the sweep
is to move across the rows or along the collKans. (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 ***NAMES*** Section

The only input section which uses tfname-expressions". is the ***NAMES***

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 these tfname-expressions.tt During execution the

user w.iLl. 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 number, not

name.

Only one keyword is presently acceptable as an expression-name in

this section: MAT. Of course,.it may be written a's MATERIAL NO, since only

the first three letters are looked at. The general form of the name-

expression is

MATEEIAL NO FOR {~material-name-~bbbbbbbb j
(.3-8)

wher-e "L" stands 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 cour se , to write the expression and leave out the integer

or the material-name. In this type of expression the word) FOR, must be

present. Only the first eight characters of the material-name are used

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

I'/I.l\.rrERIAL NO 3 FOR CONCRETE
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3. '( ***BOUNTJARY*** Section

The purpose of this input sect10n 1s to assign boundary conditions to

the outer edges of the mesh assembly. As was stated earlier, the boundary

conditions may be specified by a f1xed surface temperature, T
b,

or a

relation of the form:

.h..(T - T )
~ b ext

(3-10)

wher e 1/a Ls the boundary layer thickness called the grad1en t di stance

(ft, in, etc.). The two parameters, ~ and h, are the conductivity of the

surface material and the heat transfer rate across the surface (BTU/ft
2hrOF)

respect1vely. Other ty-pes of boundary cond1tions, such as :radiation, may

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 (3) assigned an external temperature and 'boundar-y layer thickness.

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

but in transient problems the Tb, Text' or l/a values may change at time

steps specified by the use:r. 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 cer ta.m words are the only

ones looked at and the Test are extraneous. Four parameters are acceptable

to both codes and two additional parameteTs are available in the transient

code. The "f" represents any floating-point number, and the Type-l Integer-

expressions are defined in Section 3.2. Notice that some of the location-

names have been divided into two sepaTate parts which are to be joined
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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.~nDE) TOP. NODES) LHS.REGIONS, etc.).

Table 3.6

***BOU]\IDARY***

I/O. FUNCTIONrI NSULATED .

EDGE TEM? i
1-- I == {r ] [units] FOR

! EXT TEMP I
_GFUm DISTJ

Transient Only:

TOP
RRS
BOT
illS \

SIDE
.:. HEGIONS

NODES

IType-l !nteger-J"'" {,II expr'easa.ons .J
'-

CHA.lIJGE :
;

i
CHA.:NGE i

J

[f} [units] FOR
II.O• FUNC'l' IONI
ALL. TUrn
TTIvI. S'1'EPS

r- -p {.,I Type-l Integer- I ' l
! expres sions J .J

ThE~ expressions in Table 3.6 are .somewhat self-explanatory· although the

location-names need a detailed exp'lana td on , The following list discusses

the six key-Nords used as expression-names:

L INSULATED: Indicates that certain portions of the boundary are to
be inSUlated from the external environment. The I!fl!
value should be zero in this case.

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

3. EXT TEMP: The external temperature, Tex tJ of the outside environment.
If EXT TEMP is used then a GHAD DIST must also be given.

4. GRAD DIST: The boundary layer thickness, l/a, in feet) inches) etc.
If GRAD DIST is used then an EXT TEfvlP must also be given.

5· TEMP CHANGE: Indicates that the outside temperature, 'Ib or Text' is
to change at the specified time steps. A subprogram vlill



be called with the "f" value as its argument so that the
'lb or Text can be changed for the desired boundary nodes.
(See Section 2.).)

6. DIST CHANGE: Indicates that:, the boundary layer thickness, l/a, is to
change at the specified time steps. A subprogram will
be called with the "f" value as its argument so that l/a
can be changed for the desired boundary nodes. (See
Section 2.5.)

'1'0 explain the location-names let us consid.er the four boundaries of

the assembly shown below:

ORNL·· DWG 7~-3960

1J..1
o
(f)

o
o
z
so
I Cf)
a:: I

~J

TOP. SIDE --~--~~--_...

TOF: NODE 19,
...........•.._---

• .. .. • • • • • • • • • •
LH ---._" 2 LH - 3 •

•
•
•
•

--_ ....-

•
•
•
•
•

• • • • • • • • • • • • •
....~............._._.-

- BOT. REGIONS 2~ 3 ...............,..

BOT. SIOE···················_···

• • •

• • •~ .

TOP. REGION 1=:j

BOT. NODES 1-9-~

~f--------_..~ .

r • • • • • •
• L.H -
•

LV = 1•
IJ..J •
0
- •(f)

•
(f)

I •
.....J •

Figure 3.3
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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 location-name specifies one

of the four sides and the second half specifies the affected nodes on that

side. Table 3· 7 discusses these two halves in detail.

Table 3.7

1- TOP:

2~ Fl-IS:

:5. BOT:

4. LHS:

Indicates the top boundary of the assembly (2 == 0 line)

Indicates the right-hand-side boundary of the assembly
(1' ::= l' line)

max

Indicates the bottom boundary of the assembly (z ::; Z line)max

Indicates the left-hand-side boundary of the assembly
(1' == 0 line)

1. SIDE: Indicates that all the boundary nodes along one complete side
are to be used. An integer-expression should not f'ol.Low the
location-name.

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

3. NODES: Indicates that certain individual boundary nodes are to be
used. 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 nodes that are
affected.

Three location-names have not been included in Table 3.'7: I/O.E1JliJCTION:

ALL. TIME: and TIM.STEPS. This is because they are not made up from two

separate halves joined by a period. ALL.TTI1E and TIM.STEPS: as their names

imply: simply indicate the time steps at which the boundar-y conditions are

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



every time step and no integer-expression is needed. However, if TIM. STEPS

is used then an integer-expression should follow it to Lnd.i ca t e the spec i.f'J.c

time steps at which the changes are to take place. Section 2.5 and Appendix

E contain a description of the two subprograms, TOBARF and AHATEF, wh.i ch

are called to change the boundary conditions.

The r/o. :FUNCTION keywor-d has been provided to a l l.ow more flexibiH ty

in r eadi.ng 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 boundar-y nodes. Then during

execution he includes the following card in his input stream:

EXT TEMP 1 CALL TO I/O. FUNCTION WITH LlJNIT 15 . 0-11)

Notice the use of extra commentary within the expression to make it more

readable. The I/O.FUNCTION, BOUFUN, will be called one time "lith the

logical unit number 15 as an argument. A skeleton BOUFUN function has

already been writ.tcn so that the user will already have the calling

sequence set up.

Three other input sections, yet to be described, also allow the I/O.

FUNCTION keywor-d for user-controlled input. There is a different function

name (like BOUFUN) for each type of parameter. For example, the conductivity

expre s s i.on will call CONFUN whenever r/O.FUNCTION is used as a location

name. A list of the various parameters and their r/O.FUNCTION is given

in Table 3.8.
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Table 3.1:)

Parameter Name

INSULATED

EDGE TEMP

EXT TEUfP

GRAD DIST

TEMP CHANGE

DIS'l' ClJANGE

1"!ATERIAL NO

CONDUCTIVITY

DE1JSITY

SPHEAT

MELTING TElVJ.P

LATENT HEAT

HEAT SOURCE

POWER LOAD

TEMP

AVG TEMP

FIXED TEMP

MAX TEMP

TIME STEP INCR

TEMP LIST FREQ

Input Section

***BOUNDARY***

***BOUrmARY***

***BOUNDARY***

***BOUNDARY***

***BOUNDARY***

***BOUNDARY***

***MATEIUALS***

***MATERIALS***

***MATERIALS***

***MATERIALS***

***1"!ATERIALS***

***J'''IATEHIALS***

***MA'l'ERIALS***

***MATERIALS***

***TEMPERATURES***

***TEMPERATUHES***

***TEMPERATC~ES***

***TEMPERATURES***

***1'IME***

***TIME***

r/O.FUNCTION Called

BO!JFTJ1~

BOOFUN

BOlJI"UN

BOlJE'UN

BOU:B'UN

BOUFUN

JVJATFUN

CONFUN

SFWFUN

SPHFUN

MELFUN

LI-\.TFUN

HEAFUN

FDTtlFUN

TEI'J]FUN

AVGFUN

FIXFUl'J

FIXFUN

TIMFUN

LISFUN

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

describing the boundary conditions.



5.8 ***MATERIALS*** Section

'l'he *'**MATERIALS**k input section is the largest and most complicated

of all the input sections. Its purpose is threefold: first, it assigns

materials to each of the regions within the mesh assembly; second, it

assigns the physical properties to each of these materials; and third, it

assigns any heat sources present to their respective areas within the mesh.

Table j.9 shows the eight keyword parameters which are desi.gned to accomplish

these three purposes. The first parameter asstgns materials to regions,

the next five assign properties to materials, and the last two assign heat

smlrces 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

as either a floating-point number, "f," or as the specific constant, 9999999.

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 Fcoblem. In t.h i s

way the user can indicate that he wants the thermal conductivi t~ .,0 "'--c a

function of temperature for certain materials. See Section 2.5 for a de

tailed description of temperature, position, and time-dependent functions.

Table 2.1 and Appendix E list the various external functions which are

called when 9999999 is used. (Notice that there are seven 9's.) Do not

confuse the use of 9999999 ,'lith the use of the location-na.me, r/O.FUNCTION.

Section 3.7 describes how I/O.FU~CTIONs may be used (wJTing input only) to

read unusually formatted input data, such as conductivity values, and

assign them to the proper materials.
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Table 3.9

***MATERIALS***

[IvlATERD\L NO] :::: FOR

I/O. JUNCTION
ALL. MESH
COL. REGIONS
ROW. REG10NS
INT. REGIONS

RZZ.REGIONSl
Y, Z. REGIONS
R, T. REGIONS

[
Type - l ~nteger-J {..'.'.}
expresslon

[
'l'ype - 2 !nteger-J
expresslon

CONDUCTIVITY

I*SPHF.J~T

bDENSITY
I
J

J f 1 r i't ]
19999999J Lurn, S

FOR ~
I!O ' FUNCTION
ALL. MESH
l\lAT .1mS
LIQ. MATERIALS

fType-l !nteger-lf,}Lexpreas i on J i

FMELTING TEMPi

b
'-

*LA'TEN-rr HEAT 1-
- .J

[f} [units] FOR

1

rio. FUNCTION'
ALL. MESH
MAT. NOS

IType-l rnteger-J- {JlI expression •.1
'-

[

IlEAT SOURCEI

roWER WAD J J f 1 [ "+ J
19999999J uru, t.s FOR

r!O •• FUNcrrrON I
ALL.•MESH. [ -

C.OL lREGIONS! T.-ype-l !nteger-/
ROW .; NODES \ expre as i ons
INT - ~

Hz Z lHEGIONS~ [Ty.pE-.'-2 Integer]
Y, Z _ NODES \ expressions
RlT

fJ

*Note: Those keyvlords with an asterisk are only allowed in the Transient
code.
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The followi.ng list discusses the eight keywor-ds which are used as

expression-names in the preceding table:

1. MA'J'ERIAL NO: 'l'he material number (integer only) of the material which
is to be assigned to various regions within the mesh.
The location-name and i.nteger-expressions which follow
indicate the particular regions involved. Every region
must be assigned a given m~terial.

2. CONl)UCTIVI'I'Y: The thermal conductivity of those materials specified by
the location-name and integer-expressions which f'o Ll.ow.
English units"" E/FH'F.

3. SYBEA'l': The s pec l f'Lc heat of those materials specified by the
location-name and integer-expressions which follow.
English units "" E/pl F.

)+. DENSITY: The density of those materials specified by the location
name and integer-expressions "which follow.
English uni ts "" P/FFF.

5. MELTING TEJVlP: 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 LA'tENr HEAT. Its other physical proper-t.Le s
should also be given for both the liquid and solid state.
English units = 'F.

6. LATEN']' RENT: '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 REA'T it must also be
given a MELTING T:EM:IJ. Its other physical propertles
should also be given for both the liquid and solid state.
English units = a/r.

7. REAl' SOURCE: The heat source value to be assigned to those areas
indicated by the location-naxne and integer-expressions
which follow. This value is placed in every node within
the specified areas.
English units = B/HFFF.

8. POWER LOAD: 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. English units"" B/R. (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

w:ithin 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 apec i.f'Led in one roWER LOAD

expression, such as:

POWER. LOAD 1500 W. FOR R,Z.REGIONS (') i), , - (6,2) 0-12)

it is as sumed that the power load 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-explanatory 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. lilly items in the left half may be joined with

any items in the right half. For example: COL. REGIONS, COL. NODES,

IIIT.REGIONS, R,Z.REGIONS, R,T.NODES, etc. As shown in 'I'able 3.9 certain

location-names are used only with 'I\J[Je-l Integer-expressions while others

are used only with Type-2 Integer-expressions. Perhaps the best way to

explain these REGION and NODE location-names is with an example. Let us

consider the mesh assembly shown in Fig. 3.4. It is very easy to identify

a region or node by its row and co Lumn number-s or by its internal number.

Wllen a whole column (or row) or regions is to be considered, then the

location-name, COL. REGION (or ROW. REGIOl'J1 should be used; likewise for

a whole column or row of nodes. Note that whenever a region is specified,

all the nodes within that region are affected. The following list discusses
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all of the location-names used in Table 3.9. Sa-TUple integers follow some

of the location-names to enhance the explanation.

1. I/O. FUNCTION: Indicates that a user-written input ~lnction is
to be called to supply the input. See Section
3.7 for a detailed explanation.

2 • ALL. IvIESH : Indicates that the complete mesh (every node,
region, or material) is to be used.

3. MA'l'. NOS 2 )~ 5: Indicates that material numbers 2, )+, and 5 a.re
to be used. If melting is considered, then
MAT. NOS :represents the solid state of these
materials.
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Indicates that materials 4 and ) are to be used
in their liquid state. In this way conductivity
values, etc., may be specified for materials in
the liquid state as well as the solid state.

5· COL.REGIONS ') 5:
(or NODES)

Indicates that the third and fifth
regions (or nodes) are to be used.
are assumed to extend from the top
all the ~JaY to the bottom.

c o.Lumn of
The se c o'Lumns

of the mesh

6. ROW.REGIONS 2 4:
(or NODES)

7· HIT. REGIONS 5 7:
(or NODES)

8. R,Z.REGION (3,1):
(or NODE)

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

Indicates that the two regions (or nodes) whose
internal numbers are 5 and 'T are to be used.
These internal numbers increase through the mesh
in normal reading order, from left to right and
top to bottom. See Section 2.2 for a further
description.

Indicates that the region (or node) whose row
number is 3 and column number is 1 is to be
used. Parenthetical integer-expressions (Type-2)
are to be used only when the first half of the
location-name is R,Z or Y,Z or R,T.

9· Y,Z.REGION (3,1):
(or NODE)

Same as R, Z. REGION (3,1).
provided for use with the
geometry.

The Y-Z half has been
y-z (same as x-y)

10. R, T. REGION (5,1):
(or NODE)

Same as R, Z. REGION (3,1). The R, T half has been
provided for use with the 1'-8 geometry.

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

"painting," or overlaying one material with another. When the user is

prepar i ng his mesh assembly, he may find that one material, say st~el,

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 everywher-e (ALL. MESH) and then painting the

less frequent materials over the steel (R,Z.REGIONS ... , etc .}, he can

make the job a lot easier. He must be careful that the cards describing

the less frequent mat.er-LaLs (rvfATERIAL NO cards) come after the one
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describing the steel. This same procedure may also be used in other places

such as the description of initial temperature distributions.

In preparing ***Ivll\TERlALS*** section input; it might be helpful at this

point to refer to the example in :figs. 3.1 and 3.2.



3.9 ***TEMPERATURE8*** Section

The purpose of this input section, as j.ts name LmpLios , is to specify

temperatures of one sort or another. The primary purpose is to specify

the initial temperature distribution for all nodes in the mesh) whether

it be a starting guess for a steady- state case or the known temn::ratures at

the start of e transient case. In additinn, three other para~~ters 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 nodes in a transient problem, and (3) average several groups

of nodal temperatures for printout purposes. These three input parameters

plus the initial temperature parameter are shown in Table 3.10. Again, a

preceding asterisk indicates items acceptable only to the transient code.

Table 3.10

***TEMPERATIJRES***

'TEJlJ1P i
, I
, i

I FIXED TEMP I
1-- ItMAX TEMP J

[Ave TEMP GROUP]

~ {f} [units] FOR

FOR

I/O. FUNCTION
ALL. MESH

lCOflREGIONS!
ROW . NODES-- - --INT

R'ZI lREGIONSt
Y,Z . NODES \
R,T

I/O. }i'UNCTION
ALL. MESH

COnREGIONS!
ROW ..:. NODES
INT

R,Z )REGIONS {
Y,Z • INODES ~
R,T

fType-2 !-nteger-J
Lexpresslons

f1'ype- l Integer-.....J{,l
L.;xpres sions " J

r~Jpe-2 ~nteger-J
txpreSSlons

*Note: The keyword with an a s t.er-Lsk is only allowed in the Transient
code.
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These four pa:cameters are described in the list below.

1. TEMP: The initial temperatu:ce to be used at the start of
ei t.ner the s t.eady-rs t.a t e or transient codes. Every
node in the mesh must eventually be assigned an
initial temperature. The location-name and integer
expressions which f'oLLo...! indicate the particular nodes
to be assigned this temperature. If a whole region
is specified, then every node in that region is
assigned this ini t.Lal t.emper-at.ure value.

2. FIXED TEMP: The constant temperature value to be assigned to
those nodes specified by the location-name and integer
expressions 'which follow. Each of these particular
nodes remains fixed at this constant temperature
throughout the problem. Any of the nodes within the
mesh may be fixed.

3. MAX TEMP: The maximum 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-

4. AVG TEMP GROUP: Indicates that one or more nodes are to have their
temperatures averaged and printed out every time a
line of iterative printout occurs - 'The par-t i cujar
nodes involved are indicated by the location-name and
integer-expressions which f'olLow . 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 many TEJVIP cards as necessary to describe his initial

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

different ftxed temperature values or maximum temperature values that can

be specified for one problem.

In the AVG expression shown in Table 3.10, the numeric vaDle 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



important areas within his mesh assembly. To look at the temperatures

of the outer t"l'lO corners in Fig. 3.4 we would use an AVG expression like:

AVG TEMP GROUP 1 FOR R,Z.NODES (l-2,26-~~7)

2 FOR R,Z.NonES (17-l8,26-2'r)
0-13)

Note that the temperature 8' erag_~ng is done over the four ncd2S j n each

corner. 'There is no averaging of temperatures over time.

'The FIXED TEMP parameter has proven useful in several different ways.

For example, it was quite 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

'boundar i.e s . Suppose we had a mesh assembly I'dth the upper-right corner

cut out as shown in Fig. 3.5. vIe 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, T t' and setting the conductivity ofex

these nodes to h . f:jx. Since this technique is rather messy and time-

consuming, we plan to improve these two codes in the futuI'e 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 PO~·mR LOA]) 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 3.12 tells how to save a final

L3teady- state temperat-ure distr Lbution on tape, and then start a transient

problem using this distribution as initial temperatures at time'" O.
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3.10 ***TIME*** Section

The ***TIM,-S*** input section is only to be used w.ithtransient pr-ob-

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 probIem has already been speci-

fied in the ***HEADER*** input section. Thus only the length (sees, mins,

etc.) of these steps needs to be given here. As far as printout is con-

cerned, it usually is not necessary for the full temperature array to be

printed at every time step, and thus the TEM:P LIST FREQ parameter has

been provided to indicate at which time steps the full array should be

pr i nt.c.d. To keep a running check of certain key temperatures the AVG

TEMP \:lROUP parameter (Section 3.9) may be used. Table 3.11 shows both of

these parameters along with their location names.

Table 3.11

***TIME***

[TIME STEP IIIJCF] [f} [units] FOR
I/O.FUNC'r:CONI
ALL. TIME
TIM. STEPS I 1{

-'
~Jpe-l Integer- ,

, expression '.}
'- ~

~rKMP LIST FREQ] [i} FOE I/O.FUNCTIONl ['r I t J{-}ALL. Tn'IE ype-l '" eger- ,,_
TIN. STEPS expres a i on .,'
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Notice that the 'rIME STEP INCH expects a floating-point number, "f" (secs,

mins, etc.), whereas the TEMP LIST .F'HEQ expec t s a pos i tive integer. The

rest of these two expressions are identical. The list below describes

the expression-names and Loca't.i ou-names used above:

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

2. 'rEMP LIST FREQ: The frequency, n, at which the full t.emper-e.tur-e array
is to be printed. Although this particular frequency
value applies only to the TIM. STEP range which follows,
every time step may be assigned some frequency value.
If n '"" 3 for TIM. STEPS ]1+-28, then temperatures will
be printed at time steps 16, 19, 22, 25, and 28. Thus
a printouti'1ill occur every n steps within the speci
fied range.

3. I/O. FUNCTION: Indicates that a user-written input function is to
be called to supply the input. See Section 3.7 for
a detailed explanation.

ALL. TIME: Indicates that all
though NTIMSTEP).
this keyword.

the time steps are to be used (1
No integer-expression can follow

5. TIM.STEPS 1-80: Indicates that the first through the eightieth t:ime
steps are to be used. An integer-expression must
f'oI Low 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 it 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 wheri they settle down. This is done by

specifying different 'I'IME STEP INCRs for different TIM. s'rEPS as shown in

the example below.
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TIME STEP INCR 10 S. FOE TIM.STEPS 1-30
20 S. FOR TIM. STEPS 31-60
30 S. .FOH TIM.STEPS 61-90
~O S. FOR TIM.STEPS 91-120

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

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

TI.ME STEP INCRs or TEMP LIST FREQs. For example, to print temperatures

every 10 steps) except during the steps 50-100 when temperatures are needed

every 5 steps) VIe could write:

TEMP LIST FREQ 10 FOR ALL. TIME )
5 FOR TIM.STEPS 50-100

The later value always overlays the earlier one for the time steps indicated
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3.Ll Parametric Studies

In many problems that involve heat transfer) especially during the

early phases of design) a user may wish to know what effect certain var i a

tions in the system might have on his final solution. Such a study would

involve running the same problem several times with certain parameters

being changed each time. For example) during the preliminary design of a

cylindrical shipping cask) the designer 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. Becmlse of these

uncertainties) he could choose three or four 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 running 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

wi th 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 whi ch are changing.

As each new case is 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
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example of the input cards needed to run an initial problem plus three

addjtional 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. 'I'hus the

overall advantages of stacking cases are that certain parameters may be

varLed from one case to the next and the corresponding problems can then

be solved in much less time than the original problem.



ORTHIS Srl'EADY-STATE TI'TLE CARD FOR INI'rLlI.L PROBLEM

'k**HEADER***
INITIALZ == YES

***lvIESH***
SYSTEM == R, Z

***BOUNDARY***
GRAD DIST 0.25 F. FOR RHS.SIDE

***MATERIALS**'k
CONDUCTIVITY 10.0 B/FH'F. FOR MAT.NOS 1 .

***ENDATA***

ORTHIS STEADY-STATE TITLE CARD FOR ADDrrIONAL CASE 1

***BOUNDARY***
***MATERIALS***
***ENDATA***'

GRAD DIST = 0,30 F. FOR lUiS. SIDE
CONDUC'rrVITY == 15.0 B/FH' F. FOR MAT. NOS 1

ORTHIS STEADY-STATE TITLE CARD FOR ADDITIONAL CASE 2

***BOUNDARY***
***MA'rERIALS***
***ENDATA***

GI~ DIST = 0.35 F. FOR RHS.SIDE
CONDUCTIVITY:= 20.0 B!FH'F. FOR MAT.NOS 1 .

ORTHIS S'l'EADY-STATE 'rI'l'LE CARD F'OR ADDITIONAL CASE 3

***.sOUNTJARY*** GRAD DIST == O)!O F. FOR RHS. SIDE
***MATEHIALS*** COIYDUCTIVI'I'Y:= 25.0 B/FH' F. FOR MAT. NOS 1 .
***ENDA'I'.A***

Figure 3.6
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3.12 Restart Facilities

In using these two heat transfer codes,ORTHIS and ORTHAT, it is

sometimes necessary to start 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 big problem cannot

be eompleted in one machine run due to time limitations, 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 01' disk. Once in a while,

star·ting temperature distributions come in from outside sources in a

different format than normally used in ORTHIS and QRTHAT. In this case,

the I/O. FUNCTION for temperatures, 'rEMFUN, 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

***HEADER*** section indicate whether to save temperat11res, and if so

what output device to save them on:

SAVETEMP YES SAVEUNn' 2 (j-l6)

In this example, the final temperatures will be written in binary onto

the device whose logical unit number is 2. It is the user's responsibility

to supply an FT02FOOI DD control card with a DeB field something like:



DCB=(EECFM=N, LREC1="3600, BLKSIZE==3604)

See ORNL P-.cogrammer I s Manual, Sec. 9.

To restore temperatures that have been saved according to the above

procedure, the user simply includes the t'o.lLowi.ng card:

TEMP 1 CALL TO I/O. FUNCTION WITH LUNIT 2 (3-18 )

in the ***TEl1PERAT1JRES**71' input section. This causes the subroutine,

'rEMFlJN, to be called so that it can read the temperatures from logical

uni t 2. If' logical unit 2 contains a tape with tenrperatures written in

a format different from that described above, then 'rEME'UN I-Till have to

be changed to accept the new forma t. Appendix F contains a 1isting of

the present TEMFUN subroutine.
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3.13 Maximum .Allowable Sizes

Within these two codes) OHTHIS and ORTHA.T) 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 available on ORNL's computers

(steady-state>:::::l 700 K; 'I'raris.ienti ss 10211 KL they may be increased if

necessary. Lfkewi.se they may be decreased for use with a smaller machine.

Table 3.12

Variable Current
Name Upper Limit Description

INAX 1000 Maximum number of vertical nodes (rows)

,J1JlAX 1000 Maximum number of horizontal nodes (columns)

KMAX 10000 Maximum number of all nodes ( r*,J)

LVMA.X 50 Maximum number of vertical regions (rows)

LHMAX 50 Maximum number of horizontal regions ( coIumns )

LMAX 2500 Maximum number of all regions (LVMA.X*LHMA.X)

MJ'nvIATL 300 Maximum number of materials

IIlJ'HTR 1500 Maximum number of steady-state iterations
M:tiJITR 5000 Max inrum number of transient time steps



h OUTPUT DESCRIPTION

lj • 1 General

The best vmy to describe the output from these two codes, ORTHIS and

ORTHAT, is to use the printout from a sample p:roblem. 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 4.4).

The problem consists of a cylindrical shipping cask whi ch is subjected

to a fire at lli75°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 begins in the

transient problem. 'I'he 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 wat t s . Figure )+'1 show's a cr-oss-caec t.l ona.L view of the

shipping cask with the centerline (1' = 0) at the leftmost edge. Tempera

tures will be calculated and printed out for the first thirty minutes of

the fire.

The description of the computer printout from this sample problem

has been divided into four parts, Sections 4. 2_1~. 5. The first part 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

wi t.hi.n 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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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 summarLes are different, both are included in

Section 4.)j. The fourth par t of the printout describing the full tempera

ture array is in Section 4.5. Several different steady-state plots were

generatec1 to show the temperature distributions and profiles after con

vergence was reached. These are shown in Section it. 6. 'The procedure

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

been described in Section 3.12.
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4.2 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 section. There are seven different input

sections which may be used in the transient code; six in the steady-state

code. Figure 11.2 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. Numeric values within some expres

sions may be printed twice to show the conversion from the input un.its

to the standard internal units specified in the ***HEJI.DER*** section.

In this particular shipping cask problem we have specified that the inter

nal units for time are to be minutes. As was explained in Section 3.3,

the letter "M" was used to represent meters and thus "N" was chosen to

represent minutes. This is why some of the expressjons show a conversion

from H (hours) to N (minutes). 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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HEAT TRANSFER - SPENT FUEL SHIPPING CASK (WITH MELTABLE LEADI IN FIRE - FEB 1971

INIT IALl
MASS
LENGTH =
MAXITR =
STRTSTEP

~ YES
POUND
INCH ES
1500

= 1

***HEADER***
LISTINPT = YES LISTMESH = YES
TIME = N=MIN.S TEMP = 'FA~REN

LISTINCR 1 SAVETEMP NO
MAXSEC = 300 NTIMSTEP = 110

LI STTH1P
HEAT
SAVEUNIT
STARTIME

YES
BTU
o
o S.

***MESH***
SVSTEM = R,l HORZREGS 6 VERTREGS = 5
HORZDIST '" 4.0 I. 0.5 I. 4.0 I. 0.5 I. ~.O I. 0.5 I.
HORlNODE 4 1 4 1 ~ 1
VERTCIST 0.5 I. 5.0 I. 0.5 I. 5.0 I. C. <; I.
VERTNODE 2 5 2 5

***NAMES***
MATERIAL 1 FOR SOURCE , 2 FOR STEEL , 3 FOR LEAD ,

4 FOR CONCRETE •

***BOUNDARV***
EXT. TEMP 1475.0 ' F. FOR TOP.SIDE 141 ~.O ' F. FOR RHS.SIDE
GRAO.DI ST 0.6 F. FOR TOP. S IDE C.6 F. FOR RHS. SIDE
INSULATED C FOR BOT.SIDE

MATRL.NO

CONDUCT IVITY

DENS ITY

SPHEAT

MELT.TMP
LATNT.HT
CONDUCTIVITY
DENS lTV
SPHEAT
POWER

***MAT ERI ALS***
2 FOR ALL. MESH ,
1 FOR R,z.REGN It,.U ,
3 FeR R,Z.REGS (2,1-31 (3-4,31
4 FeR R,Z.REGS (2-4.51 ·125.0 B/FH'F. FOR MAT.NOS 1

12.0 B/FH'F. FOR MAT.NOS 2 ,
18.0 B/FH' F. FOR MAT. NOS 3 ,
0.9 B/FH'F. FOR MAT.NOS c •

16<;.0 PI FFF. FOR ~'AT.NOS 1
500.0 P/FFF. FOR MAT.NOS 2 ,
110.0 PI FFF. FOR MAT.NOS 3 ,
lS0.0 PIFF F. FOR ~lAT.NOS 4 ·0.20S B/P' F. FOR MAT.NOS 1
0.110 BI P' F. FOR MAT.NOS 2 ,
0.031 BI P' F. FOR MAT.NOS 3 ,
0.200 BI P' F. FOR MAT. NOS 4 •
620.0 'F. FOR MAT. NOS 3
11.26 BI P. FOR MAT.NOS 3

<;.2 B/FH'F. FOR LI Q. MUL 3
6SEC.5 P/FFF. FOR L IQ.MATL 3
0.037 BI P' F. FOR LI Q. MilTL 3 •

1200.0 W. FOR R,z.REGN ( ",11

TEMP
AVG. GRP

1
1
2
3
4

***TEMPERATURES***
CALL TO I/O.FUNCTIC~ WITH LUNIT 2.

FOR R,Z.NODE (]O,41
FOR R,Z.NOOE (Et51
FOR R, Z. NOD E ( ; ,9 I
FOR R,Z.NODE (],201.

TIM. INCR

TEMPFREQ

10 S.
20 S.
30 S.
30
15
10

***TIME***
FOR T n1. STEPS
FOR TH1. STEPS
FOR TIM.STEPS
FOR TIM. STEPS
FUR TlM.STEPS
FOR TIM.STEPS

***ENOATA***

Figure lj.2

1-60 ,
0-90 ,
H-110 •
]-60 ,
H-90 ,
H-110 •
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**********
* ORTHAT *

**********************************~***********************************************
**********************************************************************************

HEAT TRANSFER - SPENT FUEL SHIPPOG CASK (WITH MELTABLE LEADI IN FIRE - FEB 1971

**********************************************************************************
**********************************************************************************

***HEAOER***

INITIALZ
LISTINPT
LlSTMESH
usn EMP
MASS
TIME
TEr~p

HEAT
LENGTH
LISTINCR
SAVETEMP
SAVEUNlT
MAXITR
MAX SEC
NT! MSTEP
STARTIME
STRTSTEP

YES
YES
YES
YES
POUND
N"MIN.S
'FAHREN
BTU
INCHES
1.00COOO
NO
0.0

1500.00COOO
450.000000
110.000000

0.0 N.
1.000000

0.0

***MESH***

S.

SYSTEM
HORlR EGS
VERTREGS
HORlDIST( 11

( 21
( 31 '"
( 41
( 51
( 61

HORZNODE( 11
( 21
( 31
( 41
( 51 "
( 61

VERTDISTl 11
( 21
( 31
( 41
( 51

VERTNOOEI 11
( 21
( 31
( 41
( 51

R,Z
6.000000
5. ooccoc
4.000000 I. 4.00000 I.
ovsocooo I. 0.50000 I.
4. eooooo I. 4.00000 I.
0.500000 I. 0.50000 I.
9.00COOO I. 9.00000 I.
0.500000 1. 0.50000 I.
4.000000
1. COCOOO
4.0000(\0
1.0000('0
9.0')0000
1. coooco
0.500eoo I. 0.50000 I.
5.00COCO 1. 5.COOOO I.
0.50COOO I. 0.50000 I.
5.00COOO I. 5.00000 I.
0.500000 I. 0.50000 I.
2. o»c00 0
5.000000
2.0000('10
5. COOCOO
2. cocooc

***NAMES***
MATERIAL
MATERIAL
MATERIAL
MATER I Al

1.000CO
2. 00000
3.000CO
4.00000

1.0000
2.0000
3.0000
4.0000

Figure 4.3

FOR SOURCE
FOR STEEL
FOR LEAD
FOR CONCRETE



EXT.TEMP
EXT. TEr1P
GRAD.OIS
GRAD.DIS
INSUlATE

1475. 00 aco 'F.
1475.00 000 'F.

0.60000 F.
0.600CO F.
0.0

***BOUNDARY***

1475.0000 'F.
1475.0000 'F.

7.2000 I.
7.2000 I.
0.0

FOR TOP.SIDE
FOR RHS.SIDE
FOR TOP.SIDE
FOR RHS.SIDE
FOR BOT.SIOE

***~'ATERI ALS***

MATRL. NO 2.00000 2.0000 FOR ALL. MESH
MATRL. NO 1.000CO 1.0000 FOR RtZ.REGN (4,11
I'1ATRL. NO 3.00000 3.0000 FOR RtZ.REGS (2,1-31 (3-4,31
,"lATRL.NO 4.00000 f•• OOOO FOR RtZ.REGS (2-4,51
CONDUCTI 125.000CO B/FH'F. 0.1736 B/IN·F. FOR MAT.NOS 1
CONOUCTI 12.000CO B/FH'F. 0.0167 B/lN'F. FOR MAT.NOS 2
CONDUCTI 18.00000 B/FH'F. 0.0250 B/IN'F. FOR MAT.NOS 3
CONDUCTI 0.90000 B/FH'F. 0.0012 B/IN'F. FOR ~IAT.NOS 4
DENSiTY 169.00000 PI 1'1'F. 0.0<;78 P/III. FOR MAT.NOS 1
DENS lTY 500. 00000 P/FFF. 0.2894 P/III. FOR MAT.NOS 2
DENSITY 710.00000 P/FFF. 0.4109 P/Ill. FOR r4AT. NOS 3
DENSITY 180.000CO P/FFF. 0.1042 Pill I. FOR MAT.NOS 4
SPHEA T 0.20800 B/P' F. 0.2080 B/P'F. FOR MAT.NOS 1
SPHEA T 0.11000 BI P' F. 0.1100 BIP' F. FOR MAT.NOS 2
S PHEA T 0.031 CO B/P'F. 0.0310 B/P'F. FOR MAT.NOS 3
SPH EA T 0.20000 BI P' F. 0.2000 B/P'F. FOR ~IAT. NOS 4
MELT.TMP 620.000CO 'F. 620.0000 'F. FOR MAT.NOS 3
LATNT.HT 11.26000 BI P. 11.2600 B/P. FOR MAT.NOS 3
CONOUCTI 9.20000 B/FH'F. 0.0128 B/IN'F. FOR LlQ.MATL 3
DENSITY 686.50000 P/FFF. 0.3 S73 PilI I. FOR LlQ.MATL 3
S PHEAT 0.037CO B/P' F. 0.0370 BI P' F. FOR LlQ.MATL 3
POWER 1200.00000 w. 68.2464 B. FOR RtZ.REGN (4,11

***TEMPERATURES***

TEMP 1.00000 ( 1.0000 I FOR I/O.FUNC 2
END TEMPERATURE RESTORE FRCM LUNlT 2 - IMAX,JMAX,KMA) 16 20 320
AVG.GRP 1.00000 ( 1.0000 1 FOR RtZ.NOOE <lO,'tl
AVG.GRP 2.000CO ( 2.0000 1 FOR R,Z.NOOE (B ,51
AVG.GRP 3.00000 ( 3.<'000 I FOR RtZ.NOOE (3,91
AVG.GRP 4.00000 I 4.0000 I FOR R,Z.NOOE <l,20 I

***TIME***

TIM.INCR 10.00000 S. 0.1667 N. FOR TIM. STEP 1-60
TIM.INCR 20.00000 S. 0.3333 N. FOR TH1.STEP 61-90
TIM.INCR 30.00000 S. 0.5000 N. FOR TIM.STEP 91-110
TEMPFREQ 30.000no 30.0000 FOR THI.STEP 1-60
TE~lPFREQ 15.000eo 15.0000 FOR TIM.STEP 61-90
TEMPFREQ 10.00000 10.0000 FOR TIM. STEP 91-110

***ENOATA***

Fig. 4.3 (continued)
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Ij.3 Printout of Mesh 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.

4.!i gives a general outline of where the various mate rials are located

within our shipping cask assembly. The letter "H" indicates which

regions contain an internal heat source. Although the individual nodes

are not shown in this diagram, they are numbered along the top and down

the s Lde . A table of the physical properties (conductivity, specific

''leight, etc.) of each material is 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 nodal distances

for both the vertical and horizontal directions. 'I'he di stance from the

origin (1' = 0 or z = 0) to the center of each node is given in the right

hand 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 z axis for the vertical direction and along the r axis for the

horizontal direction.



MESH ALLOCAT I eN Ii lTH MATER IALS BY REGION

REGIONS 1 2 3 4 5 6

1 5 6 10 11 20
NODES TO TO TO TO TO TO

4 5 <; 10 19 20
I~----------------------------l

1 I I
TO I 2 2 2 2 2 2 I

2 I I
1--------------- ---.,...-- I

3 I I I I I
2 TO , 3 3 3 r 2 I 4 I 2 I

7 I I I I I1---------- I I i I
8 I ! 1 I I I

3 TO I 2 2 I 3 I 2 I 4 I 2 I
9 I I I I I I

1----- I I I I I
10 I I I ! I ! I

4 TO I 1 I 2 I 3 I 2 I 4 I 2 I
14 I H I I I I I I

1----- ------ ------ I
15 1 I

5 TO I 2 2 2 2 2 2
16 1 1

1-----------------------------1

SOLIC LI QUID sm ro Ll OUID SOLID LIQUID LAT HIT
MATERIAL MAT ERI ill CONDUCT IVTY CONDUCTIVTY DENSI r v DENSITY SPEC HEAT SP EC HEAT MELTNG TEMP HEAT FUSION

NO. NAME B/I'~N. B/I'FN. PIIII. PI Ill. 8/P'F. S/P'F. 'F. a /P.

SOURCE 0.173611 NOT USED 0.,097!01 ~JOT USED 0.20BOOO NOT US EO NOT USED NOT USED
2 ST EEl O.01t:667 NOT USED 0.289 ::52 NOT USED 0.110000 NOT USED NOT USED NOT USED
3 lEAD 0.025000 0.01277B 0.410 ESO 0.397280 0.031000 0.03/000 620.000000 11. 260000
4 CONCRETE 0.001250 NOT USED 0.104167 NOT USED 0.200000 NOT USED NOT USED NOT USED

Figure 4.4

CD
C}\
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MESH DISTANCES FOR NODES AND REGIONS (FELATIVE TO ORIGINI

VERTICAL OIRECTICN

VERTI CAL
REGIONS

0.5000 I.

VERTICAL
NODES

1
2

VERTICAL
NOCAL DISTANCE (1.1

o, 1250
0.3750

2 3 1.0000
4 2.0000
5 3.0000
6 4.0000
7 5.0000

5.5000 I.

3

6.0000 I.

8
9

5.6250
5.8750

4 10 6.5000
11 7.5000
12 8.5000
13 9.5000
14 10.5000

11.0000 I.

5

11.5000 I.

15
16

11.1250
11.3750

HORIZONTAL DIRECTION

HCRIZONTAL
REGIONS

4.0000 I.

2
4.5000 I.

HORIZONTAL
NODES

1
2
3
4

5

HORIZONTAL
NOCAL DISTANCE 11.1

1.0000
2.4142
3.1463
3.7321

4.2500

:3 6 5.1331
7 6.2835
8 7.2491
9 8.0987

8.5000 I.
---------~---------~---.---------~-~--------------~-

4
9.0000 I.

10 8.7500

5 11 ".6962
12 11.0056
13 12.1734
14 13.2378
15 14.2223
16 15.1427
17 16.0101
18 16.8327
19 17.6168

18.0000 I.

6
18.5000 I.

20

Fig. 4.4 (continued)
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l~. 4 Printout of Iteration Summa.ry

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 tY'pes of printout

will be described for our sample shipping cask. Although there are

several pages of such printout, only the first page will be shown here.

The first sixty iterations are shown in Fig. 4.5 for our steady-

state problem. 1'he external temperature in this case is 130 OF rather

than 1)~75 OF since the fire has not started yet. As an initial guess

we simply assigned every node a starting temperature of 150 OF. The

column labeled "MAXIMIJf'/I-MESH-TEJYIPERATURE" shows how quickly this initial

guess of 150 OF converges to the final temperature for the one node whose

temperature is greatest. The row and colmnn 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 ,He are moving

toward convergence and whether or not we should extrapolate (see Section

2.3). The first colurnn in this group of seven indicates whe ther we have

actually extrapolated (YES or NO). Notice how the "maximum-mesh-temp"

SUddenly jumps from 232 OF and the "error ratio" drops from .003 to .0006

when the first extrapolation is done after the fiftieth iteration. The

"RA'rIO-SUM" column is just the error term, e ,
n

given in Eq . (2-19). It

should decrease from one iteration to the next. The "ARATIO" column is

the extrapolation factor, f, in Eg. (2-20), and lliUSt be less than 1.0



TIME TEMP-EXTRAPOLATION-PARAMETERS MAXIMUM-ERP[R-NODf MAXIMUM-MESH-TEMP WORST REGION HEAT BALANCE (OUTFLOW-GENERATED.
ITR SEC, (RAT la-SUM ARATIO ALPHA I RATIO RC. COL ( If} ROW COL 8tH EW CL 81 f-' R\<i CL R/H RW CL

----------------- -------------- -------------- ------~-------

0 NO 2.73922 e.c O. C C.~7779C6 I, 20 155.89246 16 1
2 1 NO 3 453665 1. l'c) 112 -3" 4350 0.0897534 I; 19 160.5304,,- 16 4
3 1 NO 3.08474 1.C4187 -22.8814 ~.O759814 1, 18 164.20996 16 4
4 1 NO 3.60660 O.S7E79 47.1527 0.06349E4 1 :: 11 166 ..76360 16 4
5 2 NO 3.35638 C.S3C62 14.4138 0.('512160 I, 16 170.20829 16 1-2887.0696 4 1 -691.3478 4 3 379.6123

6 3 NO 3.05991 ('.SI167 11.3212 ().O3~837~ 1:, 15 172.56575 16 1
7 3 NO 2.755~6 0.SOC66 10. ('669 (1.1)295159 1 ; 14 175.06732 16 2
8 4 NO 2.45855 0.E9209 S~ 2668 O.C242641 I; 15 177.38585 16 3
9 4 NO 2.22508 C.~0:03 10.5301 ~.0233806 3. ~ 15 179.84130 16 1

10 5 NO 2.02073 0.9C816 10.8887 0.0232822 1 , 14 182.19213 16 1-1651.3693 4 !. -623#1 2847 4 3 -377 948 7 3
11 5 NO 1.900 S8 C.S4C74 16.8750 0.0234672 1, 13 184.35317 16 1
12 6 NO 1.82859 C.S6192 26.2585 O.J2227CS 1; 12 186.20691 16 1
13 6 NO 1.76C92 0.<;6299 27.0233 0.0190313 11 12 187.86780 16 1
14 7 NO 1.67815 O~S5299 21.2741 0.014637S , 15 189.58962 16 1
15 8 NO 1.59306 (I. S4 S30 19.7223 0.0157415 , 14 191.38999 16 1-1426.0498 4 1 -·549 ..(3C1 " 3 288.1418 4 4
16 8 NO 1.67571 1.(5188 -1<;.2753 0.0167301 -; 13 193." 30 27 16 1
17 8 NO 1.62235 0.<;6816 31.4047 C.OI720S7 i c 11 194.45657 16 1
18 9 NO 1.44959 n.89351 S. 39C 7 0.0111355 e 12 195.96682 16 1
19 9 NO 1.48035 1.02122 -47.1226 0.01143<;8 : 12 197.49637 16 1
20 10 NO 1.41135 (I. S:;?3 C; 21.455A 0.0103313 1 11 198.97455 16 1-1296.7C32 4 1 -488 .. 5 i5C 4 3 255 .. 5991 4 4

21 11 NO 1.35254 C.S7r;S9 4E. ~581 O.C09487t e 11 20"'.38871 16 1
22 11 NO 1.35515 D.S8C19 5C.4709 0.OC7934S -, 2 201.80260 16 1
23 12 ND 1.34256 C.SS-e71 107. 654~ O. C077336 < 11 203.20959 16 1
24 12 NO 1.31131 C.S7673 42. c;65C 0.COE4547 - 11 204.57892 16 1
25 13 NO 1.27253 C.C;7C43 33.8125 O.CC74317 , 1 205.89057 16 1-1182. 9550 4 1 -413~67r5 4 3 2lC'.5993 4 4

26 13 NO 1.29222 1.01:47 -64.645" C.OC6C,262 , 2 21'7;18185 16 1
27 14 I'D 1.23813 O.SSE15 23.8928 0.rC69063 , 1 208.51245 16 1
28 14 ~O 1.23580 O.SS 8ll 52~.6167 a.CCb6411 1 1 2e9.75683 16 1
29 15 NO 1~19819 OsS·6c;S7 32.8660 0.0063385 2 210.98662 16 1 CD

30 16 NO 1.16354 C.S7107 34.5717 0.0062692 , 1 212.20836 16 1-1"61. 2r"4~ 4 1 -415.8457 4 3 195.5832 4 4 \D

31 16 NO 1.13656 r.S7682 43.1335 0.OC616eE , 1 213.4('\364 16 1
32 17 NO 1.11463 C.'8C7C 51. ai 76 0.1'05<;837 i 1 214.55793 16 1
33 17 NO 1.09141 G.S7S17 48.0135 O.GC580e6 , 1 215.68742 16 1
34 17 NO 11'C~6991 t).S~r30 Sf). 7629 0.OC572C 8 t 1 216.80046 16 1
35 18 NO 1.04517 O.S7t-88 t~3. 2497 o, 005469 9 , 1 217.88454 II> 1 -963. 135f: 4 1 -3e3~57c8 4 3 179.7125 4 4

36 19 NO 1.02357 n ..S7~33 ~8. 3847 Q.OO545QC , 1 218.95~50 16
37 19 NO 1.00281 O.C;7S71 4S.2973 C. 0051,6C e , 1 220.00745 16
38 20 NO 0.98151 0.Sl876 "7. C757 0.0050841 , 1 221.(\369c. 16
39 20 NO C.95868 0.':7674 42. S93G 0.0049133 f 1 222.04758 16
40 21 NO 0.93706 1').<;7745 4-4103548 0.1'0471:91 s: 1 223.03697 16 1 -877.6356 4 1 -351.S00 4 3 163.8924 4 4
41 21 NO 0.91770 C.'i7S34 48. 4C 10 0.1'046593 ! 1 224.00806 16
42 22 NO 0.89883 C.. S7S43 48.6218 c, CC45728 E t 224 ..96303 16
43 22 NO 0.87957 n.nES7 46.6649 0.0044522 , 1 225.89853 16
44 23 NO 0.86241 O.S8C49 51.2498 0.C043631 , 1 226.81871 16
45 24 NO "'.84461 (l.S7S37 48.4702 0.0042686 1 1 227 ..72313 16 1 -801.425 0 4 1 -323.2617 4 3 149.8999 4 4

46 24 NO 0.82729 0.S7C,49 48.7608 0.0041674 ! 1 228.60993 16
47 25 NO 0.81042 C.c;7S61 49.0346 0.0040737 1 1 229.48070 16
48 25 NO 0.79418 O. S7 SSO 49.8933 O.OQ398:'2 , 1 230.33647 16
49 25 NO 0.77804 0.«;7<;:68 49.2018 0.0038976 ! 1 231.17664 16
50 26 YES 0.76224 0.S7~70 49.2657 0.0038143 f 1 232.00188 16 1 -91.4603 4· ., -45.6614 4 3 21'. 16C6 4 4

51 27 ~O O. 10011 0.13134 1. 1512 C.OC06974 £ 1 272.01621: 14
52 27 NO 0.08971 0.89603 S. H 76 C.OC04776 1 ~ 12 272 ,11014 14
53 28 NO 0.09440 1.C5237 -lS.0939 O.CC05341 i r 12 272.22200 14
54 28 NO 0.C8911. O.~43C;O 17.8244 0.C004641 11 272.31592 14
55 29 NO a.09584 0.>6329 27.2395 0.<:;00424<; ! 1 272.42354 14 1 -92.0941 4 1 -40.6677 4 ;; 17. 564~ 4 4
56 29 NO 0.08527 0."344 152.4157 0.00')4083 1 c 12 272.52078 14
57 3C NO 0.083C8 0.<:7'::;28 38. E77S 0.(003866 I: 12 272.62140 14
58 30 NO 0.C8295 0.>9849 66C.4085 C.C0046"0 : 1 272.72007 14
59 ,. NO 0.08087 Q.~7494 39.8984 0.OC038S7 < 1 272.916% 14-,
60 32 NO 0.07969 O.~e~35 68.2391 0.0003737 7 1 272.91288 14 1 -85.2786 4 1 -36 .. 24'16 4 3 16~!21e 4 4

Figure 4 c:
'/



90

whenever temperatures are to be extrapolated. It is best to let this f

factor settle down before extrapolating. 'The next column, "ALPHA," is

simply the f/(l-f) term used in Eq. (2-21). It looks something like our

~ factor used in Eq. (2-18), although it can tS$e on any value greater

than 1.0 whenever extrapolation is allowed. The three colwnns labeled

"MAXlMUM-ERROR-NODEI! indicate which node has the greatest error. The

"RATIO" value is compared against e 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 wor s t heat imbalances

ar-ound their borders. The 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 is reached. The

"RW" and "Cl." numbers correspond to the region row and column numbers

shown in Fig. )1.)1·. 'I'he frequency of printout is controlled by the HBlI.LINeR

parameter explained in Section 3,1~ (HBALINCR = 5 here).

'I'he first thirty time steps are shown in Fig. 4.6 for the transient

problem. The external temperature has now been increased to 1475 OF to

simulate the fire. The column labeled "MAXIMUM OUTSIDE TEMP ':F'" is a

printout of the maximum outside temperature, 'r or T t' over the whole
b ex

boundary (Text = 11175 OF in this case). The first column in this iterative

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 "MINTMUM-MESH-

TEMP," are the maximum and minimum nodal t.emper-at.ur-ea , respectively,



TIME
~TE?

MACH.
TIME
(SfCi

REAL
TIME
{ SECI

REAL
TIME

I MINI

MAXIMUM-MESH·TEMPERATLRE
(IF} ROW COL MAHRIAL

MINIMuM-MESH-TEMP
('FI ROW COL

MAX!MUM
OUT S fOE
TEMP • F

AVERAGE
GROUP 1
TEMP 'F

AVERAGE
GROUP Z
TEMP 'F

AV ERAGE
GROliP 3
TEMP 'F

A VERAGE
GROUP 4
TEMP 'F

3

4

5

6

7

9

10

11

12

6

9

12

15

18

21

24

27

30

33

36

10.00

20.00

30.00

40.00

50.00

60.00

70.00

80.00

90.00

100.00

110.00

120.00

0.1~67

0.3::33

0.5000

0.6667

0.8333

1.0000

1.1667

1.3333

1.5000

1.6667

1.8::33

2.0MO

278.4638

278.4639

289.2471

321.7598

353.5377

382.9850

410.5521

436.5208

461.0844

484.3872

506.5436

527.6489

14

14

SOUFCE

so UFCE

STEfl

20 STEfl

20 STE fl

20 STE EL

20 STE EL

20 STEEL

20 STE EL

20 STE a,

20 STE EL

20 STE EL

132.9348

134.3105

135.4609

135.5808

135.7731

136.0512

136.4269

136.9102

137.5096

138.2322

139.0784

139.3924

3 19

3 18

4 18

4 18

4 18

4 18

4 15

4 18

4 18

4 18

4 17

4 17

1475.000

1475.000

1475.000

1475.000

1475.000

1475.000

1475.000

1475.000

1475.000

1475.000

1415.000

1475.000

268.661

268.661

268.661

268.663

268.668

268.681

268.708

268.754

268.821

268.930

269.070

269.250

248.83

248.83

248,84

248.86

248.91

249.02

249.20

249.4e

249.86

25(1.35

250.94

251.65

197.90

205.18

214.26

223.83

233.45

242.93

252.22

261.28

270,10

278.68

281.04

295,17

200. 16

247.37

286.86

321.76

353.54

382.99

410.55

436.52

461.05

484.39

506.54

527.65

13

14

15

16

17

Ie

19

20

21

22

23

24

25

26

27

28

29

30

39

42

45

48

51

54

57

60

63

66

69

72

75

78

81

84

87

90

1>0.00

140.00

150.00

160.00

170.00

180.00

190.00

200.00

210.00

220.00

230.00

240.00

250.00

260.00

270.00

280.00

290.00

300.00

Z.1667

2.3333

2.51:'00

2.6667

2"e~33

3.0000

3.1667

3.3333

3.5000

3.6£067

3.8333

4.0000

4.1667

4,3333

4.5000

4.6667

4.8333

5.0000

547,7849

567.0231

585.4269

603.0533

619.9536

636.1744

651.7584

666.7442

£081.1678

£095.0618

708,4565

721.3800

733.8580

745.9145

757.5720

768.8509

779.7707

790.3494

1 20 STEfL

20 STE EL

20 STE EL

20 STEEL

20 sn EL

20 STE EL

20 STE R

20 STE El

20 STE El

20 STE fl

20 STEEL

20 STEEL

20 STEEL

20 STEel

20 STE EL

20 STE EL

20 STEEL

20 STEEL

139.7517

140.1771

140.6528

141.1870

141.4336

141.5811

141.7494

141.9400

142.1541

142.3928

142.6573

142.9488

143.2682

143.6165

143.9946

144.4034

144.8438

145.3163

4 17

4 17

4 11

4 17

5 17

5 17

17

17

17

5 17

5 17

5 17

17

5 17

5 17

5 17

5 17

5 17

1475.000

1475.000

1415.000

1415.000

1475.000

1475.000

1475.000

1475.000

1475.000

1475.000

1475.000

1475.000

1475.000

1475.000

1475.000

1475,000

1475,000

1475.000

269.471

269.736

270.046

270.400

270.798

271.239

271.723

272.2'+8

272.813

273.416

274. (156

274,731

275.440

276.182

276.956

277.759

278.591

279. '+50

252.45

253.36

254.35

255.42

256.51

257.79

259.06

260.40

2Cl.78

263.21

264.68

266.18

267.72

269.29

270.88

272.49

274.13

275.78

303.09

310.80

318.31

325.62

332.76

339.71

346.50

353.12

359.58

365.90

372.06

378.09

383.98

389.75

395.39

400.90

406.30

411.59

547.78

567.02

585.43

603.05

619.95

636.11

651.76

666.74

681. 17

£095.06

708. '+6

721.38

733.86

745.91

757.57

768.85

779.77

790.35

\0
l-'

Figure 4.6
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over the whole mesh at each time step. The row and column numbers of

these 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) etc.)" are the

temperatures of four corner nodes within the mesh. These four nodes are

numbered in Fig. 4.1 from 0 1 to 0 4 . In thj S "'lay we can follow very

closely the te~peratures 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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4.5 Printout of Temperature Array

The temperature distributions calculated by ORTHIS and ORTHAT are

printed in a maplike framework so that the user can quickly and easily

see what his temperatures are anywhere over the whole mesh. The material

boundaries are drawn ar-ound these temperatures so that one material is

8eparated from anot.her . Whenever the £\<11 array is too wide to fit on

one page, it is continued on the next page 01' at the bottom of the current

page. Individual nodes or regions may be identified from the row and

column numbers 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 second and third sets are calculated at latex'

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 It.s upper edge. Those nodes at 620 OF are in the process

0::' melting while those greater than 620 OF have already melted.

In some transient-type probLems the user is only interested in knowing

the general range of temperatures within his mesh. In such cases he may

need only the first one or two significant digits for each temperatUl'e.

By using the LISTTEMP parameter described. in Section 3.)+, he can print

temperatu.re maps instead of the complete temperature distributions. SUch

a temperature map is shown in :Fig. }+.8 for our shipping cask problem after

thirty minutes of fire time. After each integer value in this map is



mUltiplied by thee scaling factor of 100, we see that the temperatures

range from about 500 0p at the center to around 1300 of at the outer

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

may all fit on one page.



INITIAL TEMPERATuRES I'Ft AFTER o TIME STEPS 0.0 MIN ( 0.0 SEC I

1------ - ----- - --------- -- - --------------------- - --------------------- - -------- _.-- -----------------------.•~~~--- --- -- - - - I
REGIONS I 1 1 1 1 I 2 I 3 3 3 3 I 4 I

I 1 I I 1
NODES ! 1 2 3 4 1 5 t 6 7 8 9 I 10 I

I ------ -~---------------------- - .... - .... --....--'""._-~-- - ...-------------------.------------......------------ ........----- -------------- --_...- t
1
2

203.7881
206.3709

202.3333
204.8607

201.3154
203.8042

200.3543
202.8072

lQ9.4044
201.8229

197.6330
199.9911

194.8157
197.1010

191.73G4
194.013$

lin. 3062
189.8201

179.7835
182.5138

1------------------------------------------------------------------------~----~-------~----------------------
2

3

4

3 I 211.2283 2e,..6059 208.4709 207.4018 206.3501 204.4039 201.4188 198.4862 195.4421
4 I 219.4409 217.5534 216.2213 214.9850 213.7797 211.5989 208.574 7 206.0570 204.0290
5 I 228.9883 226.7282 225.0953 223.54<15 222.0581 219.4166 216.1261 213.7263 212.0470
6 I 240.1340 237.4594 235.3796 233.3025 231.2503 227.7006 223.7428 221.1353 219.4637
7 1 253.1709 250.3176 247.7879 244.8386 241.4960 236.2542 231.1322 228.0490 226.2047

I-----------------------------------------~--~--~--_--__---_
8 1 263.5211 261.1306 258.9541 255.6480 248.8296 1 241.5007 235.369" 231.8B88 229.8855
9 ! 269.2724 267.1859 265.3930 262.5787 252.7243 t 243.5804 237• .,054 233.3636 231.2955

1------------------------------------------------ 1
10 ! 273.3161 271.4622 270.0589 268.6607 I 261.3667 1 248.5905 240.9183 236.8842 234.6554
11 I 275.3071 273.6714 272.5075 271.4165 I 265.1'>542 ! 253.7494 245.6336 241.2526 238.8312
12 1 276.8907 275.4086 274.3695 273.3946 I 268.1118 I 256.9919 248.8376 244.2490 241.6508
13 I 277.9582 276.5414 275.5430 274.6045 I 269.5405 I 258.8864 250.1255 245.8946 242.9942
14 I 278.4637 277.0375 275.9986 275.0014 1 269.9658 1 259.7581 251.5549 246.3480 242.7476

i-------~-----------------------------~---------- ------------~--------------------------------_.--

192.6795
202.6888
211.0146
218.4816
225. 1844

228.8202
230.2114

233.5236
237.6328
240.3774
241.5354
240.4871

15 I 278.3734 276.<;124 275.6979 273.9033 268.8471 259.8874 251.6551 246.2310 241.7460 236.5757
16 I 278.3075 276.8136 275.4483 273.2052 268.5940 259.9157 251.6603 246.1906 2"1.4579 235.8758

I-----------------------------------~------------------.----------------------------------------------------------------
HORlDISTtl.l= 1.0000 2.4142 301463 3.7321 4.2500 5.1331 6.2835 7.2491 8.0987 8.7500

\D
'-.J'l

1------_--------------------__- ------------ -----------------------------------------------------------------1
REGlQNS I 5 5 " 5 5 5 5 5 5 I 6 1

1 I 1
NODES 1 11 12 13 14 15 16 17 18 19 1 20 I

I-~------~----_- ·~ ~ ~ · ~~---~-~~------~-~-~-----~~-~~-~-----~~~--------~-------------------1

131.6462
131.9461
132.3587
132.8328
133.3559

131.7933
1310 8323

132.2441
133.0782
133. <)355
134.7Q41
135.6535

136.2081
136.4339

132.3061
132.3655

133.4466
135.3711
137.1480
138.7903
140.3187

141.2286
141.59(>6

146.7732
147.2725

133.07<)2
133.1640

134.9036
137.9935
140.7735
143.2640
145.5007

134.1832
134.3003

136.7672
141.1410
145.0205
148.4270
151.4107

153.0529
153.69()6

135.7738
135.9339

13<:).21'015
145.1011
150.2001
154.5954
158.3633

160.381;1
16J.• 1579

1.38.1636
138.3845

142.7839
150.3458
156.8037
162.2556
166.8355

11>9.2308
170.14.61

148.1110
157.7168
165.6508
172.1854
177• .5731

180.3376
181.3877

141.9979
142.3104

148.7127
149.1771

156.9311
168.8441
178.1829
185.6759
191.7872

194.8969
196.07..0

214.9687
216.2708

173.6184
187.1730
197.0338
204.9389
211. 5392

161.8738
162.6566

I -- --_.... ------ -.".---- ---- .... ----".. -- ---'"'\"- -- .q-------- ..... -----;----- ....--~---------- ....------..,-----_.... _,...- ---.--------.. ------
3
4
5
/)

7

8
9

15
16

10
11
12
13
14

5

3

4

131.5656 I
131.6013 I

I
I
I
I
!
r
I

133.7250 I
133. B789 I

1
219.3497 1,.8.8526 183.8775 172.333.3 163.0273 155.2.395 148.4993 142.4936 137.0113 I 134.2816!
223.1081 202.2854 187.0520 175.2241 165.6063 157.4790 150.3754 143.9773 138.(661) I 135,0661 1
225.5627 204.7039 189.4767 177.5884 167.8504 159.5619 152.2615 145.6115 139.3832 I 136.1779 1
226.4643 206.()826 191.2.094 179.4951 169.8258 161.5594 154.2594 147.5760 141.1853 I 137.7710 r
225.2906 206.4408 192.3572 181.0270 171.5777 163.4973 156.4280 150.0491 143.9107 I 140.2220 I

I------~---------------~---~----~----~ ~- - ~--------_-~~-- = ~------ I
223.1192 206.Z65B 192.7669 181.6741 172.3599 164.4096 157.5465 151.5914 146.4424 142.6437!
223.0660 206.2620 192.7743 181.6860 172.3744 164.421'05 157.5674 151.6214 146.5117 143.0879 I---------------------------------------------------------------.----_--- ----------1HORlDISHI.I= 9.6962 11.0056 12.1734 13.2378 14.2223 15.1427 16.0101 16.8327 17.6168 18.2500

Figure )+.7



NODAL TEMPERATURES {' Fl AFTER 90 1"1 ME STEPS 20.0000 MIN ( 1200.00 SECI

r-------------------------------------------------~-------- ------ ---------- ---- --- ------ --- -- - ------------------ --- -- -- - 1
4

651'.6667
563. 551'4
499.9981
449. 9659
409. 9288

364.7313
342.5968
325.4672
312.0024
300.0541

389.9793
382.4538

3

398.8729
391.1415

:'\

407.1762
399.3841

3

414.8554
407.1392

32

3
4
5
6
7

10
II
12
13
14

4

2

3

5

REG ION S 1
I

NODES 1 1 2 3 4 I 5 I 6 7 8 9 I ID 1

1-----------------------------------------------------------------------------------------------------------------------1
1 I 697.4589 697.3525 697.2872 697.2742 697.3145 697.4366 698.4701 703.9202 725.2080 785.4683
2 1 671.4267 671.3309 671.2728 671.2493 671.2511 671.3157 672.1460 676.7608 695.4102 754.2644

1------------------------------------------------------------------------------------------------------------
I 620.0QO~ 62C.0000 620.0000 620.0rOO 620.0000 620.0000 620.0000 620.0000 620.0000 I
I 575.4804 575.0316 574.6528 574.2~12 573.7620 572.7674 570.7662 568.8025 566.9177
J 529.0496 528.378) 527.7867 527.1028 526.2848 524.4624 520.3587 515.3261 508.9166
I 485.3421 484.t557 484.0848 483.4026 482.5011 480.2172 474.6845 467.9138 459.7953
1 445.1477 444.5808 444.3298 444.2066 443.9636 441.5191 435.2261 427.7365 419.3112

1--------------------------------·---------------------------
8 1 420.2704 419.5659 419.3912 420.1252 423.3556 1 421.4047
9 I 407.6428 406.8208 406.5390 407.2502 414.1261 1 413.8194

1--------------------------------------------·--- I
I 399.5794 398.t472 398.nn B7.9288 1 397.3973 I 396.2318 388.9560 380.9848 372.9050
I 395.1379 393.7324 392.7390 391.7590 I 385.8412 I 376.8378 366.7624 358.0083 350.0500
I 391.0696 389.1199 387.6583 386.1855 J 377.5392 I 363.0058 350.1573 340.4301 332.3809
I 387. 7624 385.3320 383.4889 331.6535 I 371.2420 I 353.0437 337.9842 327.2112 318.7146
1 385.5578 382.7668 380.5659 378.3198 i 366.3496 I 346.0825 329.5770 317.7124 307.9261

1---.-------------------------------------------- -------------------------------------------------
15 I 384.0337 381.1352 378.4851 374.2384 361.5340 343.1166 326.3782 314.0846 302.4894 288.6468
16 I 382.9293 379.9343 376.9041 371.5765 360.4182 342.2994 325.5036 313.0797 300.9947 286.5742

1-----------------------------------------------------------------------------------------------------------------------
HORIDI$TII. I- 1.0000 2.4142 3.1463 3.7321 4.2500 5.1331 6.2835 7.2491 8.0987 ~75DD

\.0
0\

I--------------------------------------~-----~-----------.- -- ---- - ---- - ---- ---- --- -- -- .---- ------------ --------- --- -- -- - 1
REGIONS 5 5 5 5 5 5 6

20191817161514131211 ,
1---------------------------------------------------------------------------------------------.---------------_----_- 1

NODES

S95 705.8549 725.1751 769.7275 862.0772
'! 348.6964 369.7214 436.7518 595.8823
'! 2 i s, 0145 234.2725 309.3141 491.9832
a 175.5056 196.0613 272.1650 459.1377
') 169.1274 168.8234 264.0794 450.0338

Fig. 4.7 (continued)



FINAL TEMPERATURES !'FI liFTER 110 TIME STEPS 30.0000 MIN ( 1800.00 SECI

I=---~=---=-=-~-==----=------------------------------~-~---~----------------------.----------------------------- --- ---- -1
REGIONS

NODES

1
2

3
4
5
6
7

3 8
9

" 10
11
12
13
14

15
16

2 I 3 3 ::I 3 14
I I

1 1 2 34 I 5 I 6 7 8 9 1 10 I

I--~-~------------------------------------------·-------------------~-----------------------.---------------------------1
1811.1912 813.3307 615.1095 817.0167 819.1255 823.4292 832.1562 84501455 866.3569 902.5922
1 789.4402 79105437 793.2969 795.1818 797.2616 801.5205 810.2427 823.6938 843.9380 875.0333

I----~------------~---------------------------------------------------.-------------------~---------~--~-----727.3610 729.0650 730.5004 732.0837 733.8412 137.5325 745.5830 758.3611 771.0996 I 778.4806
620.0000 62\1. COOO 620.0000 620.('000 620.0000 620.0000 620.9872 659.1519 663.9049 I 659.7916
590.9373 590.9199 590.9302 590.9900 590.9499 590.9249 591.5478 593.9338 590.8722 r 5610 7626
551.1791 551.0070 550.8581 550.6514 550.3050 549.1880 546.1019 542.0572 535.2712 I 525.2869
514.3414 514. e773 514.0377 514.1074 514.0550 512.0412 506.6498 499.9610 491.7891 I 482.0083

I-------------------------------~------------------------~--- I
I 491.3825 490.8131 490.7149 491.4575 494.5032 I 492.46eO 486.1434 478.6212 470.1362 I 460. 6389
I 479.6994 478.9143 478.6413 479.2980 485.7138 I 485.0574 478.3616 470.5422 461.9582 I 452.5791
I--------------------~------------~-----------___ [ I
I 472.2158 471.2492 470.7469 470.4611 I 469.7144 I 467.8047 459.9694 451. 4436 442.6587 I 4330 5764
I 468.0131 466.5478 465.5097 4640 4874 I 458.3522 I 448.3739 437.1490 427.2950 418.2024 I 409.5404
I 464.1195 462.0845 460.5605 459.0266 I 450.0420 I 434.2508 419.7788 408.5207 398.9958 I 390.6423
I 460.9389 458.3992 456.4742 454.5569 I 443.6842 I 423.9641 406.8111 394.1840 383.8870 I 375.5708
I 458.8307 455. <;116 453.6102 451.2614 1 438.7547 I 416.8258 397.9674 383.7800 371.7001 I 361.8507

I---~---------~--------------------------------- -----------------------~-------------------.~-~--
I 457.4513 454.4162 451.6403 447.1925 433.9234 413.9708 394.7486 379.9072 365.36'11 347.6496
I 456.4514 453.3132 450.1355 444.5435 432.8079 413.1821 393.8665 378.6288 363.6212 345.0818
r-----·----~-----------------------~~-------~-------~-------------------------------------------~---_________~-- --- -- - - -

HORlDISTII.I= 1.0000 2.4142 3.1463 3.7321 4.2500 5.1331 6.2835 7.2491 8.0987 8.7500
'-0
-.)

918.4784
909.6933
897.9518
881.4057
857.6915

596.1:'026
594.3730

591.1078
588.1242
588.2129
599.6130
642.1263

371.5839
370.4447

368."1317
370.0389
378.4420
41)7.395'1
486.1414

248.1998
247.3681

246.5700
249.9416
21>1.2660
294.4669
378.6624

195.1687
198.9268
209.3251
237.8442
309.1489

196.1851
195.5271

183.1421
186.4267
194.3354
215.Q951
267.9040

183.9686
183.3824

192.9302
192.2093

191.5634
193.6830
198.1720
212.2301
248.5350

224.4716
2·22.9185

220.1554
218.9875
220.1543
2 U. 9392
250.3029

318.3600
313.8289

303.6472
292.1017
284.0038
250.3198
287.0002

I ~ ---- --.. - -- - -- ------- ------------------------ - ---------- ----------------------------.-------------------------.- -- ---1
15 5 5 5 5 5 5 5 5 161
III
I 11 12 13 14 15 16 17 18 19 I 20 I
1--------- - -- - -------.- ------------------------ - ----------- -------.------------------.----------------------.--.------- - I

1016.7639 1084.3040 1112.9229 1131.0802 1148.7041 1170.4929 1198.2048 12'30.2542 1260.6335 1276.4326 I
1006.7312 1012.8714 110r. 6973 1120.0464 1137.9591 1160.2862 1188.9755 1222.6092 1255.0962 1270.0816 I

! T ----------------------------------------------------- i
194.5964 814.9990 226.1765 839.9394 856.8993 887.7679 943.2644 1033.1523 1162.4312 t 1254.6385 I
553.0371 489.5933 472.9645 472.7726 487.8388 531.6542 627.0753 796.7593 1048.1373 I 1216.6893 I
427.3538 324.0368 292.1795 265.4899 299.3214 349.7467 46~5463 674.5939 982.7808 I 1184.5510 I
364.4159 254.7944 219.4212 210.4620 223.4807 275.9466 398.8380 621.6235 949.1897 I 1162.1331 I
331.0465 229.8101 196.2625 187.0377 199.4835 251.9041 375.8747 60101411 932.2739 I 1147.3127 I

I I
926.0565 I 1140.5573 1
923.7882 I 1137.9629 I

1 I
I 11 31. 6183 I
I 11 20. 074'" 1
I 1102.8138 I
I 1073.0730
t 1018.0426

3
4
5
6
7

1
2

NODES

8
9

4 10
11
12
I::I
14

REGHlNS

I--·---------------------------------~---------------------------------------------------------~-~-----------
5 15

16
305.7059
305.9929

283.7391
284.3521

292.8193
293.6358

327.1303
328.2215

385.51114·
386.9214

468.1803
469.8170

574.2692
575.8650

699.8372
700.8256

836.3027
835.2803

951.5704
939.4521

---------------------------------------~-------~----------~~.-------------------------------~-~------------------~-~--I
HORlDEST ( I. I" 9.6962 11.0056 12.1134 13.2378 14.2223 15.1427 16.0101 16.8327 17.6168 18.2500

.-. \ 7 I • • • )11'lg. 1.4-.. \ con-c.lnuea



FINAL T E,IoIPERtiTURES (. Fl AFTER 110 TIME STEPS '" 30.0000 MIN ( 1800.00 SECI
SCALING FACTOR = 100 ..00

I-------------------------------------~-------------------- ----------- -- ------- --- -- ------- -- ------- 1
REG IONS I 1 1 1 1 I 2 1 3 3 3 3 I " I 5 5 5 5 5 5 5 5 5 I 6 I

I I I I I I
NODES I 1 2 3 4 I 5 I 6 7 8 9 I HI 11 12 13 14 15 16 17 18 19 I 20 I

I-------------------------------------·-------------------- ------ ----- - --- ----- --- ----~- --- -- - ---~-- I
1 1 I 8 8 8 8 8 8 8 8 9 ~ 10 11 11 11 11 12 12 12 13 13 I

2 I 8 8 8 8 8 8 8 8 8 ~ 10 11 11 11 11 12 12 12 13 13 I

I-----------------------------~--------------- -------------------------------~-------------- I
2 3 I 7 7 7 7 7 7 7 a 8 I c I 8 8 8 8 9 9 9 10 12 I 13 I

4 I 6 6 6 6 6 6 6 7 7 I j I 6 5 5 5 5 5 6 8 10 I 12 I
5 r 6 6 6 6 6 6 6 6 6 I ~ I 4 3 3 3 3 3 5 7 10 I 12 I
6 I 6 6 6 6 6 5 5 5 5 I ~ I 4 3 2 2 2 3 4 6 9 I 12 I
7 I 5 5 5 5 5 5 5 5 5 I ~ I 3 2 2 2 2 3 4 6 9 I III

\()

CD

!--------~---------------. r I I I
3 8 I 5 5 5 5 5 I 5 5 5 5 I ~ I 3 2 2 2 2 2 4 6 9 I 111

9 I 5 5 5 5 5 1 5 5 5 5 r ~ 1 3 2 2 2 2 2 4 6 9 I 111
1-------------------- I I I I I

4 10 I 5 5 5 5 I 5 I 5 5 5 4 1 " I 3 2 2 2 2 2 4 6 9 I 111
11 I 5 5 5 5 I 5 I 4 4 4 4 ! ~ I 3 2 2 2 2 2 4 6 9 I 11 I
12 I 5 5 5 5 I 5 I 4 4 il 4 I I. I 3 2 2 2 2 3 4 6 9 I 11 !
13 I 5 5 5 5 I 4 I 4 4 4 4 I L I 3 2 2 2 2 3 4 6 9 I 11 I
14 I 5 5 5 5 I 4 I -4 4 -4 4 I L ! ;I 3 2 3 3 4 5 6 9 I 10 I

I~--~-----------·---- --~------------------ ---------------------------------------------- !
5 15 I 5 5 5 4 4 4 4 4 4 - 3 3 3 3 4 5 6 7 B 10 !

16 I 5 5 5 4 4 4 4 4 4 - 3 3 3 3 4 5 6 -, 8 '3 I

l----------------------~----~--------------~--------------- ------ -------· -- ---- --- ---- -- --- -- - ------ 1

Figure Lf. 8
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}L6 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. ).1.9 and 4.10 were generated

using the final steady-state temperatures in aux' shipping cask problem.

The first is a map-type plot in which the letters cor-re spond 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 is a plot of three temperature profiles in the radial direction.

Up to five such raws may be plotted on one graph. On the right side of the

graph is a legend which indicates which symbols correspond to the three

rows, 1) 7) and 1)+) used in this plot. Row 1 rW1S along the outer edge of

the top steel liner, raw '7 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 bottom. 'I'he individual nodes 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.
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5. roSSIBLE FU'I'URE IMPROVEMENTS

5.1 Dynamic storage Allocation

There are several areas in which improvements and additions could be

made to ORWIS and ORTHAT. Eight such areas are discussed i.n SecUons 5.1

5.8 of this chapter. Those discussed in the first few sections should

probably be done before those in the later sections. Some changes, such

as dynamic storage allocation, could be made without much difficulty, while

others would require 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 FORTI~N 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 3.13). 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 ORWIS and ORTHA'l' thus making these two codes also

available to other computer installations which have smaller amount-s of

memory.
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5.2 Treatment of Irregular and Internal Boundaries

As was mentioned previously in Section ).9, the study of cylindrical

structures with irregular boundaries or internal boundaries is rather

cumbersome when using ORTErS and ORTHAT. At present, the FIXED TEMP

parameter is the best way to treat such problems (see Fig. 3.5). We hope

to improve these t"lv0 codes in the future so that external boundar i es with

rectangular indentations may be handled more easily. Hectangular cutouts

inside the structure itself should also be handled correctly. To do this,

radiation across internal boundaries should be considered, as described in

the next section. In making these improvements \ve would plan to keep any

additional input as simple and straightfoTIlard as possible.
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5·3 Treatment of Radiation at Internal and External Boundaries

Tne 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 ORT'rlIS and ORTEAT 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.

Hovever , this is again very cumbersome and time-consuming, especially when

the number of nodes involved is very large. Therefore it would be very

desirable if both codes were able to handle radiation correctly, both across

internal rectangular cutouts and across outside boundaries. Since the

boundary conditions would then vary with surface temperature rather than

remaining fixed, the calculations would take a little longer.
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5.4 Automatic Calculation of Time steps for Transient

In the ***TlME,'*** input section (see Section 3.10) of the transient

code, ORTHA.T, the user must specify the length of each time step in seconds,

minutes, etc. ~'!ith 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 exper-Lmerrta L problems several times at longer and longer time

steps, we found that the temperature distributions 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 s t.eps . Perhaps the user could indicate

that he wished to use as large a time step as possible without degrading

his temperatures by more than 2%, for example. In this way the code

could use longer steps when t.he temperatures were changing slowly and

shorter steps during critical periods when they \Vere 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.
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5·5 Evaluation of 'I'emperat.ure-Dependerrt 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 Eqs , (2-13)

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

.i s treated as an external function (CO:NIJF 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. In 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), vre described the "domi.narrt

error-mode extrapolation" procedure for accelerating the rate of con

vergence. This procedure consists of extrapolating the temperatures as

shown in Eq. (2-21) using the extrapolation factor, 1', in Eg. (2-20). At

present, the user must spec i fy how often this extrapolation procedure is

to be done. It is usually best to let this f factor sett):€ down before

extrapolating. The problem is that the user doesn1t know in the beginning

how many iterations are required to stabilize this l' factor. If the

temperatures are extrapolated too frequently, it may result in wjld oscil

lations which s Low down the overall rate of convergence. Therefore it

would °be very desirable if the code itself could examine this l' factor

and determine when extrapolation of the temperatures would be profitable.

Such a modiftcation would not be 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.)+), 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

assembly, by taking the difference between the heat I'Low i ng out of each

region and the heat generated wi thin each region. 'I'hes e differences should

be close to zero when convergence is reached. The three worst regions

have their heat imbalances printed out (if HBALINCR 1- 0) as shown in

Section )t. 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. 3,4 Since most problems have

quite a fe,." regions to be considered, we would combine some of them so

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

than many small one s .
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5.8 Plotting of Temperatures for Transient

In the steady-state code} OR'l'HIS} two types of temperature plots may

be generated. The first is a temperature map of the who.l.e mesh} and the

second is a temperature profile of individual rows or columns. In the

rut.ure we hope to make both of thesl:' types available in the transient code

so that the spatial distribution of temperatures may be easily seen at

specific time stepl:). In addition} a third type of plot is needed in the

transient code to show the variation of temperature wLth time. Perhaps

specific nodes could have their 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

allan the same graph. The first two types of plots could be added to

the transient code without much trouble} whereas the third type would re

quire additional programming.
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APPENTIIX A. NOMENCLATUHE

Symbol

lla

e
n

Fse

f

H

h

Descriution

Area of face S 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 matrix used in transient

Relaxation constant (1.0 ~ 13 < 2.0) in
steady state

Specific heat of node K

Coefficients along the llpper 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

T'nickness of each vertical region

Vertical node number

EngHst. Units

FF.

B/'F.

F.

F.

B/'F.

B/p'F.

B/'r"·

unitless

B/p·

B/p·

F.

B/p·

B/FFH'F.

F.



Symbol

TMAX

,J

JMAX

K

KMAX

L

LH

LV

n

s

0"

T

III

Description

Maximum number of vertical nodes

Horizontal node number

Maximum number of horizontal nodes

Internal node number ((I-1)*,JMAX + J)

Maximum number of internal nodes (n~x * ,fJMAX)

Thermal c onduc t.Lv.ity of node K

Internal region number

Horizontal region number

Vertical region number

Number of nodes 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 matrix
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

Density of node K

Face number (1,2,3,01' 4) for each node

Stefan-Boltzmann constant
(0.174 X 10-8 Btu/hI' ft2 °R4)

Temperature

Boundary surface temperature

External temperature of environment

English Units

B/FH'F.

B.

B/HFFF.

F.

F.

P/F'F'F.

B/FFH'R'R'H'R.



Symbol

T
m

6t

'TK,3

-6
l'

K, S
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Descript~on

Temperature of node K (at time t in transient)

'I'emperature of node K at time t - 6t in
transient

'I'emperature of node Kat time t + 6t in
transient

Melting temperatuTe

Time

Time step increment

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

'l'emperature of neighboring node touching face
S of node K at time t - 6t in transient

Temperature of neighboring node touching face
S of node K at time t + 6t in transient

Same as Z except used in r - e geometry
I

Same as 2 1
except used in r - e geometry

Heat generated in node K during time interval
6t (qK . VK 6t)

Volume of node K

Heat capacity of node K per unit change in
temperature (PK

. CK V
K)

Calculation parameter ::= k
K 6t AK /2

,S

Same as R~ except used in x-y geometry
J

Same as r
J

except used in x-y geometry

Same as Zr except used in x-y geometry

Same as z except used in x-y geometry
I

Vertical distance to center of each node

Vertical distance to bottom face of each node

English Units

'F.

'F.

'F.

'F.

H.

H.

'F.

'F.

'F.

radians

radians

B.

FFF.

B/'F.

BF/'F.

F.

F.

F.

F.

F.

F.
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APPENDIX B. SUlvIMARY OF INPUT EXPRESSIONS

***HEADER***

INI'l'IALZ :::: {YES}. NO

LISTTm~p == {~~S}

MAXSEC

LENGTH

TEfI1P

Transient On1;y::

LISTINFr :::: {ir~S}

LIS'rINCR ==t}
SAVETEMP == ~S}

MASS ~ {!}
B
Q

HEAT J
E
W

I I ClTIIffi' C'H _ {YES}
.J .0 . 'mo.. -NO

{
i l:MJL"XITR _. ._. 500j

SAVEUNIT :::: -t}

TIME ~ l~l

S'I'ARTIME ::: {~. o[uni tsJ} STR'rSTEP:::: {1} . Iii
NTIMSTEP ::: llJ

fi-1
EXTRINCE == -li1

steady-state 011J.x:

BE'I'A

HBALINCR ::: {~}

!IJ~RAVSES == {~

EPSILON == {~OOOOl}

tCRT rl
TEAVPLOT::: l~~CH)

PLO~~OLS == loi (l)". oi ..•..• ~
PLO'I'ROWS ~

MAPPLOT ICRT 1
MECHe
NO ,



114

***MESH***

SYSTEM HORZB.EGS = {~ VERTI{EGS {~}

HORZDIST ~ {~ [units]

VERTDIST -{t [units]

HORZNODE :0= {~

VERTNODE :0= ~

Steady-state Only:

i
o

i
o

i
o

i
o

f' [units]
0

f [units]
0

i :}0

i . -}0

f [units]
0

f [units]
0

:}

:}

MSWEEPl

MSWEEJY.2

jTopl
lBOTJ

{
TOPL
BOT)

{ LEI"}
RIG

{
LEFL
RIG)

{
ROW}'
COL

***NAMES***

MATERIAL NO {~} FOR
material-name}
bbbbbbbb

***BOUNDARY***

IN~ULATEDl

EDGE TEMP

EX'f TJ;:;MP J
GRAD DIST

Transient Only:

[f} [units] FOR

[r} [units] FOR

I/O •.F'lJNCTION

TOP lSIDE
RHS RF..rHONS
BOT ..:.. NODES
LHS -

I/O. FUNC1
1

ION!
ALL. TIME
TIM. S~I.'EPS

[
Ty p e - l !nteger-J {r,}
expresslons .

[~pe- 1 ~nteger-J {,}
expresslons .
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***IyIATERIALS***

FOR

{
r 'l

9999999f [units] FOR

I/O. FUNCTION
ALL•.MESH
COL.REGIONS
ROW. REGIONS
TNT. REGIONS

I
R' Z . REGIONS
Y,Z.HEGIONS
R,T.REGIONS

I/O. FUNCrrION
ALL. MESH
MAT. NOS

*L1 Q. MATERIALS

rType-l Integer- i
Lexpression J
r,Type-2 ~teger-J
I expr-es s rori

fType-l rnteger-~jf
I expression
'- -

FMELTING TEMP-'J' :::

tLATENT HEAT
[f} [units] FOR II Lo.FUNCTION!,

ALL. MESH
MAT.NOS

rTyPe-l Integer-J
Lexpression

IType-l Inte,_,ger-J
i expres sian,

IHEAT SOURCEJI

LPOWERLOAD

I/O. FUNCTION
ALL. MESH

I
COL, REGIONS!
ROW . NODES- --
INT

l
~ 1REGIONS(i- r- ]Y,Z . NODES I, Type-c ~nteger-
D 'T' - - i expresslon
~ '-

*Note: 'I'ho ae keywords vii th an asterisk are only allowed in the Transient
code.
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=====..=.====::=====

***TEMPERATURES***

[fWG TEMP GROUP] := [i} i Type-l ~nteger-I {r'l
Lexpresslons J .J

. TEMP
i-

FIXED TEMP

*MAXTEMP
L-

[f} [units] FOR

FOR

u». FUNCTION
ALL. MESH

le oL 1 lREGIONS!
R01i'l . NOBES
INT)~' -

RzZI lREGIONS~Y Z . NODES..:::.L•.• __

R T

I
I/o.~~Q~CTION
ALL. MESH

l
eOL~" -" " " ~EGIONS!
ROW . NODES- ...~ - -
INT

R, L, IREGIONS l
b.z;. ~ NO DES \

~~

r -.
I Type-l Integer- I
Lexpressions J
0- I

lType- 2 Integer- !

expressions J

-Type-2 rnteger-J'
lexpressions

{}

*Note: The ke~vord with an asterisk is only allowed in the Transient
code.

....=====....::::.================
***TJJVIE***

JJO. FUNCTION
ITIM.E STEP INCRJ::c [f} [units] FOR ALL.TIME
L TIM. STEPS l'Type-l !nteger-'J'" {'.}

expresslon
- .

[TFMP LIST FRE~ := [i}
IiO.FUNCTION

FOR ALL. rl'lME_ ........- .._-
TIM. STEPS

,... -. {}Type-l Integer- I ,

Lexpression ..J.



APPENDIX C.

lIT

TABLE OF ACCEPTABLE UNITS

Length Char Mass Char Time Char

Inches I Pound - P Second - S

Feet F Gram - G Iv1i nute - ]\J

Centimeter - C Kilogram - K Hour H

Meter .LvI

Temn Char Heat Char.
Fahrenheit - 'F BTU B

Rankine 'R Calorie - Q

Centigrade - 'C Joule J

Kelvin 'K 1Tg E

Watt W
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APPENDIX D

USTING OF I.ffiIN PROGRAM FOR ORTHIS

C PROGRAM ORTHIS - OAK RIDGE TRANSFER OF HEAT IN STEADY-STATE IS
C SPONSOR - OAK RiDGE NATIONAL LABCRAT(RY 2~

C PROGRAMMER - RICHARD C. DURFEE 3)
C DATE - JANUARY 1971 4~

C TITLE - STfADY STATE SOLUTICN OF I.E TWO-DIMENSIONAL HEAT SG
C CONDUCTION EQUATIO~ IN R-I, Y-Z, OR R-THETA GEOMETRY 6~

C COMPUTER - IBlt,1360 7'"
C*****BEGIN DESCRIPTION 8~

C SEE ORNl REPCRT 9n

C*****END DESCRIPTIO~ lor
C 11~

C*****BEGIN VARIABLE DEFINITIONS 12n

C MHREG MAXIMUM NUMBER OF HORIZONTAL REGI[~S (IN DIMENSION STATEMENT I 130
C MVREG MAXIMUM NUMBER OF VERTICAL REGI(~S (IN DIMENSION STATEMENTI 140
C MREGS MAXIMUM NUMBER OF INTERNAL REGI(~S (IN DIMENSION STATEMENT I 15~

C MHVREG I'AXIMUM NU~~BER CF HORIZ~ OR VERT. FEGIONS (LARGER OF THE TWOI 16~

C MHNODE I'AXIMUM NUMBER CF HORIZONTAL NODES (IN DIMENSION STATEMENT I 17~

C MVNODE ~AXIM~M NUMBER OF VERTICAL NCDES (IN DIMENSION STATFMENTI 18"
C MNODES MAXIMLM NUMBER OF INTERNAL NCOES (IN DIMENSION STATEMENT) 19J
C MHVNOD M.4XIMliM NUI~BER OF HORIZ. OR VERT~ ~ODES (LARGER OF THE TWOI 2"';
C MNMATL MAXIMUM NUMBER OF MATERIALS USED (IN DIMENSION STATEMENTI 21G
C MNITR MAXIMUM NUMBER OF ITF.RATIO~S (IN DIMENSION STATEMENT I 220
C INITAl CN-OFF INDICATOR OF WHETHER TO INITIALIZE ALL COMMON AREAS 2~0

C INPRNT CN~OFF INDICATOR OF WHETHER TO PRI~T THE INPUT READ 24n
C MESHPT eN-OFF INDICATOR OF WHETHER TO PRI~T THE MESH-REGION GRID 25~

C ITRTMP CN-OFF INDICATOR OF WHETHER TO PRI~T THE ITERATIVE TEMP.S 26n
C ISAVE CN-OFF INDICATOR OF W~ETHER TO SAVI THE FINAL TEMPERATURES 27~

C NITRPR FREQUENCY OF ITERATIVE PRINTOUT (0 = NO ITERATIVE OUTPUTI 28n
C LSAVE lOGIC~L UNIT UPON WHICH FINAL TEMP.S APE TO BE SAVED 29J
C LENGTH INDICATOR 1-4 SHOWING LENGTH U~ITS TO BE USEO 3~~

C MASS INDICATOR 1-3 SHOWING ~ASS U~ITS TO BE USED 31"
C ITIME INOICATOR 1-3 SHOWING TIME U~ITS TO BE USED 32~

C ITEMP INDICATOR 1-4 SHOWING TEMP. U~ITS TO BE USED 33~

C IHEAT INDICATOR 1-5 SHOWING HEAT UNITS TO BE USED 34 0

C ITR CURRENT [TERATICN COUNTER 35G
C MAXITR USER SPECIFIED MAXIMUM NUMBER Of 11ERATIONS ALLOWED 360
C MAXSEC ~AXIMUM NUM8ER CF COMPUTER EXECUT[(N SECONDS ALLOWED 37~

C NOWTME CURRENT ELAPSED EXECUTION TIME IN ~ECONDS 380
C INIHIE INITlJlL STARTUP CLOCK TIME IN SECCflDS 390
C MAPlOT INDICATOR FOR PLOTTING TEMP MAP (O=NO, l=CRT, 2=MECH) 4~~

C IPLTRV INDICATOR FOR PLOTTING TEMP TRAVER~ES «(=NU, 1=CRT, 2=1>lFCHI 41'
C IAMROW INDICATOR fOR ROW OR COLUMN TRAVfR~ES «()=(Olur"lN, I=ROWI 42 n

C NROWS WMBE R Of ROW (OR COLUMN I TRAVERSE s TO BE PLOTTED 43r:
C IROWNO ROW (eR COLUMNI NOOE NUMBERS TO BE PLOTTED (WHOLE ROW PLOTTEDI44G
C IGEOH = I~DICATOR 1-] SHOWING GEOMETRY TYPE tl=R,1 2=Y,Z 3=R,THETAI 45G
C IMAX ~UMBER OF HORIZONTAL NODES 46 n

C JMAX NU~BER OF VERTICAL NODES 47~

C KMAX ~UMBER OF INTERNAL NODES 48~

C HRDIST HORIZONTAL DISTANCES PER,HORIIC~TAL REGION 490
C VRDIST VERTICAL DISTANCES PER,VERTICAL REGION 50r
C NHREG ~UMBER Of HORIZONTAL REGICNS 510
C NVREG ~UMBER Of VERTICAL REGICNS 52f
C NTREG ~UMBER OF INTERNAL REGICNS 53~

C NHRNDS NUMBER OF HORIZONTAL NODES PER REGION 54~

C NVRNDS ~UMBER OF VERTICAL NODES PER REGION 55G
C JTOLH HORIZONTAL REGICN NUMBER, LH, FROM EACH HORIZ. NODE NO •• J 56"
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c
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c
c
C
C
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C
C
C
C

ITOLV
LHTOJ
lVTOI
RDHTA
RO
R
RBIGO
R6IG
lDHTA
IO
I
zs IGC
IBIG
AREAl
AREA3
RAREA4
RAREA2
voi.
REGVOL
TDTVOL
IFT256
HYPE
TOBAR
MATE
IBNDRY
MTLNAM
NMATl
MATlNO
eOND
ICONDF
Q

IQRfGN
IOF
TMPOlD
TMPNEW
TEMP
AVGTMP
NAVGRP
IGRPNO
NAVGND
MAXNOD
NODAVG
FI XTMP
NFIXED
MAXFI X
NOOfIX
IFRST
IFIRST
!BEGN
IBEGIN
JBEGN
Jf3EGIN
[NCR
lINeR
JNCR
JI NCR
ISWTCH
ICURR
JCURR
KCURR
LCURR
IFTYPE
AREA
CONDK
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'" VERTICAL REGION NUMBER, LV, fReM EACH VERT. NODE NO., I
BEGINNING AND ENDING HORIl. NODE NC~, J, PER HORIl. REGION

'" BEGINNING AND ENDING VERT. NODE NC., I. PER VERT. REGION
'" THE DIFFERENCE OF THE SQUARES OF T~E RADIAL OIST.S PER REGION
'" P(O 1

THE RADIAL DISTANCES TO THE NODE I~TERSfCTIONS

'" RBIG(OI
'" THE RADIAL DISTANCES TO THE CE~TER OF THE NODES
'" THE VERTICAL NODE DISTANCE PER REG iCN
'" Z (Q)

'" THE VERTICAL DISTANCES TO THE NCDE INTERSECTIONS
'" lBIGUl)
'" 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 ROW

THE AREA OF FACE 4 EXCEPT FOR ZDELlA MULTIPLICATION
'" THE AREA OF FACE 2 EXCEPT FOR ZDEL1A MULTIPLICATION
'" THE VCLUME OF ANY NODE IN A GIVEN FEGION

THE TOTAL ilOLUME OF EACH REGION
'" THE TCTAl VOLUME OF THE WHOLE ~ESH

'" wORK ~RRAY FOR DETERMINING NODAL FtCE TYPES
FACE TYPE (1-41 OF EACH FACE OF EVfRY NODE {COOED 1-255}

'" EITHER EXT? TEMP. (FORGRAO.) OR-ECCE TEMP. (FOPFIXEOTEMPI
:: GRADIENT CONSTANT fl/LENGTHI FOR G~AOIENT BOUNDARY CONDITlON
'" INDICATOR SHOWING TYPE Of BOUNCARY CONOITION (FIXED OR GRADl
'" EIGHT CHARACTER MATERIAL NAME FCR EACH MATERIAL
'" NUM8ER OF MATERIALS
'" ~ATERIAL NUMBER IN EACH REGION
'" THERMAL CONDUCTIVITY FOR EACH MATfFIAL
'" eN-OfF INDICATOR SHOWING WHETHER C(ND. IS A FUNCTION ANYWHERE

PEAT SOURCE AT EACH NODE
1-2 INDICATOR SHOWING WHETHER Q IS NON-ZERO IN EACH REGION

'" eN-OFF IN01CATOR SHOWING WHETHER Q IS A FUNCTION ANYWHERE
'" TEMPERATURES AT THE PREVIOUS ITERA1ION
'" TE~PERATURES CALCULATED FOR THE CUFRENT ITERATION
:: TMPNEW FOR THE STEADY STATE CASE
:: AVERAGE TEMPERATURE FOR ANY OF SIX DIFFERENT GROUPS

~UMBER OF GROUPS TO BE AVERAGED
:: GROUP NUMBER FOR EACH OF THE SIX GFOUPS
:: NUMBER OF NODES TO BE AVERAGED IN fACH GROUP (MAXNOD '" 681
'" ~AXIMUM NUMBER OF NODES THAT CAN BE AVERAGED IN ONE GROUP
:: NODE NUMBERS Of NODES TO BE AVERAGfD IN EACH GROUP
'" TEMPERATURE VALUES TO BE FIXED FOR CERTAIN NOOES IN MESH

NUMBER OF DIFFERENT TEMPERATURE VAlUES TO 8E FIXED
MAXIMUM NUMBER OF DIFFERENT TEMP.S TO BE FIXED
FIXTMP SUBSCRIPT SHOWING WHirCH FIX1MPGOES WITH WHICH NODE
INDICATOR SHOWING MESH SWEEP BY RCtS OR COLUMNS
INDICATOR SHOWING MESH SWEEP BY RO~S OR COLUMNS (CURRENTI

'" STARTING VALUE FOR I LCOP (lOR 1M/Xl
'" STARTING VALUE FOR I lOOP fl OR IMtXI (CURRENTI

STARTING VALUE FOR J LOOP 11 OR JMtXI
STARTING VALUE FOR J lOOP (l OR JMtXl (CURRENTl

'" INCREMENT VALUE FOR I LOOP {1 OR -11
INCREMENT VALUE FOR f lOOP (lOR -], (CURRENTI
INCREMENT VALUE FOR J LOOP II OR -II

'" INCREMENT VAlUE FOR J LOOP 11 OR - J) (CURRENT I
'" 1-2 ShlTCH INDICATING ~t[CH MESH S.EEP IS CURRENTLY IN USE

CURRENT NODAL RCW NU~BER

CURRENT NOOAL COLUMN NUMBER
CURRE~T NODAL INTERNAL NODE NU~BER

'" CURRENT NODAL INTERNAL REGIeN NUMBfR
CURRENT NODAL FACE TYPES
CURRENT NODAL FACE AREAS
CURREf\T NODAL CONDUCTIVITY

57'"
5 BJ)

590
60'"
bID
62""'
630
64"
650
66"
67('
681'
69'1
700
710
72(
730
740
7'5C
760
770
781')
790
st"'"'!

810
82('\

83"
840
8 50
860
87':'
8 8']
8 9('
9')n
91'1
92'"
930
q 40
95'"
960
(71)

98,.,
99(\

IDO;')

1'''ll''
1021"\
103')
11) 4')

1050,
1061'\

107":'
1081'
109(')
un;,
lil r;

1120
11

11
1150
11 of)
11 70
118'-,
119(1
12':'':'
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C ISIDE FACE ~O ON WHICH TEMPERATURE-DEPE~[ENr CONDUCTIVITY IS CALCULATED
C BS CURRE~T ADJUSTED INTER-NODAL DISTA~CES 122~

C TMPS CURRENT TEMPERATURE OF NEIGHBCRING NODES (OR BOUNDARYl 121~

C QK CURRE~T NODAL HEAT SOURCE 124"
C TEMNEW CURRE~T NODAL TEMPERATURE 12S"
C BETA RELAXATION CONSTANT (1.S-1.91 126~

C ALPHA EXTRAPOlATIOf\ CCNSTM,T (.Gr. 1.CI = 1/(1-ARAlIOl lzr
C ARATIO RATIO OF TDIFSr-l FOR CURRENr I\,ND PREVIOUS ITERATIONS lZ8"
C NEXITR = f\UMBER OF ITERATIONS BETWEEN EXTRAFOlATIONS 1Z9C
C IEXTRA CN-OFF INDICArOR SHOwiNG WrlEN EXTR'POLATION IS DONE 131 n

C EPSlON CONVERGENCE CRITERION VALUE CC~PARED WITH TERROR 131 0

C TERROR MAXIMUM ERROR RATIO OVER THE WHCLE MESH 13zr
C TDIFSM SUM OF ERROR RATIOS OVER THE WHOLE MESH 133"
C TMPERR TEMPERATURE AT THE NODE WHERE TERRCR IS A MAXIMUM 134~

C TMPMAX ~AXIMUM TE,\4PERATURE OVER THE WHClE MESH 135"
C IERR ROW NUMBER OF THE NODE WHERE r~PER~ WAS MEASURED 136C
C JERR COL NUMBER OF THE NODE WhERE TMPERF WAS MEASURED 137~

C ITPMAX ROW NUMBER OF THE NODE WHERE T~PMA) WAS MEASURED 138"
C JTPMAX COL NUMBER OF THE NODE WHERE TMPMA) WAS MEASURED 139r

C ICONV eFF-Of\ INDICATOR SHOWING WHEN CCNVERGENCE IS REACHED 14~J

C HGEN HEAT GENERATED BY INTERNAL SOURCES IN EACH REGION 141"
C HOUT HEAT ESCAPING OUT OF EACH REGICf\ A(ROSS THE 4 REGION S[['ES 14Z"
C HDIFf HEAT CUTFLOW - HEAT GENERATED IN T~REE WORST REGIONS 1430

C LVBAD VERTICAL REGiON NUMBfRS OF THREE weRST REGION HEAT BALANCES 1440

C LH8AD HORIlCNTAL REGION NUMBERS OF THREE WORST REGION HEAT BAlANCES14S~

C NBALIT ~UMeEP OF ITERATIONS BETWEEN HEAT EALANCING (0=NO BALANCINGl 146l
C INTGER INTEGER WORK ARRAY USED BY INPLT SlBROUTINES 147~

C KNODES = ~ODE ~UMBERS ~ORK ARRAY USEO BY I~fUT SUBROUTINES 148~

C INTDIM DIMENSION USED FOR INTGER ARRAY 149C
C MAXKNO CIMENSION USED FOR KNODES ARRAY lS~0

C EXPSET = SET OF 'FOR-EXPRESSION' EXPRESSION NAMES lSl~

C LOCSEl SET OF ·FOR-EXPRESSION' LOCATICI\ N/l.r<lES 15Z,""I
C NEXP f\UMBER OF ~XPPESSION NAMES IS 3'"
C NlOC NUMBER OF LOCATION NAMES lS4~

C VARNMS SET OF 'ARITHMETIC-EXPRESSION' VARIABLE NAMES 155~

C NVAR NUMBER Of VARIABLE NAMES 156('
C NUMERC ON-OFF INDICATOR SHOWING WHEN VARf\~S IS NUMERIC OR ALPHAMERIC15n'
C NVAl NUMBER OF VALUES TO RHS OF EQUAL SIGN FOR EACH VARNMS 158~

C VARVAL RHS VALUES OF EACH 'ARITH.-EXPRESSION' 159~

C TITLE ALPHAMERIC TiTLE CARDS READ IN fOR EACH CASE 16~0

C*****END VARIABLE DEFINITIONS 16In
C 1620

IMPLICIT REAl*!:' {A-H,C-II 1631'\
C*****BEGIN MAXIMUM CIMENSIONS COMMON AREA 1640

COMMON IGEOMI MHREG ,MVREG ,MREGS ,MHVREG. 16S:
1 MHNODE,MVNODE.MNODES,MHVNOD 1651

COMMON IMATERLI MNMATL 1660
COMMON lITERATI MNITR 167C

C*****END MAXIMUM DIMENSIONS COMMON AREA 1680
C 169"
C*****8EGIN PARAMETER COMMON AREA 1700

COM~10N IRERUNI INITAl 171 r

COMMON IPRINTI INPRNT,MESHPT,NITRPR,ITRTMP 1120
COMMON ISft-VEI ISAVE ,lSAVE 173'"j
COMMON IUNITSI LENGTH,MASS ,ITIME ,ITEMP 1IHEAT 174n
COMMON IITRATEI ITR,MAXITR 115~

COMMON IEXECTMI MAXSEC,NOWTME,INITME 1160

COMMON IPlOT~PI MAPlOT,lPlTRV 117n
COMMON ITRVRSEI IAMROW,NROWS,IROWNO(SI 118t'

C*****END PARAMETER COMMON AREA 1798
C 18~~

C*****BEGIN MES~ GECMETRY CCMMCN AREA 181 n
COMMON ICCORDI IGEGM 182n
COMMON IIJKMAXI IMAX,JMAX,KMAX 183~
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1840
1841
184Z
1843
1844
1850
1860
1861
1870
t aso
189"
19(>::;
191"
lqZ'"
1930
194 1

195')
196'}
197;)
198:'
199'"
20')"
2'" 1 '\
21""2'"
203r)
2i:4;~

2 '15>1
2"'6n

2n1'"
2"8'-'
209'"
21
211"\
212"\
213"\

STEADY
215"'\
2151
216~

21 r:
218'"1

fNODFIX=6YTEI
22"'''
nIt'
222(;
223')
2231
224t)
225»
226r'
227"
228"
229fl

23')0
Z31':1
232'-'
233'"'
2340
235':'
2360
237:'
2380
239(\
24n r,

C

c

C
C

COMMON IREGICNI HROISTtSOI.VRDIST(St)).
1 NHREG ,NVREG ,NTREG,
2 NHRNOSISOI.NVRNOSISq).
3 JTOLHllnOo),ITOlV(1~00),

4 LHTOJ I SO ,Z), LVTOI IS'), 2)
INTEGER*Z nOLV.JTCLH. LVTOl.LHTOJ
COMMON IMESHI RDEL TA(S0),R"l,RHOOOI,R8IGI? ,RBIGUOn01.

1 IDEL TAISO) ,lO,lUOOQ) ,lSIG'J ,lBIGI 1')0"11
COMMON IFAREASI AREA11100fll,RAREA4(lO'HI
DIMENSION AREA3(10001.RAREAZ(lOJOI
EQUIVALENCE {AREAl, AREA3I,(RAREA4tZI,RAFEAZtlll
AREA4 = RAREA4*IDELTA
AREAZ = RAREAZ*ZDELTA
COMMON INCVCLSI VOL(ZSOOI.REGVOLI2SQ11,TOTVCL
COMMON IFACES/ IFTZ56(4.256I,FTVPECI00(CI
LOGICAL.l FTYPE
INTEGER*2 IFT256

C*****END MESH GEOMETRV COMMON AREA
C
C*****BEGIN BOUNDARY CONDITIONS COMMON AREA

COMMON IBNDARY/ DBf\R(4,lO(F1I,ARATEi.4.10001.I8NORY(4,l;)OOI
lOGICAL*l lANDRY

C*****ENO 60UND~RY CCNDITIONS COMMON AREA
C
C*****BEGIN MATERIAL PROPERTIES COMMON AREA

COMMON /REGMTLI MrlNAM(300',NMATL.MATlNC(25C0,
REAL*8 MTLNAM
COMMON /MTeONDI eONO(300'.ICONDf
COMMON IHEATQI QIIG0001,IQREGNC2501'.ICF

C*****END MATERIAL PFOPERTIES COMMON AREA
C
C*****6EGIN TEMPERATuRE COMMeN AREA

COMMON ITEMPSI TMPOLD(l00001,TMPNEW(100C~1

DIMENSION TEMP (10000)
EQUIVALENCE (TMPNEW,TEMPI
TEMP = BEST (NEWESTI TEMPERATURES FOR STEAO~ STATE
COMMON IAVGTEMI AVGTMP(6I,NAVGRP,IGRPNO(61.~AVGNO(6).MAXNOD,

1 NOOAVG(6,601
MAXNOO = 6~ = ~AXIMUM NUM8ER OF NODES AVERA(ED IN ONE GROUP
COMMON IFIXTEMI FIXTMP(Z551.NFIXED,MAXFIX,NCOFIX(100001
LOGICAL*l NOOFIX

C MA XFIX .":: 255 = MAX IMUM NO. OF DIFFERENT TO' f. S TO BE FIXED
C*****END TEMPERATURE COMMON AREA
C
C*****BEGIN MESH SwEEP COMMON AREA

COMMON IM$WEEPI IFRSH21 ,IBEGNIZI ,INCR{ZI.JEEGNIZI,JNCR{21.
1 IFIRST ,IBEGIN dINCR .JEEGIN .JINCR ,ISWTCH

C*****END ME SH SWEEP COMMON AREA
C
C*****BEGIN NODAL INfORMATICN COMMON AREA

COMMON /NOiJKll ICURR,JCURR,KCURR,lCURR
COMMON INCFACEI IFTYPE(4)
COMMON INDAREAI AREA{41
COMMON INCCCND/ CONDK,ISIDE
COMMON INcaSI BSl41
COHMON INOTMPSI TMPSI41
COMMON INOQI QK
COMMON ITEMPKI TEMNEW

C*****ENO NODAL INFOPMATION COMMON AREA
C
C*****BEGIN RELAXATION-EXTRAPOLATION-CONVERGENCE COMMON AREA

COMMON IRELAXI BETA
COMMON IEXTRftP/ AlPHA.ARATlO.NEXITRd EXTRA
COMMON /CCNVER! EP$LON,TERRORl15001,rOIFSM( 15Cd } ) . TMP ERR, TMPMAX,
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2 /t'""l
241'"
2421
2 '. 3"
24'.':1
"ZitS:"
2'.6'
247'"
2'.8"
2 '.9("'
:;> 5("'"
25F;
252")
25Y
254"
2558
256t
257'"
258
259:
26()l'\

261"'
262'"
263"
264(
265f)
266'::
267f'
2681",
26qr

27"""
271("'
27Z,:
273('
2741",

275'"
2'161',
2 '17;)
278:'1

***********************
Z8(\0
281"
2821'1
2831'\
Z84~

2850
286')
287'"'
288<1
289')
292/"
291n
292"
2930
2941"
295i j

296"
297':'
298':'
299'"1
3100
3C' 1r

3~2r;

3"V'

INSIDE OF SUBROUTI~E I~PUT

INSIDE OF SUBROUTINE I~PUT

INSIDE OF SUBROUTINE I~PUT

1

3

c
C
C

c
C

1 IFRk,JERR,ITPMAx,JTP~AX,ICC~V

C*** ••END RELAXATION-EXTRAPOLATION-CCNVERGENCE CC'MON AREA
C
C*****BEGIN REGION HEAT BALANCING COMMeN AREA

COMMON IREGBAll HGfNI25001,HOUTIZ5001,HOIFF 131,LVBADI3I,LHBAO(31
COMMON IBAlITR/ NBAlIT

C*****END REGION HEAT BALANCING COMMeN AREA
C
C*****SfGIN WORK ARRAYS COMMCN AREA

COMMON IMAXDIM/ INTOIM,MAXKNO
INTolM sec = COLUMN DIMENSION OF THE ARR rc, INTGER
HAXKNO = 500t = DIMENSION OF THE ARRAY, KNCIES
COMMON IWCRKll INTGERIZ,500)
COMMON IWCRK21 KNOOESl50001
INTEGER*2 INTGER,KNODES
COMMON IEXPRES/ EXPSET1121 ,NfX?
COMMON ILCCATEI lOCSET(281,NLCC
REAL*8 LOCSET
cm~MON IAEXPM1/ VAPf';MS1331 ,NVAR.NUMERCI331 ,~VAL(331

COMMON IHVDISTI VARVAL{501
COMMON IHEACNGI TITLEll~,121

C*****END WORK ARRAYS COMMON AREA
C
C*****BEGIN INPLT

CALL INlTLZ
CALL INPUT
If U'lESHPT • EWe 11 CAll MESHPR

C*****END INPUT
C*****BEGIN INITLAllZATION

[N[TME=[ClOCK(CI/I00
CALL SPACNG IS DONE
CALL AREAS IS DONE
CALL VOlU~'E I S DONE
CALL NDT 'fPE
ICONIJ=O
ISioITCH=(';
lTR=O

C*****END I~ITI~ltIAT[ON

C
C~****BEGIN OUTER TE~PEPATURE CONVERGENCE ITERAT[(N lCOP

2 ITR=lTR+1
C*****SEGIN SETUP FOP THE TYPE OF MESH SWEEP

IS WTCH =1 SwTCHt 1
IF ( I SWrc H .. GT.. 2 I I S WTCH '"1
IF IRST =1FRSH I SWTCH I
IBEGIN=IBEGN(IS\otTCHI
IINCR :[NCR (ISWTCHI
JBEGIN =J BEGN( I SWTCH I
JINCR =JNCR (ISWTCHI
[FIIFIRST .EQ~ 11 [Jt'lAX=IMAX
IFlIFIRST .NE. 1) IJ,.'AX=JMAX
IFIIFIRST .EQ. II JIMAX=JMAX
IF(IFIRST .NE. 11 JIMAX=IMAX

C*****ENO SETUP FOR THE TYPE OF MESH SWEEP
C
C*****BEGIN MESr SwEEP

IF(IFIRST "EQ. 11 I=IBEGIN-IINCR
IF(IFIRST .NE. 1) J=JBEGIN-JINCR
06 11 IJ=I,IJMAX
IFlIFIRST .NE. 11 GO TO 3
1=1+IINCR
J=JBEGIN-JINCR
GO TO 4
J=J+J I NC f(
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I=IBEGIN-lINCR
4 00 10 JI=l~JIMAX

IFIIFIRST .NE. 11 GO TO 5
J=J+JI NCR
GO TO 6

5 I=I+IINCR
C*****8EGIN NOOE DESCRIPTION CALCUlAT10NS

6 K=II-lt*J~AX+J

lV=ITOLV(II
LH=JTOlHIJI
l={LV-ll*~HREG+lH

MA Tl=MATlf\OtL I
ICURR= I
JCURR=J
KCURR=K
LCURR= L

C I.J.K = NCOE POSITION
C lV.LH,l = REGICN POSITION
C ~ATL = NODE MATERIAL
C*****END NODE DESCRIPTION CALCULATIONS
C*****BEGIN FIXED TE~P. NODES CHECK

IFIX=NODFIX(KI
IFtIFIX .EQ. 01 GO TO 7
TMPNEW(KI=FIXTMP(IfIXI
TEMNEW =TMPNEWIK I
GO TO 10

C*****ENO FIXED TEMP .. NODES CHECK
C*****BEGIN FIRST TEMPERATURE CALCULATIONS

7 1$[06=0
IF{ICONDF .EO. 01 CONOK=GTCONOIMATL)
OK= GET OK (K 1
CALL GET'tPE (K I
CAU GTAREA{I,JI
CALL GET8S (I. J I
CALL GETfoIPSlI,J,K)
TMPNEW(KI=GETE~PILI

TEMNEW =TMPNEW(KI
C*****F.ND FIRST TEMPERATURE CALCULATIONS

IF{ICONDf ~NE. 01 GO TO B
IF{IQf .. NE. 01 GO TO 8
GO TO 9

C*****BEGIN SECOND TEMPERATURE CAlCULATIeNS
8 IF(IQF .NE. 01 OK=GETQK(KI

CALL GET8S(I,JI
TMPNEWIK)=GETE~P{ll

TEMNEW =TMPNfWIK)
C*****ENO SECOND TEMPERATURE CALCULATIONS 
C*****8EGIN BETA RELAXAT[ON APPLICATION

9 TMPNEWIKI '" BETA*Tf-1PNEwIKI + (1.00+'10
TEMNEW = TMPNEW(K)

C*****END BETA RELAXATION APPLICATION
10 CONTINUE
11 CIJNrr N UE

C*****END MESH SWEEP
C
C*****8EGIN CONVERGENCE TEST

CALL CONVRG
C*.***SEGIN ALPHA EXTRAPOLATION

IE XTRA =0
IF([TR .Ee.. 11 GO TO 14
INEW=(j
IFtNEXITR .. EO. 01 GD TO 12
10 I V= I TR I NE XIT R
INEW=! 01 V*NEX ITR

3')40
3058
31)6::'
3070
308;1
3,)9r1

31!j~

3110
312':"
3130
_3140
31. 5::'
31M
31 70
3181"1
319"
32iJ~

321'"
322i'1
323"
324'"
3250
3260
327':3
328f"
329':'
33cn
331n
3320
3330
334:1
335')
336°
3370
3380
339"
34()n
341('
342"
31+3.
344'"

- AET lER CONDUCT iVlTY. HEAT SOURCE
3461"
31+ 7'1
348"
349,,'

BETTEF CONDUCTIVITY, HEAT SOURCE35Dn
351:'

- BETt'*TMPOLO(KI 352)
353'"'
354")
35 5'~

356(
3sr
358'"'
359"
360 1

36LC
362'"
363.'
3641'
365('
366('
3670
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368"
36q~

37(j['

371')
3720
373"
374r'
375'"1
376';
377J
378"\
379'"
38'''''
3810
382f1

38 Y'
384';
385)
3861'
3871
3880
389';
39!'11

3910
392(\
393n

394i",
3CJ5'
396')
397;
3981')
3990
4;~nr;1

4",1')
4f 2-'
4') 21
4'"' 3t'J
4'J4)
405,)
4~6"

4}61
4n 7')
4') 8"
409)
41 ')"
4111
412!)
413"

*************************
4150
416r

4171"'1
418'")
419'"
421)1
4210
422)
423J
4240
425)
426")

AL PHA= 1. 00 .0') I ( 1.( 0 ~OC' -A.RAT 10 I
14
GO fa 14

17

12

13

15

ARATlO=TO IFSI'llTRIITDIFSM{ lTR-ll
Al PHA= O~ I) D'-CO
IFIARATlC .NE. 1.':'Oi-(1()I
IF([NE\~ .NE .. ITRI GO TO
IFIARATlO .GE. 1.(' [)..-OOI
DO 13 K= 1 ,KMAX
IFIX=NOOFIXIKi
IF(IFIX .NE. 01 GD TO 13
TMPNEW{KI '" ALPHA*TMPNEWIKI ~ (1.~O~JO - AlfHAI*TMPOlOIKI
CONTINUE
IEXTRA=1

14 CONTINUE
C*****ENO ALPHA EXTRbPOLATICN
C*****BEGIN REGION HEAT BALANCING

DO 15 1=1,3
HDIFF{ I1=C~OO+CG

LVBAOll'=C
lHBAD( I I"":;
IFINBALIT .U. 01 GO TO 16
IDIV"'I TR/N3AlIT
INEW=I 01 V*N8Al IT
IF I INUI • EQ~ I TRI CALL BAlANC

16 CONTINUE
C*****END REGION ~EAT BALANCING
C*****BEGIN ITERATiON OUTPUT

NOWTME=ICLOCKlrl/lG0-INITME
CALL OUTPUTCOI

C*****END ITERATICN OUTPUT
If {ICONV eEQ. 11 GO TO 20

C*****ENO CONVERGENCE TES:
C*****BEGIN EXECUTION TIME TEST AND MAXIMUM ITERA1ICNS TEST

IFIMAXSEC .EQ~ 01 GO TO 17
IFINOWTME .LT. MAXSEC> GO TO 17
PRINT 1001,NOWTME,MAXSEC,ITR

1')':;1 FORNl\TIIIIX,'EXECUTION THolE =',16,' SEC.S HIS EXCEEDED "1AX[MUMll,lL
lOWABlE TIME "",16,' s ecv s AFTER ITERATICN =',16/11
GO TO 20
IF ( ITR e t.r, MAXITR I GOT 0 18
PRINT 1002,ITR,MAXITR.(TR

1102 FORMATI/IIX,'NuM8ER OF ITERATICNS =',16,' HIS EXCEEDED MAXIMUM All
101.</ ABlEI TERA TI eNS "",1 6,' AFT ER I TERA HeN "",I 6/1 I

GO TO 2G
C****.ENO EXECUllCN TIME TEST AND MAXIMUM ITERATI[NS TEST
C*****SEGIN RESETTING TMPOLO

18 DO 19 K= 1 ,KMAX
19 TMPOLDIKI;TMFNEwIKI

C*****END RESETTING TMPOlD
GO TO 2

C*****END OUTER TEMPERATURE CONVERGENCE [TERATION lOOP
C
C*****BEGIN FI~Al (UTPUT

20 CALL OUTPUTIII
C*****ENO FINAL OUTPUT
C*****BEGIN FINAL SAVE OUTPUT

[F I I SAVE • EQ" () GO r C 2 1
CALL TPSAVE

C*****ENO FINAL SAVE OUTPUT
21 PRINT 1003
I003 FORM.~TlIHlI

GO TO 1
END
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LISTING OF' MAIN PROGRiI.M YOR ORTHAT

C PROGRAM ORTHAT - OAK RIDGE TRANSFER Of HEAT AT TRANSIENT 10
( SPONSOR - OAK RIDGE NATIONAL LABORATORY 20
C PROGRAMM ER - RICHARD C. CURFEE 30
C DATE - JilNUARY 1971 4':'
C TITLE - TPANSIENT SOLUTION OF THE TWO-(IMENSIONAL HEAT 5t1

C (CNOUCTION EQUATION IN R-Z. Y-I, OR R-THETA GEOMETRY 60
C 8Y A PREDICTOR-CORRECTOR MOCI F ICATlON TO THE 7)
C ALTERNATING DIRECTION METHCD 8n

C COMPUTER - IBMI36C 9'"
C*****SEGIN DESCRIPTION 10~

C SEE OR-Nl PEPOR T 111'\
C*****END DESCRIPTION 121'\
C 13('
C*****8EGIN VARIABLE DEFINITIONS 140
C MHREG to'AXIMUM NUMBER OF HORIZONTAL REGICf'S (IN DIMENSIONSTATEMENTl 15)
C MVREG = to'AXIMUM NUMBER OF VERTICAL REGIC~S lIN DiMENSION STATEMENT) 16S
C MREGS MAXIMUM NUMBER OF INTERNAL REGIC~S liN DIMENSIONSTATEMENf) 17':'
C MHVREG IIAXIMUM NUMBER OF HORll 4 OR VERT.. FEGIONS (LARGER OF THE TWO! I8n
c MHNOOE IIAXIMUM NUMBER OF HORIZONTAL NODES (IN DIMENSION STATEMENT) 190
C MVNOOE to'AXIMUM NUMBER OF VERTICAL NODES {IN OIMENSION STATEMENTt 2"~

C MNODES MAXIMUM NUMBER OF INTERNAL NODES (IN DIMENSION STATEMENT) 210
C MHVNOD t<'AXIMUM NUMBER OF HORIl. OR VERT .. r-OOES (LARGER OF THE TWO) 22"'
C MNMATL MXIMUM NUMBER OF MATERIALS USED (IN OIMENSlON STATEMENT) 231
C MNiTR MAXIMUM NUMBER OF ITERATIONS (IN DIMENSION STATEMENT) 241
C INITAL = CN-OFF INDICATOR OF WHETHER TO INIllALIIE ALL COMMON AREAS 25"
C INPRNT ON-OFF INDICATOR OF WHETHER TO PRI~T THE INPUT READ 261
C MESHPT eN-OFF INDICATOR OF WHETHER TO PRI H THE MESH-REGION GRID 27n
C NITRPR FREQUENCY OF ITERATiVE PRINTOUT (0 ; NO ITERATIVE OUTPUT) 28~

C ITRTMP = ON-OFF INDICATOR OF WHETHER TO PRlfT TEMP. ARRAY OR TEMP. MAP 290
C {SAVE ~ ON-OFF INDICATOR OF WHETHER TO SAVE THE FINAL TEMPERATURES 300
C lSAVE LOGICAL UNIT UPON WHICH FI~Al TEMP.S ARE TO B~ SAVED 310
C LENGTH INDICATOR 1-4 SHOWING LENGTH UNITS TO BE USED 3211

C MASS INDICATOR 1-3 SHOWING MASS U~!TS TO BE USED 33~

C [TIME INDICATOR 1-3 SHOWING TIME UNITS TO 8E USED 34"
C ITEMP INDICATOR 1-4 SHOWING TEMP4 UNITS TO BE USED 35':'
C IHEAT = INDICATOR 1-5 SHOWING HEAT UNITS TO BE USED 36,'
C ITR CURRENT ITERATIeN COUNTER FOR TIME STEPS 37r
C MAXITR ~ USER SPECIFIED MAXIMUM NUMBER CF 11ERATIONS ALLOWED 38f

)

C MAXSEC I"AXIMUM NUMBER OF COMPUTER EXECUTI(N SECONDS ALLOWEO 39'"
C NOWTME CURRE~T ELAPSED EXECUTION TIME IN !ECONOS 4)n
C INITME INITIAL STARTUP CLOCK TII"'E IN SECUOS 1+1'"'
C IGEOM ~ INOICATOR 1-3 SHOWING GEOMETRY TYPE (i-p.l 2=Y,l 3=p.THETAI 42°
C IMAX (\UMBER OF HORIICNTAL NODES 4:31'
C J "'1 AX (\UI"13ER Of VERTICAL NODES 44"
C KMAX (\UMBER OF INTERNAL NODES 45)
C HRDIST HORIZONTAL DISTANCES PER.HORIZCNTAl REGION 46n
C VROIST VERTICAL DISTANCES PER.VERTICAL REGION 47n

C NHREG ~ "UMBER OF HORIICN rAL REG rcxs 48""'
C NVREG = ~UMBER OF VERTICAL REGICNS 49n
C NTREG NUMBER OF INTERNAL REGIONS 500
C NHRNOS NUMBER OF HORIZONTAL NODES PER REGION SIn
C NVRNDS = NUMBER OF VERTICAL NODES PER REG leN 52i)
C JTOLH = HORIZCNTAL PEGleN NUMBER, LH. FROM EACH HOR1l. NODE NO •• J 53~

C ITOLV VERTICAL REGION NUMBER, LV. FRQr' EI\CH VERT .. NODE NO•• I 54~

C lHTOJ ~ BEGINNING AND ENDING HORIZ. NODE Nf., J, PER HORtl. REGION '551'\
C LVTOr BEGINNING AND ENDING VERT. NOCE NC., I, PER VERT. REGION 56~

C RDElTA THE DIFFERENCE OF THE SQUARES OF T~E RADIAL DIST.S PER REGION 57G
C RO Rt o ) 5 8:-;
C R = THE RADIAL DISTANCES TO THE NODE ItTERSECTIONS 5qn
C R8 I GO = 1< 8 I G ( r ) 6 ,,,", ';
C R81G THE RADIAL DiSTANCES r o THE CEI\TER OF THE NODES 6F'
C IDELTA THE VERTICAL NODE DISTANCE PER REG iON 6?P



C II)

C I
C ze t GO
C lBIG
C AREA1
C AR EA3
C RAREA4
C RAREA2
C VOL ;=

C REGVOL
C TOrvOL
C 1FT 256
C FTYPE
C TOBAR
C AR ATE
C IBNDRY
C TEMPCH
C OISTCH
C TINITL
C MHN.o\M
C Nt1ATL
C MATLNO
C COND
C ICONDF
C ITEMPF
C Q
C IQREGN
C IQt'
C SPMASS
C SPHEAT
C IM,"SSF =
C IHEATF
C TMELT
C FUSION
C ENERGY
C [MELT
C IAMll Q

C LIQUID
C TMPOLD
C TNP"lEW
C TEi\~P

C AVGTMP
C "lAVGRP
C IGRPNO
C NAVGND
C ~1A XNOD
C NDDAVG
C FIXTMP
C NF [XED
C MAXFIX
C NDDFIl(
C TDERIV
C AlLMAX
C OUTSID
C TMPMAX
C FNAME
C ITPMAX
C JTPMAX
C TMPt4IN
C ITPMIN
C JTPMIN
C TCHECK
C NCHECK
C NODCHK

126

Ill") 63"'
THE VERTICAL DISTANCES fO THE NODE INTERSECTIONS 64~

IBIG(f) 650
THE VERTICAL DISTANCES fO THE CENTER OF THE NOOES 66n

THE AREA OF FACE 1 OF THE NODES A(FOSS ANY HORIZONTAL ROW 67~

THE AkEA OF fACE 3 OF THE NJDES ACFOSS ANY HORIZONTAL ROW 68~

THE AREA OF FACE 4 EXCEPT FOR IDELlA MULTIPLICATION 69~

THE AREA Of fACE 2 EXCEPT FOR lOEL lA MULTIPLICATION 70~

THE VCLUME OF ANY NCDE IN ~ GIVEN rEGION 7l n

THE TCTAl VOLUME OF EACH REG ION 72~

THE TCTAL VOLUME OF THE WHOLE MESH 73~

WORK ~RRAY FOR CETERMINING NODAL F~CE TYPES 740
FACE TYPE {1-41 OF EACH FACE OF EVERY NODE (CODED 1-2551 75~

EITHER EXT, TEMP. (FOR GRAD~ I CR ECGE TENP. (fOR FIXED TH1P) 76(,
GRADIENT CONSTANT (I/LENGTHI FOR G~AOIENT BOUNDARY CONDITION 77~

INDICATOR SHOWING TYPE OF AOUNCARY CONDIflON (FIXED OR GRADI 78A

BOUNCARY TEMP. CHANGE CONSTANT SENl TO sueR. TOBARF FOR EACH STEP
BOUNCARY GRADo CHANGE CONSTANT SENl TO SUHRe ARATEF FOR EACH STEP
INITIAL BOUNDARY TEMP.S SET BY EXT.TEMP OR EDGE.TEMP INPUT CARDS
EIGHT CHAIl.ACTER MATER I AL NAME FCR EACH MAHRI AL 82'-,
l\U~BER OF MATERIALS 83'-
P/UER IAL NUf'lSER IN EACH REGION 84'"
THERMAL CONDUCTIVITY FOR EACH MATfFIAL BY STATE IliourO,SOllDI8S0
eN-OFF INDICATOR SHOWiNG WHETHEk C(~D. IS A FUNCTION ANYWHERE 86~

eN-OFF iNDICATOR SHOWING WHETHER C(ND,SPMASS. OR SPHEAT IS FUNC.
hEAT SOURCE AT EACH NOOE 88'
1-2 Il\DICATOR SHOWING WHETHER Q IS NON-ZERO IN EACH REGION 89C'
CN-OFF [NDiCATOR SHOWING WHETHER Q IS A FUNCTION ANYWHEPF gnr>
CENSITY FOR EAChI f'>lATERIAL EY STATE (LIQUID,SOLInl 91',
SPECIFIC f'>lASS FOR fACH ~'1ATERrAL EY STATE (LIQUID,SOLIDI 921'
eN-OfF [NDICATOR SHOwiNG ~HEThER Sf MASS IS A FUNCTION ANYWHERE93~

CN-HfF INDICATOR SHOwiNG WHETHER Sf HEAT IS A FUNCTION ANYWHERE9'{'"'
'ELTING POINT TEMPERATURE FOR EACh ~ELTABlE MATERIAL 950
LATENT HEAT OF FUSION FOR EACH MELTABLE MATERIAL 96'
LATENT HEAT ENERGY BANK STORED FOR EACH NODE (CHANGE OF STATEI97~

eN-OFF INDICATOR SHOWING WHETHER APY ~ATERIAL CAN MELT ANYWHERE
eN-oFF INOICAfOR SHOWING WHf:N THE FIRST NODE MELTS 99'-'
1-2 If\DIc,<\rOR SHOWING STl\TE OF ELl.Ct NODE (l"'SCLlD, 2=LIQUIDI l:!f'-
TEMPE RATURE S AT THE PREV IOUS I TER II 1ION I':' F
TEMPERATURES CALCULATED FOR THE CUfRENT ITERATION 1~2'

IMPCLD FOR THE TRANSIfNT CASE 1'3"
AVERAGE TEMPERATURE FOR ANY OF SIX DIFFERENT GROUPS 1~4)

NUMBER OF GROUPS T8 BE AVERAGEC 1(" 5"
GRCUP NUMBER FOR EACH OF THE SIX GFCUPS 1'6~

NUMBER OF NODES TO BE AVERAGED 11'4 EACH GROUP (MAXNOD = 6") l l'"1r.
~AXIMUM NUMBER OF NODES THAT CAN BE AVERAGED IN ONE GROUP 108(
NODE NUMBERS OF NODES TO BE AVERASfD IN ELl.CH GROUP In9~

TEMPERATURE VALUES TO BE FIXEO FOR CERTAIN ~OCES IN MESH 11'"10
NUMBER OF DIFFERENT TEMPERATURE VALUES TO BE FIXED 1118
~AXIMUM NUMBER OF DIFFERENT TE~P.S TO BE FIXED 112~

FIXTMP SUBSCRIPT SHOWING \\HICH FIXH1P GOES WiTH wHICH NonE 113"
TIME CERIVATIVE OF TEMPERATURE (fCf PROPERTIES=FUNCTION(TEMPI)
~AXIMUM TEMPERATURE ALLO~ED OVER W~OlE MESH (CHFCKED FOR) 115n
~AXIMUM BOUNDARY TEMPERATURE IEXTEFNAl OR EDGEI AT EACH STEP 116~

~AX1MUM TE~PERATURE OVER THE WHOLE MESH 117 0

~ATERIAL NAME OF THE NODE WHERE T~FMAX WAS MEASURED 1180

ROW NUM8ER OF THE NODE WHERE TMPMA) WAS MEASURED 119~

COL NLMBER OF THE NODE WHERE TMPMA) WAS MEASURED 12'0
MIN[MUN TEMPERATURE OVER THE WHOLE MFSH 121~

ROW NUMBER OF THE NODE WHERE T~PMI~ WAS MEASURED 122n

Cal NUMBER OF THE NODE WHE~E TMPMI~ WAS MEASURED 123~

~AXIMUM ALLOWABLE TE~PERATURE FOR SPECIfiED NODES (SEE MAXAVGl
NO CF NODES TO BE CHECKED AGIUNST lCHECK FOR TEMP. TOO HIGH 125"
INTERNAL NODE NUMBERS OF NODES TO EE CHECKED AGAINST TCHECK 1260
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FOR
FOR
FOR

~AXIMUM NUMBER OF NODES THAT CAN B~ CHECKED AGAfNS
eN-eFF INDICATOR SHOwING WHEN A CH~CKEO NODE EXCEE
USER'S TIME STEP INCREMENT FOR EAC~ TIME STEP ITER
TSHPI2 ::: INTERNAL TIME STEP INCREI'ENT 8ETWEEN ROW
CELTA/2 = ONE FCURTH USER'S TI"E SlEP INCREMENT
INITIAL START TIME IREAL TIMEl WHICH IS NORMALLY lERO
ACTUAL ACCUMULATED REAL TIME AT AN'y POINT IN INTERNAL TIME
ACTUAL ACCUMULATED REAL TlMEAT At" POINT IN SECQNf)S

= INITIAL TCME STEP NUMBER (lNTEGERl IN.ORMALLY (\ UNLESS
::: TOTAL NUMBER OF TIME STEPS IN THE FROBlEM
::: FREQUENCY AT WHiCH TEMP.S ARE Te BE PRINTED (GIVEN FOR EACH
::: CURRENT NODAL ROW NUMBER
::: CURRENT NODAL COLUMN NUMBER
::: CURRENT NODAL INTERNAL NODE NU~BER

::: CURRENT NODAL INTERNAL REGION NUMBER
::: CURRENT NODAL FACE TYPES

CURRENT NODAL FACE AREAS
CURRENT NODAL CONDUCTIVITY
CURRENT ADJUSTED INTER-NODAL O[STA~CES

CUflRENr TEMPERATURE OF NEIGHBORING NODES lOR BOUNDARYl
::: CURRE",T NODAL HEAT SOURCE

CURRENT NODAL TEMPERATURE (PREVIOUS INCREMENT I
::: CURRENT NODAL DENSITY
: CURRENT NODAL SPECIFIC HEAT
::: CURRENT NODAL STATE INDICATOR 11=S(lIO, 2~lIQUIDI

CUPRENT NODAL PARAMETER ~ CONOK*AREA*OELTA/2
= CURRENT NODAL PARAMETER = SMASSK*S~EATK*VOL

CURRENT NODAL PARAMETER = QK*VOl*DfLTA
::: CURRENT NODAL PARAMETER = 11 OR 21~W

= INTEGER WORK ARRAY USED BY INPUT SlBRQUTINES
::: NODE NUMBERS WORK ARRAY USED BY INfUT SUBROUTINES
= CIMENSION USED FOR INTGER ARRAY

DIMENSION USEO FOR KNODEs ARRAY
SET Of 'FOR-EXPRESSION' EXPRESSION NAMES
SET Of 'FOR-EXPRESSION' LOCATION NAMES
NUMBER OF EXPRESSION NAMES
NUMBER OF LOCATION NAMES
SET OF 'ARITHMETIC-EXPRESSION' VARIABLE NAMES
/\UMBER OF VARIABLE NAMES
ON-OFF INDICATOR SHOkING WHEN VARN~S IS NUMERIC OR

= NUMBER OF VALUES TO RHS OF EQUAL S IGNFOR EACH VARN
= RHS VALUES Of EAOH 'ARITH.-EXPRESSlONf

ALPHAMERIC TITLE CARDS READ IN FOR EACH CASE
LOWER BAND OF ABC THREE BAND MATRI) USED IN SOLVING

: CIAGONAL OF ABC THREE BAND MATRI> USED IN SOLVING
= UPPER BAND OF ABC THP.EE BAND I'IATR I.,. USED IN SOLVING
= RIGHT HAND SIDE OF THE MATRIX EQUA1IUN, ABC*TEMP=P

THREE BAND MATRIX (BANOS SHIFTED T[ MAKE 3 COL.S) DESCRIBED
VARIABLE DEFINITIONS

TCHECK (250 I
S TCH ECK 1280
TION 1290
AND COL SEARCH

131'"
132('

UN IT S
134"

RESTART INGI
136·(-

STEPl
1380
1390
140")
141P

1421'
1430
1441)
145"
146)
147('
148('
149C
150n
151':
1520

1530
1540
155'"\
1560
157:;
158':"
159C:
160n
16F'l
162"
163{)
16411
165".

lPHAMER IC 1660
S 167;"\

1681'1
169('

TEMP_ S
TEMP.S
T EMP_ S

1730
AflOVE

175<)
176"

IMPLICIT flEAL*e (A-H,O-l' 1770

c*********** ***' ******'********************** ******t********** **************** ****
C*****BEGIN COM~ON AREAS FDR WHOLE PROGRAM *****.~ ••**.***********.*******.*****
C 180n
C*.***BEGIN MAXIMU~ DIMENSIONS COMMeN AREA 181n

COMMON IGEOM/ MHREG .MVREG ,MREGS .MHVRFG, 1820
1 ~iNODE.MVNOOE.~NOOES,MHVNOD 1821

COMMON IMATERLI MNMATl 183~

COMMON lITERATI MNITR 1840
C••••*ENO MAXIMUM DIMENS[ONS COMMON AREA 185"
C 186n

C*****BEGIN PARAMETER COMMON AREA 187f'l
COMMON IRERUNI INITAL 1880
COMMON /PRINTI INPRNT.MESHPT.NITRPR.ITRTMP,NLINES 1890

C MAXCHK
C IEXCED
C TSTEP
C DElTA
C DElTA2
C STRTIM
C TIME
C SECTIM
C INSTEP
C NSTEPS
C LI STMP
C ICURR
C JCURR
C KCURR
C LCURR
C IFTYPE
C AREA
C CONDK
C as
C TMPS
C QK
C TEMOLD
C SMASSK
C SHEATK
C LI QUOK
C \oj

C VK
C UK
C BIGW
C INTGER
C KNODES
C INTOIM
C MAXKNO
C EXPSET
C LOeSEr
C NEXP
eNLOe
C VARNMS
C NVAR
C NUMERC
C NVAL
C VARVAL
C TI n.e
C A

C B
C C
C P
C ABC
C*****ENO
C
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190 r
191
In ';
193"
194"
195
1 Q6'"
197:
198"
199"
1991
1992
1993
1994
21)r"':r'
2')1 •

2'" 11
2"2 1- ,

2J 3'"'
2'"'4;
205'"'
2'""6"
2"'7'
2G 8"
209''"\
21'Y
21 F'
212"
213"
214-
215'"
216-·
2lY
218
219(
22)1'
221~

222;
223"
22/+r,
225'"'
2251
226'"
227'
228"
22 qr
23 ,v,
231"
2321",

TRANSENT
234':·
2341
235')
2361'"'
231'"'

(NODFIX=BYTEI
23'Y'
2400
241':
242"\
243,.,
2440
245r
246"

NO. OF NODES TO BE C~ECKED fOR TEMP.S TOO HIGH
AREA

C
C

C

C

c

COMMON ISAVEI ISAVE ,LSAVE
CO~li"ON IUt\1TSI lENGTH,,'USS dTIME ,IfE"P ,IHEAT
COMMON /ITRATEI ITR,MAXITR
COMMON IEXECTMI MAXSEC,NOWTME,INITME

C*****END PARAMETER COMMON AREA
C
C*****BEGIN MES~ GEOMETRY COMMON AREA

COMMON ICCORDI IGECM
COMMON /IJKMAXI IMAX,JMAX,KMAX
COMMON IREGICN/ HRDIST(50),VRDISTI511,

1 NHRfG ,NVREG ,NTREG,
2 NH R~4 0 S I 50 I • NVRNDS I 5') I ,
3 .JTOLHll0nCI,ITOLV(1')OOI,
4 LHTOJI50,21,LVTOlI50,21

INTEGER*2 ITOLV,JTOLH,LVTOI,LHTCJ
COMMON /MESHI RDELTAI50I,R0,Rllr00I,RBIGC,RBIGI1~~~I,

1 t» ELTA(5 oI , u: , I I 1(·01 I • I BI GO .ze I Gil rvr, ... )
COMMON /FARE/lS/ AREA11l0001,RAREA41l0tlll
01 MENS ION AR EA3( 10(0), RAREA2( 10''):l I
EQUIVALENCE (AREAl. AREA31,IRAREA4121.RAFEA21111
AREA4 = RAREA4*ZOElTA
AREA2 = RAREA2*IOElTA
COMMON INCVOLS/ VOL(25001,REGVOL(251~I,TCTV(L

COMMON IFACESf IFT25614,2561,FTYPEIIJO(nl
LOGICAL*l HYPE
INfEGER*2 IFT256

C*****END MESH GEOMETRY COMMON AREA
C
C*****BEGIN BOUNDARY CONDITIONS COMMeN AREA

COMMON fBNDARYI T')BARI4,IOOOI,ARATEI4.1Cl,': I ,IBNDRYI4.FI')OI
LOGICAL* 1 IBNORY
COMMON IChANGEI TEMPCHISOOOI.DISTCHI50JCI.TINITLI4.1GC 0 1

C** ••*ENO BOUNDARY CCNDITIONS COMMON AREA
C
C*****8EGIN MATERIAL PROPERTIES COMMON AREA

COMMON IREGMTLI MTlNAMI3001,NMATL,MATLNC(25CJI
REAl*8 MTlNAM
COMMON I~TCCNDI COND(300.21.ICCNDF,ITE~PF

COMMON /HEATQ/ Ollr00QI.IQREGNI25~01.I~F

COMMON ISPECIFI SPMASS1300,21,SPHEATI300,2) ,IMASSF,IHEATF
COMMON IMELTNG/ TMElT(30CI.FUSIONI3301.ENER(YI100GCI.IMElT.

1 IAMLIC,lIQUIOI100001
LOGICAL*1 llCUIO

C*****END MATERIAL PPOPERTIES COMMON AREA
C
C*****BEGIN TEMPERATURE COMMON AREA

COMMON ITEMPS/ TMPOLDIIOOOOI,TMPNEW(10000)
DIMENSION TEMP (l{'001))

EQUIVALENCE (TMPOLO.TEMPI
TEMP", OLe TEMPERATURES AT PREVIOUS TIME STEP FOR TRANSIENT
COMMON /AvGTEMI AVGTMPI61,NAVGRP,IGRPNOI61 ,~AVGND(61,MAXNOD,

1 NODAVGI6.601
MAXNOO = 60 ~ MAXIMUM NUMBER OF NODES AVERACEO IN ONE GROUP
COMMON IFIXTEMI fIXTMPI2551,NFIXED.MAXFIX,NCOFIXI10GGOI
LOGICAL*1 NODFIX
MAXFIX = 255 '" MAXI",LiM NO.. OF DIFFERENT TEM F.S TO BE FIXED
COMMON IOERlvf TOERlVl100001
COM~'ON /MAXTM?I AL LMAX .OUTSI D. TMPMAX. FNA~E. ITP,"IAX. JTPMAX
COMMON IMiNTMPI TMPMIN.ITPM[N.JTP~IN

COMMON IC~ECKT/ TCHECKI2501.NCHECK,NODCHK(2~~I.MAXCHK. IEXCEDI2501
LOGICAL*l IEXCEO

C MAXCHK = 250 '" MAXIMUM
C*****ENO TEMPERATURE COMMON
C
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C••**.BEGIN REAL TIME COMMON AREA 247n
COMMON IREALTMI TSTEP(SOO!J) ,OELTA,OELTA2.STHIM,TIME,SECTIM. 24

1 INSTEP,NSTEPS 2481
COMMON ILISTl\GI LISTMP(SOnC) 249"
INTEGER*2 lISTMP 250~

C*****END RE AL r r ME COMMON ARE A 251"
C 252~

C*:(te**BEGIN NODAL INFORMATION COMMON AREA 253 f1

COMMON INDIJKLI ICURR.JCURR.KCURR,LCURR 2541'
COMMON INCFACEI IFTYPE(41 255n

COMMON INDAREAI AREA(41 256')
COMMON INCCONOI CONDK 257n

COMMON INCBSI BS~41 2580
COMMON INDTMPSI TMPS(41 259(
COMMON INCQI QK 26'1('
COMMON ITEMPKI TEMOLD 261 n
COMMON INDMASSI SMASSK 262~

COMMON INDHfAT I SHEATK 263'1
COMMON INCSTATI lIQUOK 264"
COMMON IWUVBIGI W(4) ,VK,UK.BIGW(41 265n

C*.***END NODAL INFOPMATIbN COMMON AREA 2660
C 2670
C*****BEGIN WORK ARRAYS COMMON AREA 268~

COMMON IMAXOIMI INTDIM,MAXKNO 269~

C INTOIM SC(! =: COLUMN DIMENSION OF THE IIP,RJY, [NTGER 270'-'
C MAXKNO '" 5COt' '" DIMENSION OF THE ARRAY, KNOCES nl"1

COMMON IweRKll INTGERI2,5001 277.1
COMMON IWORK21 KNOOES{5nO~1 273~

INTEGER*2 INTGER,KNODES 274S
COMMON IEXPRESI EXPSET(19),NEXP 2750
COMMON ILeCATEI LOCSET(31l,NlOC 2760
REAL*8 LoeSET 2771' ,

COMMON IAEXPNM/ VARNMS(3n).NVAR,NUMERCI301,~VALI3nl 278"1
COMMON IH\lDI 5T I VARVAU5CI 2791'
COMMON I HEADNG/ TI TL E( 1(:1 ,121 281')/"
COMMON /l'~ANDSI A(lC,,')(1).IHI0011.C(1')1)JI,P{lCOC)) 281""
DIMENSION ABCCICI'1C,31 2820

C EQUIVALENCE (ABCH,lI,AIl)),IABC(l,21.8(l) 1.(ABCIlt3I,CIlll 2830
EQUIVALENCE (A8C(l,I),A(1)) 2840

C*****ENO WORK ARRAYS COMMON AREA 2850
C 286'~

C*****ENO COMMON AREAS FOR WHOLE PROGRAM *******.~******************************

C**** ******* ** '"********* ****** ************* ***** * "**** ****** ***** *********** ****
C 2890
C*****BEGIN INPUT AND INITI.IlUlATION 290!1

CALL INITLl 2910
1 CAll INPUT 292""

{F(MESHPT .EQ. 11 CALL MESHPR 2930
INITME",{CLOCK! CIII or, 2940

C CALL SPACNG I S DONE INS IDE OF SUBROUTINE I/IPUT 295('
C CALL AREAS IS DONE INSIDE OF SUBROUTINE I~PUT 296"
C CALL VOLU~E IS DONE INSIDE OF SUBROUTINE I~PUT 2970

CAll NDTYPE 2980
CALL TMPOUT(-ll 29q~

CAll STATE 3000
C*****ENO INPUT AND INITIALIZATION 3~1~

C ~~

C*****BEGIN OUTER TI~E STEP LOOP ****************~******************************
TIME=STRTIM 3"140
IREFPT=INSTEP-l 3050
DO 31 ITR=INSTEP,NSIEPS 306")

C*****BEGIN TIME CALCULATIONS 3["7:1
DELTA"'TSTEP(ITRI12.0+00 Vi8!')
OELTA2=DELTA/2.0D+OO 389n



DO

TIME=TIME+TSTEPIITRI
IF( ITIME .EQ. 11 SECTII'=fU1E
IFIIfIME .EQ. 2) SECTIM=TIMr:*6C~JD+)

IF(lfIME .EO$ 31 SECTIM=TIME*361J.0D+00
C*****END TIME CALCULATIONS
C*****SEGIN BOU~DARY CHANGE AS FUNCTION OF TIME

IFtTEMPCH(ITRI .GT. C-9999998~OD+T}I) CALL ljBARFlTEMPCHClTR)I
IFlDlSTCHIITRI .GT. (-<;999998.00+0011 CALL tRATEHOISTCH{ lTRJ J

C*****END BOUNDARY CrANGE AS FUNCTION OF TIME
C

ISWEEP=O
2 {SwEEP"'1 SJ"EEP+l

C***.*SEGIN COLUMN-BY-COLUMN MESH SWEEP
DO 11 ,1"'lJJMAX
DO 8 I=I,IMAX

C*****BEGIN NODE DESCRIPTION CALCULATIONS
K= (1~II*JtJAX+J
LV=ITOLV (II
UI=JTOLH (J)

L=CLV-ll*NHREG+LH
I~ATl"'HATlNO(LI

ICURR; I
,ICURR;J
KCURR=K
LCURR: L

C I,J,K NeDE POSITION
C LV.LH,L REGICN POSITION
C MATl NOOE MATERIAL
C*****END NODE DESCRIPTION CALCULATIONS
C** •• *SEGIN NODAL PRCPERTY CALCULATICNS

LIQUOK~LIQUIDCKI

CONOK ~GTCOND(~ATL,LIQUOKI

SMA5SK~GT~ASSC~ATL,LIQUOK)

SHEATK~GTHEAT(~ATL.LICUOK}

QK =GElOI<, (Kl
CALL GETVPE(K)
CALL GTAREl',(I,JI
CII.LL G£ ISS C I,J)
CALL GE IMPS( I ,J, K)
TEMOLO-=TMPOlD(K)

C*.***ENO NODAL PROPERTY CALCULATIONS
C*****BEGIN ABCP MATRIX CALCULATIONS

CONDEl=CC~DK*DELTA2

DO 3 15"'1,4
3 \oJ( I S I '" ARE,&( IS) *cON 0 E L

BIGWtll=WIlI
BIG W( 2 )= \oj I 2 I >1< 2" 0 D+ Df
BI GW {3 }= III (31
BIGWI41=w(4)·2.00+(~

VK=5MASSK*SHEATK*VOL(LI
UK=QK*VOLCL)*OElTA
WIBl=O.OD+or
W3B3=O.OD+f\C
IF(BSCll .NE. (,.00+01 WIB1='jj(lI/BSlll
I F ( BS (3 ) • NE.. o• 00 H o I 1'43 B 3 ~ wD II B5 C3 1
AI 11:::- WIB 1
BII}=WIBI+W383+VK
C,II)=-W383
PII)=UK+VK*TEMClO
[FCI .NE .. 11 GC TO 4
A( I) =0-.00+00
PI I )=P (I) +WIB1*TMPS( 1)
GO TO 5

4 IF(I .NE .. I!'IAX) GO TO 5

31')/)
311'
31r,
3D"'
314"1
315r
316"
31 P
318"'
319"'
32n~

321:
322')
323r'
324")
325:1
3260
32 "f';
328')
329"
330"'
331'"\
332,~

33Y,
334"
335"
336'"'
337"",
338:
339n
34 ron
3'+ 1":
3'.2"
343'"
344('
3'.50
3460
347('\
3480
349'"
35';'1
351fl
352")
353:)
3540
355"\
356(1
357(1
3580
359r l

360"
361r
362"\
363C
364r:
365'
3660
36 "If)

3680
369{)
3700
371"
372')
373(\
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3740
375':

METHOD
377;')
3780
37(1)
3800

3aF'
3820
383'1
384'"
385'-'
386C'
387"
3871
388\'
3881
389')
3901')
3911"\
392')
393(">
394"\
395"
396<"'\
397:
398·:
399'"
4fJ'1t"
41 If'
41) 2'"
403'
434t \

405')
4')6'"

41" 7'"
4:') 80
409'"
41 ;J':
4110
412~

41 y,
414'"
415"
416'1
41 7'"'
418('
41
420('
42P
422'"
423'"
424'""
425"
426~'

427"
428:'
4290
4317'
431':'
432['
43Y'
434('
435<'

C
C*****8EGIN TEMP. RESETTING

00 15 K;:l,KMAX
15 TMPOLO(KI=TMPNEW{K'

C*****ENO TEMP. RESETTING
C
C
C
C*****8EGIN BOUNDARY CHANGE AS A FUNCTION OF TIME

IF HEMPCH (ITR 1 .GT. (-9999998.. 00+001 I CALL lORARFf TEMPCHI ITR II

CII I=O.OD+OO
P{ I )=P (I) +W3B3*TMPS( 3)

C*****BEGIN ADDITIONAL CAlC.S FOR fULLY IMPLICIT tlTERNATING DIRECTION
5 ITEMPF=l

BIGW(2)=W(Z)
BIGW(41=W(41
W282=Q.OO+00
W4B4=O.OO+'J1J
IfIBS(21 .NE. O.OO+0~1 W2B2=Wl2"BSt2J
IF(B$(41 .NE. 0.00+001 W4B4=W(41/BS(4J
8(11=8(11+101282+14484
IF(J .EQ. JMAX~ P(II=P(IJ+W2B2*TMPS(2J
IF(J .EO. 11 P(I)=PIIl+W4B4*TMP$f4)
IF«ISWEEP .EQ. U .. AND. (J .NE .. JMAXJJ

1 PU I=P (I J+( TOERIV{K+ll*DElTAHMPOlOIK+11 J*W2B2
IF « ISWEEP .EQ. 21 '" ANO. (J .NE. JMAX II

I PtIJ=PHI+(TMPNEWIK+llJ*W282
lFIJ .NE. 1) PHJ=PUI+(TMPNEWlK-1I)*W484

C*****END ADDITIONAL CALC.S FOR FULLY IMPLICIT AL1ERNArING DIRECtION METHOD
6 DO 7 I S=1,4

If(BS(1SI .EQ. O.OD+OOI GO TO 7
P f I I =P (I ) +( B I Gwt IS tI BS { I S I J* ( T MPS ( IS J - r EMOL Cl

1 CONTINUE
C*****ENO ABC? MATRIX CALCUlATIDNS

8 CONT INUE
C*****BEGIN SOlUTlCN OF MATRIX FOR TEMP. S {EXCEPT FIXED TEMP,. NODES'

CALLBANDSO( IMAX,3 J
00 10 I=ltlMAX
K= (I...,ll*J1"AX+J
IFIX=NODFIX(KI
IF(!FIX .EQ. 01 GO TO 9
TMPNEW(KJ=FIXT1"P(IFIXI
GO fa II)

9 TMPNEW(K)=Plll
10 CONT INUE

C*****END SOLUTION Of MATRIX FOR TEMP.S (EXCEPT FIXED HMPw NODES)
11 CONTINUE

C*****ENO COlUMN-BY-(OlUMN ~ESH SWEEP
C***.*BEGIN NODE MELTING CHECK

IFHIMElT .. NE. 01 .AND. ({SWEEP .EQ.?l1 c s u, MELT
C***.*END NODE ~fLTING CHECK
C***••8EGIN TEMP. DERIVATIVE

I F t r TEMP F ,. EQ.. C I GOTa 13
DO 12 K= 1 ,KMAX

12 TDERIV(KI:{TMPNEW{KI-TMPOlD(KII/OELTA
1"3 CONTINUE

C*****END TEMP. DERivATIVE
C*****BEGIN BOUNDARY CHANGE AS A FUNCTION OF TIME

IF(ISWEEP .EQ .. 21 GO Te 14
IF(TEMPCH(ITRI .GT. (-9999998..00+t"OH CALL 10 ARftTEMPCHIITRI)
IFlOISTCH{ITRI .. GT. (-9999998 Q OO+OO l l CAll tR TEF(DISTCHIITRll

14 CONTINUE
C*****END BOUNDARY CHANGE AS A FUNCTION OF Tr~E

[F([SWEEP wEQ. 11 GO TO 2
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IFlOISTCHUTRI .GT. 1-9999998.')0+:)011 CAll IlRATEFlO[STCHIITIUI
C*****ENO BOUNDARY CHANGE AS A FUNCTION OF rI~E

C
IS WEEP"'O

16 ISWEEP=IS~EEP+1

C.****BEGIN ROW-8Y-RCW MESH SWEEP
DO 25 I=ltlMAX
DO 22 J=1 ••IMAX

C**•••BEGIN NODE DESCRIPTION CALCULATIONS
K"'II-ll*J"'AX+~1

LV=ITOLV( II
LH=JlOLHIJI
L=ILV-11*~HREG~lH

MATL"'MATlNOIL!
ICURR= I
JCURR= J
KCURR=K
LCURR=l

C I,J.K NODE POSITION
C LV,lH,l REGICN POSITION
C MATl NODE MATERIAL
C*****ENO NODE DESCRIPTION CALCULATICNS
C****BEGIN NODAL PROPERTY CALCULATIONS

LI QUOK =L I GU 10 1 K1
CONOK =GTCOND(~ATL,lIQUOKI

SMASSK=GT~ASSl~ATL,LIQUOKI

SHEATK=GTHEATl~ATl,lIQUDKI

QK =GETQKIKI
CAll. GETY PEl t< I
CALL GT AREA( I,JI
CALL GETBSII,JI
CAll GETt4PSlI,J,KI
TE ~1OLO=T MPOLO (I< I

C*****ENO NODAL PRCPERTY CALCULATICNS
C*****BEGIN A8CP MATRIX CALCULATlONS

CONDEL~CC~DK*DELTA2

DO 17 IS"' 1, 4
1 7 \~ ( IS) = AR EA( 1 S I *CON DEL

RIGWI 11=W11 1*2.'JD+01'
BIG\<I<Z 1=\0; 121
BIGWI31=Wl31*2.00+0 r

BIG"H4)=W(4)
VK=SMASSK*SHEATK*VOl(LI
UK=QK*VOl(LI*DELTA
W4B4"'O.OO+C'O
\<1262=0.00+1',(
[F(8S141 .NE. (.00+001 W4B4=W(41/BSI41
IF(BSlZ) .NE. r.CD.~nl W2BZ=WiZI/BSIZI
AIJI=-W454
BIJI=W4B4+W2B2*VK
C(Jl=-'WZB2
PlJI=UK+VK*TEMClO
IFlJ .NE. 11 GC TO 18
A ( J I =Q.O 0 +no
PlJI=PlJI+W4B4*TMPSl41
GO TO 19

18 IF l J • NE ~ J ~\AX I GO TO 19
C l J 1=C .0 0 +00
P l J I =P l J I +W 252 *H1P S l 21

C*****BEGIN ADDITICNAL CALC.S FOR FULLY IMPLICIT tLTERNATING DIRECTION
19 ITEMPF=l

BIGWIll=\o;lll
BIGWI31=W(31
WI Bl=r. O+N'
w3B3=C. 0+''',1'
IFIBSl1 .NE. ~.OD+~CI wlR1=W111/8S111

436'~

437"'
438-'
439'"'
44'"'~

441 r ,

442"
443f\
44 It:"

445"
4460
447'"
448'-

449C'
45''''
It 5 1:"
1,52'-'
453"
45',':
455'"
456'.\
457"
458f'
459,"'
461':'''''
461"
462-"
463'·
1,6 (t~'

465!"\
466"
467;-
468'
469'"
470'-"
471n
472"
47Y
4'r4',
475 n
476"
4771
1, 7 8'"
It7q~,

480"
481:,
482"
483""
484 r

485'~

486:',
487'
488r,

4B9'"'
490'"
't910
1+92"1

49r
49/+'"\

METHOO
496:"
497'
498~

499")
5:, (,.-,
5'" 1 ~
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IFIBS(3' .NE. C.OO+'"'O' W3B3=wf3I/BS<31 5020
BIJI=BIJHWIB1+W3B3 503'"'
IF(I .EQ .. IMAXI PtJI=P(J)HI3B3*TMPS{3' 50¥'
1Ft! .EQ. 11 PIJ,=PIJ)+WIBl*TMPS(l' 5050
If( nSWEEP .EO", 11 .. ANO. (I .NE. I/olAX II 506'"

1 P(J)=P(J)+(TOERIV(K+JMAXI*I)ELTA+TMPOLD(K-t.,lMAXII*W383 5')61
IF«ISWEEP .. EO.. 21 ,.AND. (I .. NE.IMAX)1 5070

1 P(J)=P(JJ+(TMPNE~IK+JMAXII*W3B3 5071
IF(I .NE. 1) PIJI=PIJ)+(TMPNEWIK-JMAXJ)*w181 5'J80

C*****END ADDITIONAL CAlC.S FOR FULLY IMPLICIT ALTERNATING DIRECTION METHOD 5090
20 DO 21 15=1,4 5100

IF (B$I IS I .EC;1. 0.1)0+'001 GO TO 21 511"
P«J I =P (J I + ( BIG \>H 1S ) / BS( I SI I * (T MPSI 1 S.I - TE MO L [l 51 2!)

21 CONTINUE 513"
C*****END ABCP MATRIX CALCULATIONS 514n

22 CONTINUE 5151'\
C*****8EGIN SOLUTICN OF MATRIX FOR TEMp.S ~EXCEPT FIXED TEMP.NODES) 516~

CALL BANDSO(JMAX,3' 5171"
00 24 J=I,JMAX SIS'")
K"" 11-1 )*JMAX+J 519'"'
IFIX=NOOFIX(K' 520n
IF(IFIX .EQ. 0) GO TO 23 5210
TMPNEWIKI=FIXTMPHFIXI 522'-
GO TO 24 523'1

23 TMPNEW(KI=P(JI 524::"
24 CONTINU", 525,..

C*****END SOLUTION OF MATRIX FOR TEMP.S IEXCEPT FIXED TEMP. NODESl 526?
25 CONTINUE 527'"

C*****END ROW-8Y-RCW MESH SWEEP 5280
C*****BE GI NNO DE MElTING CHECK 529"

IFtIMELT .EO. Ol GO TO 26 5yn
IF {{SWEEP .. EO. 11 GO TO 26 5310
CALL M.EL T 5320

26 CONTINUE 533'1
C*****END NODE IoIElTI NG CHECK 53
C*****BEGIN TEMP.. DERIVATIVE 535':

IF (ITEMPF .. EQ. (), GO TO 28 53611
DO 27K=1 ,KMAX 537:)

27 TDERIV(KI=ITMPNEwtKl-TMPOlDIKII/DELTA 538,..,
28 CONTINUE 539')

C*****ENO TEMP. DERIVATIVE 540"
C*****BEGIN BOUNDARY CHANGE AS A FUNCTICN OF TIME 5410

IFlI$WEEP .. EO. 21 GO TO 29 5420
IF(TEMPCH(ITRI .GT. (-<1999998.00+11011 CALL 10f3ARFlTEMPCH(ITRI) 5430
IF<DISTCH(ITRI .. GT. {-9999998.00+'1CII CAll tRATEFlOISTCHI ITRll 5440

29 CONTINUE 545'-'
C*****ENO BOUNDARY CHANGE AS A FUNCTION OF TIME 5460

IFlISWEEP .EO. 11 GO TO 16 547""
C 5480
C*****BEGIN MAX., MIN., AND AVG. TEMP. CALCULATIC~S 549~

CALL MAXAVG 5500
C*****END MAX., MIN., AND.AVG. TEMP. CALCULATIONS 551n
C*****BEGIN ITERATION OUTPUT 552"

NOWTME={ClOCK(~)/100-INITME 553n

IFIITR .Ee. 11 GO TO 30 554'1
IFINITRPR .EO. cn GG TO 31 555,)
IDIV=[TR/NITPPR 5560

INEW=IDIV*NITRPR 55
IF( INEW .NE. ITRI GO TO 31 55

30 CALL ITROUT 5590
31 IF(ITR .EQ. INSTEP) GO TO 32 561j')

IF{USTMPUTRI .NE. USTMPI!TR-ll) IREFPT=I1R-l 561')
32 ITFREQ=lISTMPIITRI 562"

IF{ITFREQ .EQ. 0) GO TO 33 563('\



59Y
5q (,()

595'
596"
597'1
59':!',
59 cV,
6"1r,,-

6"'1
6";2'
0'''''': 3~
6," (tl'l

615",

HAS EXCEEDED MAXIMUM ALLOW
=',J6111

5641',
565~

566"
56Y!
568"
569"
')7'-")

571,
572'
')73",
5 7/t'~

575~

,)76~

571')
578"
579'
580"
5131"'
5811
582"'
583-'
584"
585"
586"
58r'
588'"'
58')'"
59"", .,
5911',

******************.******************************

34

LOCITR=ITR-IREFPT
IDIV=LOC ITR/ITFREQ
INEW'"'IDIV*ITFREQ
IFIINEW .~E. LCCITRI GO TO 33
IFIITRTMP .EQ. 0) CAll MAPOUTl01
IF (I TR TM F • EQ. 11 CAll TMPOUTl{))

33 CONT INUE
C*****ENO ITERATICN CUTPUT
C*****SEGIN MAC~INE EXECUTION TIME CHECK

IFIMAXSEC .EQ. 0) GO TO 35
IF(NOWTME .LT. ~AXSECI GO TO 35
INEW"'')
IFINITRPR .EQ. 0) GO TO 34
I DI V= I TR I NIT RPR
INEW=IOIV*NITRPR
IF([NEW ~NE .. ITR) CAll r rs our
PRINT lOOl.NO~lME,MAXSEC.ITR

1001 FORMATt//1X,'M,OCHINE TIME =' ,IJ,' SEC.S
1ABLE TIME =',17,' SEC.S AFTER TIME STEP
NLINES=NLINES-t!5
GO TO 38

35 CONTINUE
C*****END MACHINE EXECUTION TIME CHECK
C*****SEGIN RESETTING TEMP.S

DO 36 K= l,K~'AX

36 TMPOlOIK}=TMPNEWIK)
C.****ENO RESETliNG TEMP.S

37 CONTlNUE
ITR=NsrEPS

C*****END OUTER TIME STEP LOOP
C
C*****BEGIN FINAL CUTPUT

38 CALL MAPOCT(l)
CAll TMPOCT( 1)

C*****END FINAL OUTPUT
C*****BEGIN FINAL SAVE OUTPUT

IFIISAVE .EO. (') GO TO 39
CALL TPSAvE

C*****END FINAL SAVE OUTPUT
39 PRINT 11)1'2
1002 FORMATl1H1)

GO TO 1
END
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APPT~NDIX E

LISTING OF SKELETON l31JBPROGRAM FOR CONDF (STEADY-STATE ONLY)

FUNCTI ON CONDF (MATl) CONDF 10
IMPLICIT REAl*e (A-HtO-l) CONDF 2'1

C*****··*******·*********************·*******··**~*··************.-*****.*******
C THIS IS A DUMMY CONDUCTIVITY FUNCTION WHICH MAY SERVE AS A MODEL CONDE 40
C FOR A USER-JoiRITTEN FUNCTION.. IT RETURNS A SINGLE REAL*8 VAlU.E CONOF 5'1
C REPRESENTING THE CONDUCT IVITY AT THE FACEt ISIOE, OE NODE, K.. CONDE 61'
C WE ASSUME THAT THE CONDUCTlVIfV IS i'\ FUNCT 1(N OF TEMPERATURE HERE CONDF 70
C SO THAT WE NEED TO KNO~ THE TEMPERATURE ON lHEFACE. ONE EASY WAY CONDF 80
c TO APPROX {MATE THI S TEMPERl\TURE IS TO AVERA(E THE TEMPERATURES ON CONDF 9(')
C EACH SIDE OF THE FACE.. eOND 100
c COND 110
c TEMPIFACEI <TEMPIKI + TFMP{NEIGHBOflI/2 COND 12'1
C COND 1311

C THIS RESULTS IN QUICK CALCULATICNS. THE WAY WE 00 IT HERE IS MORE CONO 141
C TIME-CONSUMING BUT IS MORE ACCURATE. WE APPFOXIMATE THE TEMPERATURE 15':'
C BY.. (ONO 160
C CONO 17/1
C TEMPIFACE) TEMPIKl + OE~TAX * eT/CN eOND IBn
eDT/ON lTEMPINElGHBORI - TEMPlI<lI I DIST COND 1
c CONO 200
C OF COURSE IF THE NODES ARE EQUALLY SPACED, THE TWO TECHNIQUES ARE AlP-lOST
C THE SAME. THUS THE CONDUCTIVITY MAY BE CALCLLATED ONCE THE TEMP(fACE I 22n
C IS KNOWN FROM AN EQUATION OR TABLE LOOKUP., IF A USER WANTED TO eOND 23:
C REALLY SPEED UP CALCULATIONS HE COULD LET.. eOND 24r
C eONO 250
C TEMPCFACEJ = TEMP{K) COND 26()
C eOND 27 f '

t OF COURSE THIS IS VERY INACCURATE FOR STEEP TEMPERATURE GRADIENTS.COND 280

C*···~*·**·************·***********·**********·*·*****.*.**********************
C*****SEGIN COM~ON A~EAS COND 3~n

COMMON ICCORDI IGEOM COND 31"
COMMON /IJKMAXI IMAX,J~AX,KMAX COND 32"
COMMON IMESHI RDEl TA(501 ,R0,ROOO'H ,RBIGr ,RBIG<lOnD' , CUND 330

1 lOELTA(S01 ,l0.lUOO')1 ,l8IGO dBIG(l"'l(l('l1 CONO 331
COMMON IFACESI IFT256(4,256l,FTYPEl100COI COND 340
LOGICAl*l FTYPE eOND 350
INTEGER*2 IFT256 COND 360
COMMON IBNOARYI DBAR(4.FJonl,ARATEI4 t H OO I ,I BNDRYI 4 , 11 0 0 1 COND 3T
LOGICAl*l IBNDRY eDND 380
COMMON ITEMPSI TMPOLO(lonOOI,TMPNEW(lGCOOI CONO 39n
DIMENSION TEMP II !')O 00 I COND 4iJ0
EQUIVALENCE ,TMPNEW.TEMPI COND 41~

C TEMP = BEST (NEwESTI TEMPERATURES FOR STEAC\ STATE COND 42~

(OMMON INCIJKll ICURR.JCURR,KCURR,LCURR COND 43~

COMMON INCCCNDI CONDK, IS IDE eOND '+4('
DATA ALPHA/O.IC+OCI COND 45~

C*****END COMMON AREAS COND 46~

C*****BEGININITIALIlAHON COND 470
I=ICURR COND 48~

J=JCURR eDND 49G

K:KCURR CONO SQG
IF(ISIOE .NE. C) GO TO 1 COND 51"
CALL MISQUI2.'CONDF CALLED WITH ISIDE=0 - CCNO=F{TEMPI BUT NO FACECOND 52n

1 FOR K ,MATL=$' .KtMATU COND 521
CONDF=~OCOCo.r:n+rn COND 530
RETURN CONO 54~
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C••• **END Ih.TI'LIIATIO~

C.****BEGIN FINCING TYPE OF FACE, ISIDE
1 1256=FTYPEIKI

ITYPE=lfT256IISIDE,I2561
C*****ENO FINOI~G TYPE OF FACE, ISIOE
C*~***BEGIN GETTING ~EIGHBORING TEMPER4TURE

GO TO (2,2,7,7), ITYPE
2 GO TO {3,4,5,6I, ISIDE
3 TSIOE=TEMPlK-JMAXI

GO TO 12
4 TSIDE=TEMP{K+l1

GO TO 12
5 TSIDE= TE MPI K+.JfoIAXI

GO TO 12
6 TSIOE=TEMP{K-ll

GO TO 12
7 G TO 18,'7,10,111, ISIOE
8 T_IDE=TOB'Rll,JI

GO TO 12
9 TSIDE=TOBARl2,I1

GO TO 12
10 TSIDE=T?BARI3,JI

GO TO 12
11 TSIDE=TOBARI4,II

GO TO 12
12 CONTINUE

C*****END GETTING NEIGHBORING TEMPERATURE
C*****BEGIN GETTING ftiTHIN-NODAl DISTANCE, DELTAX

CONS=l.OD+'"'O
IFIIGEOM .EO.. 31 CONS=RBIG{JI
GO TO (13,14.15,161. ISIDE

13 DELTAX=CO~S*lleIG(II-I(I-l»

GO TO 17
14 DELTAX=RIJl-RBIGlJ)

GO TO 17
15 DElTAX=CO~S*II(II-IBIGIIII

GO TO 17
16 DElTAX=RBIGlJI-RIJ-11

GO TO 17
17 CONTINUE

C*****END GETTING WITHIN-NODAL DISTANCE, DElTAX
C*****BEGIN GETTING BETWEEN-NODAL DISTANCE, DIST

ARECIP=').CD+on
IFllTYPE .NE. 31 GO TO 18
01 ST=O.OD"OO
ISUB"'1
IFllISIDE .EQ. 11 .OR. liSIDE .EQ. 311 ISUB=J
A"'ARATE( ISIDE,ISUB 1
IFIA .EQ. 0.00+001 GO TO 23
ARECIP=I.CO+OO/A

18 ZKONE=I.0C+OO
IF(IITYPE .EQ. 31 .OR.. lHYPE .EQ. 411 lKONE=p.!)D+O')
GO TO (19,20,21,221, ISIOE

19 DIST=DELTAX" CONS*(Z(I-II-IBIGlI-lll*lKONE .. ARECIP
GO TO 23

20 DIST=OELTAX" (RBIGlJ+II-RIJI l*lKGNE" ARECIP
GO TO 23

<JJND 55"
COND 56"
COND 57'"',

COND 58'"1
(OND 59',
eOND 6'~' "
CDND 61'1
eDND 62· ...
CUND 63~

eOND 641",

COND 65'"'
COND 66'.;
COND 67",
eONO 681"
COND 69'"'
COND 7'':1

COND 71"'
eOND t z«
COND 73',
COND 74 f

eOND 75"
COND 76')
eOND 77 n

eOND 78:
COND 79"
eOND 8 !)r

eOND 81 r.

COND 82"
eONO 83"
eOND 84'\

eOND 85"
CDND 86,..
CDND 87"
COND 881'
eOND 89'~

COND 9 (J~

eOND 91'"'
eOND 9n
(OND 93'
eONO 94r,

eOND 95"')
eOND 96','
COND 91"
COND 98'\
eONO 9Q(',

CON , r !-.r.
~. ..J.

CON II' II",
CON 1" 2'--
CON I,.. 3'
CON FJ4"
CON 1C\ 5'
CON io 6C'
CON It) 7)
CON 1('l8~,

CON lr'i9 r

CON 11'Y
CON 111"1
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I*ZKONE + AREC IP

OIST

(R(J-ll-RBIG(J-l11*ZKCNF + AREClP

USER-WRITTEN FUNCTION OF THE TEMPERATlRE, TFACE

24

21

22

c

DIST=DElTAX + CONS*IZ8IGII+II-ZIII
GO TO 23
OIST=OELTAX +
GO TO 23

23 CONTINUE
C*u**END GETTlf\G BETWEEN-NODAL DISTANCE,
C*****8EGIN CALCULATION OF TEMP(FACEI

[HOIST .NE. 0 ..00+1 GO TO 24
HACE= TMPNEw( K I
GO TO 25
DTON = (ISIOE - TMPNEWIK)/ I DIST
TFACE = T'PNEWIKI + OElTAX * DTON

25 CaNT [NUE
C*****END CAlCUlA TION OF TEMP(fACEI
C
C*****8EGIN
C

CON 112'1
CON 113"
CON 1140
CON 11
CON 11 fJ"I

CON ~1 7'
CON 11 8'"
CON 119"'
CON 121""
CON 121"
CON 122:':
CON 123"
CON 124"
CON 125r

CON 126'"'
CON 127"'
CON 128'"'

CONDf = 1.00.00 + ALPHA *' TFACE CON 129"1
C CON 13nr
C THE ABOVE FUNCtiON SHOULD BE REPLACED BY WHtTEVER FUNCTION THE USER Hl.\S.
C*****END USER-WRITTEN FUNCTION OF THE TEMPERATURE, TFACE CON 132~

CAll MISCLJ(2,'CONDF CftLLED - THIS IS A DUM/,,' FUNCHON - MATl.K=$',CON BY'
1 MATl,KI CON 1331

REMOVE THE A80VE ERROR CALL wHEN A FUNCTI0~ IS SUPPLIEO. CON 1340
RETURN CON 1350
END CON 13~0



LISTING OF SKELETON SUBPROGRAM FOR CONDY (TRPr3H,'NT ONLY)

FUNCTION CONDF(MATl.LIQUOKl CONDF 1"
H4PLICIT REAl*8 (A-H,O-ll CONDf: 2"

C************************************************~******************************
C THIS IS A DUMM~ CONDUCTIVITY FUNCTION WHICH ~AY ~E OVER-RIDDEN BY CONDF 4-
C A USER WRITTEN fUNCTICNe (IT KEEPS THE LINt<tGE EDITOR HArpy. I CONDF 5;
C HOWEVER, THIS FUNCTION DOES SHC\oJ HOW TO USE THE TEMPERATURE CONDF 6'"
C DERIVATIVE (~lrH RESPECT TO TIMEI TO ESTIMATE THE TEMPERATURE AT CONOf 7"
C THE CURRE~T TI~E STEP IN CASE THE CONDUCTIVITY IS A FUNCTION Of CONDF 8'"
C TEMPERATURE. IT IS ASSUMED THAT THE CURRENT NODE NUMBER, K, IS CONDF 98
C STORED IN THE COMMON VARIABLE, KCURR, IT IS ALSO .ASSUMED THAT COND 1"\'
C THE TEMPERATURE DERIVATIVE HAS BEEI'< CALCULA1L FOF THIS NODE AT COND 11"
C THE PREVICUS TIME STEP. 1If'1E-DElTI\" TIME IS THE CURRENT TIME AND (OND 12'
C DELTA IS THE CURRENT TIME INTERVAL. TMPCLO(~CUK.RI IS THE TEMPERHURE 13"'
C AT THE PREVIClJS TIME STEP. NOTE fHAT DELTA = TSTEPlITRl/2 SO THAT THE 14:'
C USER TIME STEPS. TSTE?, ARE ACTUALLY CLT IN HALF AND USED AS THE (OND 15~

C INTERNAL TlME STEPS, DELTA~ THE EQUATICI'< IS.. COND 16"'
C COND 17"
C TMPEST = TMPOlOlKl • TDERIV(Kl*OElTA CONO 18-
C COND 19r
C************************************************~******************************
C*****SEGIN COMMON AREAS COND 21"

COMMON INCIJKLI ICURR,JCURR,KCURR,lCURR COND 220
C~MMON /TEMPSI TMPOLOII000Jl,TMPNEwI10corl COND 23~

DIMENSION TEMP 00(;)01 COND 24.,
EQUIVALENCE lTMPOlO,TEMP) COND 25~

C TEMP = OLe TEMPERATURES AT PREVIOUS TIME STEP FOR TRANSIENT TRANSENT
COMMON IDERI~I TDERIV(10Q001 COND 210
COMMON IREALTMI TSTEP(50001.0ElTA,DELTA2.STFTIM.TIME,SECTIM, COND 2An

1 INSTEP,NSTEPS COND 281
C*****END COMMC~ AREAS COND 2q~

TMPEST = IMPCLO(KCURRI + TOERIVIKCURRI*DELTt COND 30n
1 CALL MISQUl3,'(ONDF ERRl - CCNCUCTIVITY FUNCTION CALLED - ~1ATl,UQCOND 31"

lUOK,KCURR=$',MATl,LIQUOK.KCURRI COND 311
CONDF=90COOPC.00+C0 COND 32"
RETURN eOND 33~

END CDND 3M"
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LISTING OF SK..ELETON SUBPROGRAM FOR SREA'l'F ('TRANSIENT ONLY)

FUNCTION SHEATF(MATL,UQUOKI SHEAT ro
IMPLICIT REAl*e (A-H,O-ZI SHEAT 2~

c**** ******* *** ********* ** *********************** ~******************************
C THIS FUNCTION IS IDENTICAL TO FUNCTION CONDf EXCEPT THAT THE SHEAr 4~

C SPECIFIC HEAT IS BEING CALCULATED INSTEAD Of THE CONDUCTIVITY.. SHEAT 50
C THIS FUNCTICN SHOWS HOW TO ESTIMATE THE TEMFERATURE JUST LIKE SHEAT 6"
C CONOF OOES~ SEE fUNCTION CONOF FOR A DETAILED DESCRIPTION. SHEAl 70
C************************************************~******************************
C*****8EGIN COMMON AREAS SHEAT 90

COMMON /NDIJKLI ICURR,JCURR,KCURR,lCURR SHEA 100
COMMON /TEMPSI TMPOLO(lOOOO),TMPNEW(lOCGO) S~EA 110
DIMENSION TEMP (10000) SHEA 12D
EQUIVALENCE (TMPOLD,TEMPI SHEA 13~

C TEMP'" OLD TH1PERATURES AT PREVIOUS TIME STEP FOR TRANSIENT TRANSENT
COMMON IDERIV/ TOERlvtI0000) SHEA 150
COMMON IREALTMI TSTEP(500DI,OElTA,DElTA2,STFTIM,TIME,SECTIM, SHEA 160

1 INSTEP,NSTEPS SHEA 161
C*****ENO COMMON AREftS SHEA 170

TMPEST '" TMPOLD(KCUPRI + TOERIV{KCURRI*CElTt SHEA 18"
1 CALL MISQ~t3,'SHEATf ERRI - SPECIFIC HEAT FlNCTION CALLED - MATl,LSHEA 190

lIQUDK,KCURR=S',MATl,lIQUDK,KCURRI SHEA 191
SHFATF=9C00000.00+00 SHEA 2n n
RETURN SHEA 21n
END SHEA 221'\



LIS'l'ING OF SKELETON SUBPROGRAM FOR SMASS~' (TRANSIENT ONLY)

FUNCTION SMASSFIMATL,LIQUDKI SMASS IG
It"lPLlCIT REAL*e lA-\-' O-II SMASS r,

C*********** ** '"*** >I< ***** *' ~***** ***" ~*** *****'*** * ~** ******** *********** *********
C THIS fUNCTION IS IDENTICAL TO FUNCTION CONOF EXCEPT THAT THE SMASS 40
C DENSITY IS BEI"'G CALCULATED INSTEAD Of THE CONDUCTiVITY. SMASS 511

C THIS FUNCTICN SHOWS HOW TO ESTIMATE THE TEMfERATURE JUST LIKE SMASS 6~

C CONDF DOES~ SEE FUNCTION CONOF FOR A DEIAILlO DESCRIPTION. SMASS 7~

C***···**********************************··******-*************••***************
C*****BEGIN COMMON AREAS SMASS 9~

COMMON /NOl.JKL/ ICURR,JCURR,KClJRR,LCURR SMAS 1"'('
COMMON /TEMPSI TMPOLD(10nCOI,THPNEWI10COOI SMAS 11"
OlMENSION TEMP (1('11)00) SMAS 12'"
EQUIVALENCE ITMPOlD,TEMPI SMAS 13~

C TEMP = OLD TEMPERATURES Af PREVIOUS TIME STEP FOR TRANSIENT TRANSENf
COMMON IDERIV! TDERlV(I~On01 SMAS 15~

COMMON IREALT"' TSTEPI50~OI,DElrA,DElTA2,STfTIM.TIME,SECTIMt SMAS 16~

1 INSTEP.NSTEPS S~lAS 161
C*****END COMMeN APEAS SMAS 17l

TMPEST = TMPClOIKCURRI + TDERIVIKCURRI*CELTt SMAS 18~

1 CAll MISQUI3,'SMASSF ERRI - SMASSF DENSITY FUNCTION CALLED - MATLSMAS 190
I,LIQUOK,KCURR=$'.MATL,LIQUDK,KCURRI SMAS 191

SMASSF =90CCOOO ..CD+G,A SMAS 2(:'"1
RETURN SMAS 21'"
E~D SMAS 220
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LISTTNG OF SKELETON SUBPROGRAtvr FOR Q,F' ('.l'RANSIENT AND STEADY-STATE)

FUNCTION QF (K, QF 11')
IMPLICIT REAL*8 (A-H.O-Z) QF 2:i

C*******·******·*.**************·******··*··*****~*··*••*.* •••*.*••***••••******
C THIS IS A DUMMY HEAT SOURCE FUNCTION WHICH MY BE REPLACED BY A QF 4'.1
C USER-WRITTEN FUNCT rc«, THI S FUNCTION KEEPS lHE LINKAGE EDITOR HAPPY 5(\
c·**·*·*****·*****************·*************·*··*~**** ••*.******•• -.****.*.*.***

CAll MISQliO,'QF CALLED - THIS IS A DUM/"Y FLNCTION - K"'$'.KI QF 70
QF =90000CO.. OD+CO QF 8n
RETURN QF 9':\
END QF 1
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LISTING OF SKELETON SUBPROGRAM FOR TOBARF (TRANSIENT ONLY)

SUBROUTINE TOB~Rf(TMPCHI rnbAR l~

IMPLIC IT REAL*8 (A-H ,O-Z I P'BAR 2'"
C***,**********,·,,************··.***************c*******************'**********
C THIS SUBROUTINE IS USED TO ALTER THE BOUNDAFY CONDITIONS ISPEC'cICALLY 4'
C THE BOUNDARY TEMPERATUREl AS A FUNCTION CF liME. THE USER SPECIFIES 50
C A TEMP CHANGE VALUE WHICH IS SENT TO THIS SlBROUTINE AT THE SPECIFIED 6~

C TIME STEP OR STEPS. THIS TEMP CHANGE VALUE ~AY BE USED IN ANY WAY THE 7~

C USER DESIRES IBY WRITING T08ARF OR ALTERING THIS ONE) TO CHANGE TnBAR &
C WHATEVER BOUNCARY NODE TEMPERATURES HE ~IS~ES. THISrEMP CHANGE TOBAR 9~

C VALUE MAY HAVE UNI TS (SUCH AS If. OR IFtS. I ATTACHED TO IT AND TOBA F)";
C ANY NECESSARY CONVERSION TO INTERNAL UNITS ~ILL Bf DONE BY SUBROUTINE 110
C INPUT. ALTHOUGH SUBROUTINE TOBARF MAY CHANGE THE ARRAY, T0BAR, IT T0BA 12~

C SHOULD NOT ALTER THE TYPE OF BCUNOARY CCNOIllON (FIXED TEMP. OR T"BA 13~

C GRADIENT) SPECIFIED IN THE ARRAY. IBNDRY (3=GRADIENT, 4=FIXED TEMPI. 14~

C IF IT DOES, THEN SUBROUTINE NOTYPE SHOULD BE CALLED AGAIN HERE. leBA 150

C THERE IS ~O WAY IN THE INPUT TO SPECIFY WHICH BOUNDARY NODES ARE T~BA 16"
C TO BE AFFECTED AT EACH TIME STEP. THlS MUST BE DONE WITHIN TORARF TOBA 170
C TeBA 18~

C THIS PARTICULAR SUBROUTI~E SIMPLY TAKES T~E TEMP CHANGE VALUE T~BA 19~

C (ASSUMED TO BE TEMPERATURE) AND PUTS IT INIC EVEFY BOUNDARY NODE, ;~BA 20'"
C TOAR, DEPENDING UPON THE GEO"'ETRY LSEO (R,HElA ~. S ONLY SIDE 2 nBA 21"
C AS A BOUNDARYl a IF THE BCUNDARY TEMPERATlIKf' CHANGED LINEARLY. T:'BA 22~\

C FOR EXAMPLE. WITH TIME THE USER ,'lIGHT LET HE TEMP CHANGE VALUE T0BA 23C
C BE II RATE = IF/S. THEN HE COULD SET THE INI1IAL BOUNDARY TEMPERATURE 24~

C WITH THE EXT.TEMP OR EDGE. TEMP INPUT CARD A~O CALCULATE HIS BOUNDARY 25~

C TEMPERATURE IN TOBARf WITH AN EQUATION LIKE.. TGSA 26 1

C T0BA 27~

C TCBARIISIOE,NODEI = TINITL(ISIOE,NCCEI + TMPCH*TIME T0BA 2R0
C rOBA 29~

C NOTE THAT TINITL ALWAYS CONTAINS THE INITIAL TEMPERATURES GIVEN ONTOBA 3n~

C THE EXT.TEMP OR fOGt.TEMP INPUT CAROS. IN U~ING THE EQUATlOt-; AElOVET("BA 31"
C THE USER ASSUMES THAT THE SLOPE, TMPCH, 00£5 NCT CHANGE WITH TIME.TnBA 32~

C AS AN ADDEO FEATURE IN THIS SUBROUTINE, THE ABOVE PROCEDURE DESCRIBED 33~

C FOR A 1I t<EARLY CHANG I NG BOUNDARY TEo'l? ERATUR E HAS BEEN INCLUDED. ALL 34~

C OF THE VALID BCUNDARY NODES WILL tiE CHANGED IN THIS MANNER. TO USETJBA 35'1
C THE LINEAR FUNCTION RATHER THAN THE REPl~CE~ENT PROCEDURE DESCRIHED 360

C fIRST, SIMPLY CHANGE THIS D,TA STATE~ENT.. TOBA 37~

C fOBA 38~

DATA lUSE/I/ T0BA 39~

C T~BA 4 n 0

C TO ONE WrllCH LeaKS LIKE.. T~BA 41'
C TeBA 42~

C DATA IUSEJ21 LIN FUNC
C T0BA 44~

C BY SIMPLY MCVI~G THE 'C' IN COLUMN 1 FRCM T~E 'FUNC CARD TO THET 0 8 A 452
C REPlCMNT CARD .. IN SOME CASES THE USER MAY W ISH vARY THE SLOPE 1081\ 46~'

C IN THE LI~EAR fUNCTICN PROCEDURE ~ITH TIME 1C REPRESENT A NON-LINEAR 47~

C BOUNDARY TEMPERATURE. THIS HAS NOT BEEN CODED HERE BU1 ~AN ~E BY TOBA 48~

C USING AN EQ~ATION OF THE FOR~.. TOSA 49~

C lOBA 50:
C TOBARI[SICE,NODEI = TOFlAR(ISIDE,NOCEi i rMPCH*lTIME - OLDTl~llTC'BA 51~

C TOBA 52'"
C WHERE OLDTIM IS THE TIME SAVED FRCM T~E LASl CALL TO T0BARF. THE T05A 53"
C COOING OF THIS PROCEDURE IS LEFT AS AN EXERCISE FOR THE STUDENT. T"SA 54~

C HE MIGHT LET Il;SE TAKE ON A VALUE CF 3 FOR lHIS CASE. (HINTI TCB/\ 55"'

C************************************************-******************************



TDBA 57'}
TOBA 580
r')8A 594

T"BA 60"
TOBA 61n
TOBA 611
TOBA 612
TOBA 613
TOBA 614
T()8A 620
TJ8A 63'1
Pj8A 64;1
TOI:\A 651'
H)BA 661',
TOSA 67:)
E'SA 68')
TRANSENT
TORA 7"'1
Tf'tBA 7')1
TI"8A r ro
T0BA 72'
10BA 73"
TOBA 74r

T08A 75['
T08A 76~1

TOBA 77(1
fORA 78"
reBA 79"',
roSA
TOBA 81"
TOBA 82<'\
TO 8A 831"
rOBA 84"
TOSA 850
T08A 86"
roBA 81"
r08A 88 f }

TOBA 89('\
T0SA 90'"
TOSA 91('\
rJ8A 9211
TOSA Q3"1

GO 105
GO 10 5
IJMtX=JMAX
UMtx=IMAX

4»
2)

3} I
411

.EO ..

.NE.

..EO ..

.EQ..

(1 S I DE
( I S I DE
( I S I DE
CIS I DE

" AND.
• ANO.
.OR.
• OR.

c

C*****BEG INCO/"~ON AREA
COMMON IITRATEI ITR,MAXITR
COMMON ICCORDI IGF.OM
COMMON IIJKMAXI IMAX,J~AX,KMAX

COMMON IREGICNI HRDIST{SOI,VROISTI50I,
1 NHREG ,NVREG ,NTREG,
2 NHRNOS(S0I,NVRNOSfS!)I.
3 JTOlH(10001.ITOLVCIQ~OI,

4 LHTDJCSO.2I,LVTOU5rl , 2 1
INTEGER*2 ITOlV,JTOLH,lVTOI.LHTCJ
COMMON IBNDARYI T(\BA1H4.1'l(';'}I,ARATE(4.H'f)i)I dRNORY(4,10001
LOGICAL.l IRNDRY
COMMON ICHANGEI TEMPCH{50001.0ISTCH(SOOOl.TJNITLC4,l"OOI
COMMON ITEMPSI TMPOLO{10000I,TMPNEW{lC~001

DI MEN 5.10 N Tf MP {l ooon I
I'.:QUIYALENCE ( TMPnLD. TEMP)
TEMP = OLC TEMPERATURES AT PREVIOUS TIME STEP FOR TRANSIENT
CO~MON tREALYMI TSTEP(50001.0ELTA~OELTA2,ST~TIM.TIME.SECTIM,

1 INSTEP,NSTEP$
C*****END COMMON AREA
C
C*****SEGIN REPLCMNT OR LIN FUNC PROCEDURE

DO 5 I SID E=1.4
IF(IIGEOM .EQ" II
IF{(IGEOM"EO" 3)

IF((ISIDE "EO.. 11
IFIIISIOE "EQ. 21
GO TO U,3), IliSE

C*****BEGIN REPLCMNT
1 00 2 IJ=l,[,Jj\o<AX
2 TOBARI!SrCE.IJI=TMPCH

GO TO 5
c*** * *END RE Pl CMNT
C*****SEGIN LIN FUNC

3 DO 4 IJ=l,IJMAX
4 TOBARIISIDE.IJI=TINITl(ISIOE,IJ}+TMPCH*TIME

GO TO 5
C*****END LIN FliNe

5 CONTINUE
C*****END REPLCMNT OR LIN FUND PROCEDURE

RETURN
END
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LISTING Of SKELETON SUBPROGRAM FOR ARATgf (TRANSIENT ONLY)

SUBROUTINE ARA1EFlDISCHl ARATE l r
IMPLICIT PEAL.c (A-H,O-ZI ARATE 2~

C··***************"***'********************************************************
C THIS SU8RCUTI~E IS USED TO ALTER THE BCUNDARY CONDITIONS (SPECIFICALLY, 40
C THE G~ADIENT CISTANCEI AS A fUNCfICN OF TIME. THE ARRAY, ARATE, ARArE 50
C CONTAINS THE RECIPROCAL GRADIENT DISTANCE (I/FEET, 1/INCHES, ETC.I!-\RATE 6~

C fOR ALL FCU? ~IDES CF THE BOUNCARY. THIS GRADIENT DISTANCE, WHICH ARArE 70
C IS ALSO KIIOlrd\AS THF BCUr-DARY LAYEk THICKNESS, IS JUST .ARAH 8')
C THE CONDUCTIVIlY OF THE SURFACE t4ATERIAL (K=H/FH'Fl DIVIDED BY ARAfE 9'
C THE HEAT TRAIISfER RATE (H=B/F~H'FI ACROSS THE 80UNOARY. THUS ARAT IJ~

CARATE = H/K. THIS SUBROUTINE CAN BE CALLED 'T ANY TIME STEP TO ARAT 110
C CHANGE ANY VALUES IN THE flRATE ARRAY~ TriS IS DDNE BY INCLUDING ARAT 120
C A ·DIST.CHA~GE' CARD IN THE INPUT CAIA ~ITH A NUMERICAL VALUE TO ARliT 13~

C BE SENT TC ARATEf AT THE SPECIFIED TIME STEPS. fOR EXAI'IPLE, ARAT 140
C ARAT 150
C DIST.CrA~GE C.6 f. FCR TIM.STEPS 30~6C. ARAT 160
C ARAT 11''1
C THIS VALUE (C.t F. l flIGHT HE USEe AS A HW GRADIENT 01 STANCE FOr< ARAT 18)
C THE TIME STEPS 3Q-6~. AS YOU M~GHT NOTICE, THERE IS NO WAY IN THE APAT 190
C 'OIST.CHA~GE' CARD TO SPECIfY THE BOUNCARY r-OOES AFFECTED. THIS ISARAT 2a~

C DONE BY TrE lSER WITHIN THIS SUBROUTINE. TrE USER MAY ALSO USE THEARAT 21n
C NUMERICAL VALLE IN ANY WAY HE ~ISHES wlrHI~ THIS SUBROUTINE. ARAT 220
C FOR THE CCNVE~CIENCE Of THE USER, WE HAVE ~RITTEN THIS PARTICULAR ARAT 230
C SUBROUTI~E TC CC ONE OF TWO THINGS DEPE~DING UPON THE VALUE OF ARAT 240
C rHE VARIABLE, ILSh Il;SE MAY BE SET EQUAL H lOR 2 BY USING AR.l\T 25'1
C THE APPROPRIATE DATA STATEMENT GIVEN AT THE END OF THIS COMMENTARY. 260
C ARAT 270
C IF IUS E IS SET FQUAt TO 1, THE/,-; ASTRA IGhT REPLACEMENT PROCEDURE [S 28')
C USED. THIS PRCCFDURF SIMPLY REPLACES THE OLO ARATE VALUE IN EVERY ARAT 290
C BOUNDARY ~OOE .... lTH THE NEW ONE SENT TO THIS SU5RCUTINE VIA THE ARAT 301
C ARGUMENT LIST (DISCHI. ACTUALLY, THE RECIPRCCAL OF DISCH (THE ARAT 31~

C GRADIENT CIST.AIICEl IS PUT INTO ARATE.. ALL 8CUi~CARY NODES FOR THE ARAT 32t'l
C PARTICULAR GHtJETRY BEING USED ARt CHANGED. IN OUR PREVIOUS EXAMPlb 33r,
C THE NEW ARATE VALUE WOULD BE 1.666 l/FEET. (ARATE is DIMENSIONED ARAT 3/~\,

C BY SIDE A~D ~CCE, ARATE(ISIOE,NODEI.I ARAT 35D
C ARAT 36C
C IF IUSE IS SEl EQUAL TO 2, THEN A RADIATICi\-CCNVECTION PROCEDURE ARAT 370
C IS USED. THIS PROCEDURE ALLOwS RADIATlG~ PLUS FORCED CONVECTICN ARAT 380
C PLUS NATURAL CCNVECTICN TO OCCUR AT ALL CUTSIDE BOUNDARIES WHICH ARAT 39n
C ARE NOT I~SULATEO OR SET AT A FIXED TEMPERATURE INITIALLY. THUS ARAT 4~O

C THOSE NODES ~rICH ARE 'INSULATED' OR GIVEN tN 'EDGE. TEMP' INITIALLY 41n
C ARE NOT IIIVCLVED IN THE RADIArICN-CONVECTIC~ PROCEDURE. THE ARAT 420
C EQUATION ~HIC~ EXPRESSES RADIATION PLUS FORCED AND NATURAL CONVECTION 430
C IS GIVEN BElO~ IN TERMS OF AN EFfECTIVE HEAT TRANSFER COEFFlCIENT, H•• 440
C ARAT 451J
C H = rCONV + fORCED
C ~·NATRl * ABS( lTB-TEXTI/TCCNS l"*HE + NATURAL
C STEFAN * EMISS * (TB**4 - TExr**41/(TB - TEXTI RADIATE
C ARAT 490
C OR IN TER~S Cf THE ARATE VARIABLE.. ARAT 500
C ARAT 510
C ARA 1 E .ACON V + FORCED
C HNATRL*l/CONDK * ABS( (TR-TEXTI/TCONS I**HE • NATURAL
C STEFAN*EMISS*l/CCNDK * (Te*.4 - TEXT**41/(TB-TEXTI RADIATE
C ARAT 550
C WHERE THE TER~S ARE.. ARAT 560
C ARAf 570
C HCONV I-"EAT TRANSFER RATE DUE TO fOftCEO CONVECTION B/FFH'F
C ACONV ~RATE DUE TO FORCED CONVECTICN = HCONV/CONDK I/FEET
C HNATRl NATURAL CONVECTICN CCEFFICIE~T B/FFH'F
C HE EXPONENT FOR THE TERM SIM~LAIING NATURAL CONVECTION UNITLESS
C STEFAN STEFAN-BOLTZMANN CONSTANT : 5.6697D-08 W/MM'K'K'K'K
G fMISS EMISSIVITY OF THE SURFACE UNITlESS



FlTBIIII I F'<TBUI}

= HN~TRl*A8S(TB-TEXTI**1/3

= HNATRl*A8SITB-TEXTI**1/4

TBI I I -

= CCNDUCTIVITY OF THE SURFACE ""TERIAl
= SURFACE TEMP OF BOUNCARY AT NEXT TIME STEP

EXTERNAL TEMPERATURE OF T~E CUTSIDE MEDIUM
A CONSTANT TEMP VALUE OF CNE DEGREE FAHRENHEIT

TNEldKI = TOlDIKI .. TDERIV(KI*DELTiI

T8(I+1I

CONOK
TS
TEXT
JCON S

H nUFBUL E~T I
H (LA!"1 Nil Jl}

c

f:\/FH' F
'f 650
• F 66!"
1.. (c 'F
ARliT 68'"

THE ACONV VALUE ABOVE IS JUST I/DISCH = I/FEET = 1/0.6 IN OUR ARAT 690
PRE'" IOUS EXAMPLE. THUS THE USER CAN SPEC IFY THE FURCED CONVECTION ARAT 7':'>0
CONDITION ON \-iIS 'IHST.CHANGE' INPUT CARD.. no IGNORE FORCED ARAT 71"
CONVECTION Sl/WPLY SFT THE NUMERICAL VALUE TC ) .. (') ON THE 'DIST.CHt.NGE' 72':
CARD. THE 'DISl~CHANGE' CARD SHOULD SHLL SPECIFY WHEN THISSUBROUHNE 730
IS TO Sf CALlEt}. THE eTHER THREE PARAMETERS, ~NATRL, HE. AND EMISS. 140
MUST BE SPECIFIED WITHIN THIS SUBROUTINE IN TKE DATA STATEMENTS ARAT 750
GIVEN AT THE E~O OF THIS COMMENTARY. IF NATURAL CONVECTION IS TO ARAT 760
BE IGNORED, T~EN HNATRL SHOULD BE SET Te ZEPO. LIKEWISE. THE ARAT 77~

EMISSIVITY SHCUlD 8E SET TO lERO IF RADIATICNIS NOT ALLOWED. ARAT 780
NOTE THAT WHErI FAHRENHEIT DEGREES ARE BEING USED, THAT THE NATURAlARAT 791)

CONVECTIC~ TER~ lOOKS JUST LIKE THE STA~CARC TEXTBOOK EQUATIONS•• ARAT 800
ARAT 81f)
ARAT 820
ARAT 83("
ARAT 840

THE HNATRt VAlUE AND ITS CORRESPONDING UNITS FIFlD ARE WRITTEN IN THE 850
DATA STATEMENT BElOW AS UNE LONG HOLLERITH STRING. THE UNITS USED ARlIT 860
MAY BE OIfFEREtlT THAN THE INTERNAL UNITS GIVEN IN THE HEADER SECTION. 87)
THE REST CF T~E A80VE PARAMETERS ARE KNCWN EXCEPT FOR T8. IT MUST ARAT 880
BE FOUND BY SClVING A FOURTH DEGREE EQUATICN USING THE NEWTON-RAPHSON 89)
METHOD. Tl-iI S !'IETHOl) CALGULA TES TB AS SHeWN BElOW... ARAT 900

fIR .A.T 910
AR I\T 92r,
ARAT 930

WHERE F(TEJ IS THE FOURTH DEGREE EQUATICN IN TS .. IN THIS EQUATION ARAT 940
WE MUST APPROXIMATE THE CUTER NODAL TEMPERATURE AT THE NEXTTIMf SHP..950

APAT 96('
ARAT 970
ARAT 98"

IN ALL OF n"ESE CALCULATIONS THE TEMP .. S MUST BE CONVEPTEr) TO KElVIN, 990
AND STEFA~ TO THE INTERNAL UNITS.. THE FINAL RESULT WILL BE AN ARATE lOC~

VALUE FOR EAC~ HOUNDARY NODE.. ARIl 1010
ARA io 2':'

LOGICAl*l HNATRl{301 /lRA 1830
DATA I USE III REPLACE
DATA IUSE 121 ARA 1050
O.\TA HNATRlI3C\-' (.190+00 B/FfH'F. I APA If'l60
DATA HE I O.333333333C+CO I ARA 1079
DATA EMISS I C.9 I ARA 108'"

c ARA D91'\

e*************··*****************************···******************* •• ***********
C*****BEGIN COM~ON 'REA ARA 1110

COMMON IUl\IT~1 LFNGTH, MASS ,ITI~E ,ITEMP ,IHEH ARA 1120
COMMON IITRATEI ITR,MAXITR ARA 1130
COMMON leCORDI IGEOM ARA 1140
COMMON IIJKMA)I IMAX,JMAX,KMAX ARA liSD
COMMON IREGICNI HRDISTl501.VRDISTt5{H. ARA 116~

1 NHREG .NVREG ,NTREG, ARA U61
2 NHRNDSISOI,NVRNDS(50I, APA 1162
3 JTOlHIIOOOI.ITOLVII0UO}. ARA 1163
4 LHTOJ(SO,2I,LVTO!(SO,21 ARA 1164

INTEGER*2 ITOLV,JTOLH,lVTOI.lHTOJ ARA 11 7()
COt>1MON IMESHI ROELTA{S(\} .RO,R(HC1l ,RBIGO.RBIGIIGOCI. ARA 1181)

1 lDELTAI5nl.l~,lI10~OI,lBIGC,ZBIGIIOOOl ARA 1181
COMMON IB~DARVI TOBAR(4,1000},ARATEI4.1CODI,IBNDRY(4,10001 ARA 1199
LOGICAl* 1 IBNDRY ARA 120')
COMMON ICHANGEI TEMPCH(5000I,OISTCHI5CCOI.TINlrLI4.100~1 ARA 1210
COMMON IREG~Tl' MTlNAM(300I,NMATL,MATLNCI25001 ARA 122~

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C



C

c
IF (lUSE .. EO. 2) GO TO 3
IFIoiSCH .EQ~ (:.·")0+( J) GO TO 18
RECI P= 1.e c+-cr ICl SCH

C*****SEGIN REPl(~~T PROCEDURE
00 2 1510£=1.4
IF((IGEO~ .EC. 11 .AND. (ISICE .EQ.. 411 GO TO 2
IfHIGEOM .Hi. )) .AND. (ISIDE .NE. 211 GO TO 2
If(IISlOE .EC. 11 .OR. (ISleI' .EQ .. 3») IJf"AX=,lMAX
IF{ (IS IDE .EQ e 21 • OR. (iSIoE .EQ. 4») IJMAX=IMAX
00 1 I J'" 1 , I J t' A)(

1 ARATE( ISICE,IJl=RECIP
2 CONT I NUl"

C*****END REPlC~NT fPOCfOURE
RETURN
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REAL*8 MTU~AM AR.t.. 123'"'
COMMON I~TCC~CI CONUI3CO,2I,ICCNOF,ITE~PF ARA 1240
COMMON 11" El Tl\G 1 TMELT( 300 I ,F US 1ON( 31[11 ,ENE flGY ( 10t!QO i ,Ii'lEL T , AR A 125"

1 IAMLIQ,LIQUIO(1GGn0 1 ARA 1251
LOGICAL*1 LICLIo ARA 1260
COMMON ITEMPS/ TMPOLO(lcn01),TMPNEWIIGGJ0) ARA 127~

oIt1ENS 10 N rr MP (100('( I ARA. 1280
EQUIVALE~CE (TMPOLO,TEMP) ARA 12gn

TEMP; OLe TE~FERATURES AT PREVIOUS TIME STEP FOR TRANSIENT TRANSf.NT
COMMON IDERI~I ToEPIV(lr~0nl ARA 131r
COMMON IREALT~I TSTEP(SaaOI,OELTA.OELTA2.STRTIM,TIME,SECTIM, AKA 1320

1 INSTEP,NSTEPS ARA 1321
COMMON INCIJKll ICURR,JCURR,KCURR,LCURR ARA 1330
COMMON INCFACEI IFTYPE(4) ARA 134C
COMMON INCCCNCI CUNDK ARA 1350
COMMON INeSTATI LIQUOK ARA 1360

C*****ENO COMMC~ AP.E~ ARA 137r
C#¥***BEGIN CONVERSICN CONSTANTS ARA 138(

DIMENSION CLNGTH(4,4),CTIHEI3,3),C~EAT(5,5I,CTEMP{4.41.TPCONS{4.41ARA1390
DATA ClNG1~1 1.00+0n, 12.nO+)0,.39369920+00,39.369920+00, ARA 1410

1 .(83333330+{)(', 1.r)D+rlo';,.:J32i3UI30+r'), 3.280830-t00. ARA 14tH
2 2.540(10+CO,3,:.48U't,D+.)D, 1.00+CD, 100.00+0". ARA 14':12
3 .C254rrlO+Qc,.3~48n060.D0, .010+00, 1.00+001 ARA 1403

DATA CTIME 1 1.00+00, 60.00+(0, 360~.no+DO, ARh 1410
1 .rI666666D+CO, 1.00+[0, 6n.OO+Oo, ARA 1411
2 .0(027777770+08,.016666660+00, 1.DO+lCI ARA 1412

DATA CHEAT 1 1.DO+OO,.3965870-02,.9478672D-03,.9478672D-IG,AMA 1420
1.94786720-03, 25~151050+00, 1.QO+Q~,.239C0510+nC,.2390057D-07,ARA1421
2.2390~570+:;::, 1055.00+-':''),4.1H4CO+-On, 1.10+')'), 1.00-f"f,ARA 1422
3 1.08"(;(), 1(j55.0D-tC7, 4.184·:10+':7, I.CO+07, 1.00+or,ARA 1423
4 1.00+'17, 1055.110+00,4.18'tOD+OG, 1.,}O-t-OD, 1.0D-()T,ARA 1424
5 1.00+0rl ARA 1425

DATA (TEMP 1 1.00+'JC, 1.00+CD,1.80+'O.l.80+{''':, ARA 1430
1 1.CO+00, 1.00+!)O.1.8C·t)O.l.8D+Or:, ARA 1431
2 .~5555555D.O(,.55555555D+tO,1.CC+0C,1.CD-t-00, ARA 1432
3 .~5555555o.Cn,.555555550+0G,1.OC+0,,1.rO+~CI ARA 1433

DATA TPCCNSI r·.oa+n:' ,-',59.670+)0, 32."0+or ,-459.670+':C, ARA 144(-
1 459. 670+-0() , O.·,:O+.);~,4<;1.67(H:)), ".OD+C0, ARA 1441
2 -17.7777770+-C1,-273.15D-tOG, J.r.0+~G,-273.15D+00, ARA 1442
3 255.3722220+-00, 0."0+00,213.150+0C, 1.00+001 ARA 1443

C*****ENO CONVERSICN CONSTANTS ARA 1450
C*****BEGIN SPECIfICATIONS AKA 146G

COMMON IRCOAT~I LUNIT,LENGT1, ISKIP,ISEP, IPRINT,IERROR, ARA 1470
1 IN lTNC,NCAROS, NChAR, CI-'~R( 2561, IPOINT ,CAROl 1(,,241 ARA 1't 71
LOGICAl.l CHftR,CARO ARA 1480
LOGICAL*l ChtfCZ(2561,CARClll tjz 4 1 ARA 1490
LOGICAL*l lENGlN(41/'IFCM'I,BlA~KI/IH I ARA 150 f !

C*****END SPECIFICATICNS ARA 1510
DATA IYET,...'I ARA 1520

ARA 1530
ARA 154(:
ARA 155!"
ARA 1560
ARA 1570
ARA 1580
ARA 159(1
ARA 16'10
ARA 1611')
ARA 1621"
ARA 1630
ARA 164C
AR A 1650
ARA 1660
ARA 161"1
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C*****BEGIN RACIATICtI PLUS CONVECTION AROUND .dll EOUNOAR[ES ARA 1680
3 ! TEMPF:l APA 1690

C*****BEGIN HNATRL CCNVERSICN TO INTERNAL UNITS ~RA 17CO
LUNITI:LUNIT ARA 1710
LENGTl=LENGTl ARA 1720
[SKIPl=IS~IP ARA 1730
{SEPl =ISEP ARA 1740
IPR{Nl=IP~INT ARA 1750
IERROl=IERRC? APA 176C
INITNl=INlTNC ARA 1770
NCARDI=NCAROS ARA 1780
NCHARI=NCfAR ARA 1790
00 4 [=1,256 ARA 1800
CHARlCII=CHARCII ARA 1810

4 CHARCI,=BLANKI ARA 1820
IPOINI=IPCINT ARA 183~

DO 5 [=1,1024 ARA 1840
CAROZCII:CAPCClj ARA 1850

5 CAROCI,=BlANKI ARA 186r
LUNIT=99 APA 187~

LENGTl=30 APA 1880
NCHAR=O ARA 189n
IPOINT;1 APA 1911')
DO 6 I=I,~O ARA 191"

6 CARO(l,=HNATRlCII ARA 1920
HNATUL=GETVAlCClOVAl,OlDIMN,VALOIM,NDCHtR, ARA 1930
lUNIT=lUNI Tl ARA 1940
LENGTl=lEf\GTl ARA 1950
ISKIP =ISKIPI ARA 1960
ISEP =ISEPI ARA 1970
[PRINT=[PRINI ARA 198':',
IERROP=IERRCI ARA 199C
INITNO=INITNI ARA 20
NCAROS=NCtlRCI ARA 201'"
NCHAR=NO-ARl ARA 2820
DO 7 [=1,256 ARA 2030

7 CHAR(f)=CVARI(1) ARA 2{\4iJ
IPOINT=(PCINI ARA 2C5~

DO fl 1=1,1024 ARA 2060
8 CARl!C{j=CtlROZOI ARA 2070

C*****END HNATRl CCNVERSION TO INTERNAL UNITS ARA 2f180
IFCIYET .EQ. A. PRINT 1001,ITR,lENGUNllENGIHI,DISCH,VAlDIM,HNATUL,ARA 209C

1 HE,EMISS ARA 2091
1001 FORMATUIIIJ' BOUNDARY CONDITIONS ARE CHANGED FOR THE FIRST TIME .AARA 21JO

IT TIME STEP',It/lX,'NEw BOUNDARY LAYER THICKNESS FOR FORCED CONVECARA 2101
2TIONC.·,Al,'.1 =',F14.6/1X,'NEW NATlRAL CONVECTION COEFFIC!ENTARA 21'12
3 C' ,A8,' I =' ,F14.6/IX,'NEW NATURAL CONVECTION EXPONEARA 21')3
4NT CUNITLESSI :;',FI4.6IlX,'NEW EMISSIVITY VALUE FARA 21114
SOR RADIATION IUNITlESS' =',Fl4.61111 ARA 21n5

IYET-l ARA 211n
DO 17 1SIOE=I,4 ARA 2120
IFC(lGEOP .EO. 1) .AND. OSIOE .EQ. 411 GO TO 17 ARA 2131"
IF(lGEOM ~EO. 31 .AND. (lS[OE .NE. 2" GG TO 17 ARA 214(
GO TO (9,lf,ll,121, {SIDE ARA 2150

q 11=1 ARA 2160
12=1 ARA 217{1
Jl-1 ARA 2I8n.
J2=JMAX ARA 219C
GO TO 13 ARA 22')1)

lry 11=1 ARA 221~

12 =I MAX hRA 2220
Jl=JMAX ARA 2230
J2=JMAX ARA 224~

GO TO 13 ARA 225,..,



11 II ::;IMA X
12 z: I MAX
Jl::;1
J2::;.JMAX
GO TO 13

12 ll"'l
12'" H1AX
J1=1
J2 "'1

C*****BEGIN MOVING ~lONG BOUNDARY SIDE
13 I J zO

DO 1b I == I 1. I 2
00 1b J= J 1 •.J 2

C*****bfGIN NODE DESCRIPTICN CALCULATIONS
IJ::;IJ+ 1
K::; ( I -1 1* J ,. AX-t .1
LV::; ITOlV ( II
LH=JTOLH (J)

L=ILV-ll·~HREG+LH

t~ATL=MATlI'\OI II
ICURR=1
JCURR=J
KCURR::;K
LCURR::; l

C I,J,K NCOE POSITION
C LV,LH.L REGICN POSITIO~

C ~IA TL NOD E MA.T ER (AL
C*****END NODE CESCRIPTION CAlCULATICNS
C*****BEGIN NODAL FRCPERTY CALCULATICNS

CALL GETYPE(I<I
IFIIIFTYPEIISIOEI .EQ. 31 .AND. IARATEIISICE,IJI .EQ. 1';.JD+rGII

1 GO TO 16
C IF NODE IS INSLLATEO, IGNORE IT

IF(IFTVPEIISICE) .EO. 41 GO TO 16
C IF EDGE TEMF GIVEI\. IGNORE IT

IF(lFTYPEUSICEI .NE. 31 GO TO 19
LIQUOK=LICUIC(I<I
CONOK =GTCONDI~ATL.LIQUOKI

TNOOE=TMPCLCI K 1
TEXT=TOBARIISICE,IJI
STEFAN==5~c6C,7C-(8

ACONV=O. GC'-C;C
IFIDISCH .NE~ C~OO.CCI ACONV=I.00.-an/OISCH
TOERV=TDERIV(I( I

C*****END NODAL P~CPERTY CALCULATIONS
C*****BEGlN UNITS C(~VERSION

IfAREN=l
KElVIN=4

C
I BTU=l
JOULE='3

C
ISEC.,,1
IHOUR= 3

C
IFEET"'2
METER=4

C
TKElVN=C TEMPI IH:MP.KELVINI
AdSOLU=TPC8NSCITEMP,KELVIN)
TNOOE=TNCCE*rKElVN+ABSClU
TEXT=TEKT*TKELVN.-ABSClU
TDERV=TDERV*TKELVN
STEfAN=STEFA~.CHEAT(JCULE,IHEATI

ARA 2260
ARA 2270
ARA 228D
ARA 2290
ARA 23CI)
ARA 2310
ARA 232':,
ARA 2330
.~RA 2340
ARA 235()
6.RA 2360
AR.A 2370
ARA 2380
ARA 239f
ARA 24')"
ARA 2't In
ARA 2420
ARA 2430
ARA 244)
AR.A 245r
ARA 246~j

ARt>. 2470
ARA 2480
ARA ?~>9:l

ARA 250';
ARA 2510
ARA 252;')
ARA 251'"'
!IRA 254('
ARA 2551"
ARA 2561)
.AR./I, 2561
ARA 257 f .l
ARA 25 at)

ARA 2590
A.RA 26(\")
ARA 2610
ARA 262;"
ARA 26Y
Al~A 2640
ARA 265C
ARt>. 266"
ARt>. 267i}
ARA 268')
AR_~ ze«.
ARA 27 '),..,
AIU 271.'1
ARA 2720
ARA 2730
ARA 274:)
ARA 2750
ARA 276('0
ARA 27T
ARA 2780
ARA 279(
ARA 28C0
ARA 281"
ARA 2820
ARA 2830
ARA 2840
ARA 285(
ARA 286'"'
ARA 281'"
ARA 2880



2890
29M
2911
292D
2930
294")
2950
2960
297"
2980
2990
300':)
3010
302D
303"
3040
3051"
3C6:')
3070
30 so
3090
31IJQ
3110
3120
3121
3122
3123
3124
313C
3140
3150
3160
31 1('
3180
3190
3200
3201
3210
322(
323n
3240
3250
326"
327"
3280
3281
329"
330)
3301
3310
3320
3330
3341:'

ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
APA
ARA
ARA.
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
ARA
MA
AR-A

I FlARA
ARA
AflA
ARA
ARA
ARA

14

19

STEFAN-STEFAN.CTIMEIITIMEy[SEC)
STEfAN=STEFAN·IClNGTHILENGTH,METERl**21
CONOU=CONDK*C1EMP(KELVIN,ITEMPI
ANATUL=HNATUL/CONOK

C*****END UNITS CCN~ERSION

C****.8EGIN NODE TE'P ESTIMATE AT NEXT T[ME STEP
TMPEST = TNODE + TDERV*DEl TA

C*****ENO NODE TEMP ESTIMATE AT NEXT TIME STEP
C*****BEGIN NEwTON-RAPHSON METHOD TO CALCULATE TB

TGUESS=TMPEST
TOL-O.OCCCIO+CC
If(ISIDE .EQ. 11 DELX=lBIG(l)
IF(ISIOE .EQ. 21 OELX=RIJMAX)-RBIG(JMAXI
IFCISIOE .EQ. 31 DEL~=I(IMAX)-lBIG(IMAX)

IFUSIOE .ECi. 41 DELX=RBIGlll
C=EMISS*STEfAN*OElX/CONDU
O-ACONV*CElX
E=ANA r UL *CELl
o1- 1. 0 0+ CC + C
RHSCON=(-TMPEST-C*(TEXT**41-0*TEXT)
TDIFF-TGUESS-TEXT
FAHREN=OABS{TCIFFl*CTEMP(KELVIN,IFARENI
HEPOWR=FA~REN·*HE

TBETTR = TGCESS - C*(TGUESS**41. DI*TGUESS •
1 E*HEPOWR*TOIFF + RHSCON ) I
2 4.0D+CO*C*(TGUfSS**31 • 01 •
3 HE*E*(FAHREN**H":-l.(\[)+("I'jII*TOIFF +
4 E*HEPOWR I

IF (DAB S( TBETTP-TGUESS I • i.s, TOll GO TO 15
TGUESS ==TB nTA
GO TO 14

15 T8==TBETTR
C*****ENO NEWTOI\-RAffSON METHOD TO CALCULATE TS
C*****SEGIN CALCULATION OF ARATE

FAHREN=DA8SITE-TEXTI*CTEMP(KElVIN,lfARENI
ARATECISIDE,IJI = AeONV • ANATUL*{FAHREN**~E) •

I SfEFAN*F.MISS*{TB+TEXTI*(TP**2 • TEXT**21/CONDU
C*****END CALCUlATICN OF ARATE

16 CaNTINUE
C*****END MOVING ALeNG BOUNDARY SIDE

17 CONTINUE
C*****END RAOI ATIeN PLUS CCNVECT ION AROUND All BOUNDAR IES

RETURN
C***••SEGIN ERRCR ANALYSIS

18 CALL MISQUI3 y ' ARATEF ERRI - GISTANCE CHANGE VALUE - 0.0 - ARATE
lSTEP,TIME,SfCIIM==$',ITR,TIME,SECT[MI
GO TO 20
CAll MISQUI4,'ARATEf ERR2 - BOUNDARY NGDE FACE IS NOT TYPE 3 

lYPE"',I ,J,ISIOE==.$', IFTYPEfISIOEI tI,J,ISICEI
GO TO 20

20 RETURN
C*****END ERROR AN~lYS[S

END
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LISTING OF SKEI~TON SUBPROG~IS FOR SAl~PT~ I/O.FUNCTIONs

SUBROUTINE TEMfUN(NCAlL,EXPNAM.NINTGR,INTGE~1

IMPLICIT REAL*A (A-H.O-ll
DIMENSION INTGER(2,50CI
INTEGfR*Z I NTGER
COMMON ITEMPSI TMPOlDIIOOOOI,TMPNEWllOnOrl

C*****BEGIN REAOING TEMP.S
lUNIT=INTGER(I,11
REWIND LUt\1T
READ (llJN IT I I MAX. JMAX,KI"A x,( H1FNHH I 1,1'" 1, ~1..tt\X I
DO 1 1"'1, K~1A)(

1 TMPOlD (I I =TMFNEWI I I
REW IND L Ut\I T
PRINT lC01,lUNIT,IMAX,JMAX.K"AX

1D~1 FORMAT(lX,'ENO TEMPERATURE RESTORE FPOM lUNIT',14,'-
1X,KMAX "",3161

C*****END READlt\G TEMP.S
RE TURN
END

TEMFU l~'

TEMFU 2'"
TEMfU 31
TEf"iFU 4')

THIFU 5r

TEr1fU 61'
TEMFU 7:
TH'IFU so
TEMFU 9C'1
TEMF 10""
HMF 11'
TE~1F 12""
TEI~F 13 r.

IMAX,JMATEMf 14~

TEMF 141
T EMF 15,
TEi'1F 16
TEMF 17('

SUBROUTI NE BOUFUN(NCAlL,EXPNAMfNINTGK,l~TGE~l BOUFU F
IMPlIC IT REJll*a IA-H,O-11 BOUFU 2;;'
Dl MENS ION INTGERCZ,500) BOUFU 3",

INTEGER*2 INTGER BOUFU 4''''
PRINT 11) 01 BOUFU st'

1001 FORMATUIIlX.'I/O SUBROUTI NE BOUFUN eHLEO'1I1 BOUFU 6',

RE TURN BOUf'U 7'"
END BOUFU 8 t '

SUBROUTI NE MATFUNINCAlL,EXPNAM,NINTGR,INTGEPI MATFU I"
IMPLIC IT REAl*8 lo.-H,O~11 MATFU 2'
01 MENSiON INTGERIZ ,5001 MATFU Y"
INTEGER*2 INTGER MA Tf' U 4'
PR INT ioo i MATFU 5:

1001 FORMATIII11X,'I/O SUBROUH NE MATFUN CALlED'JlI MATF U 6-

RETURN t-lATFU 7'~'

ENO MATFU st·

SUBROUTINE LISFUN(NCAll,EXPNAM,NINTGR,I~TGf~1 LI SFU 1',

IMPLIC IT IU:Al'" 8 (A-H,O~1 I L I SFU 2'-

DlMENSIQN INTGERIZ,SOOI Ll SFU 3""
INTEGER*2 INTGER L I SFU 4 r

PR INT 1001 L I SF U sr)

Ion FORMATIIIIIX,'I/O SUBRCUTINE LISfUN CALLED'1I1 LISfU 6~;

RETURN LI SFU r
END Ll SFU sr
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D11UVATION OF DIFFERENCE EGJJATIOH FOR aT/2ln

The normal derivative of the temperature is written in the form:

(2-15 )

where the index K designates the nodal volume in which a heat balance is

being computed, and the index S indicates which face of the nodal volume

is being considered. BK,S' then, is in the form of a distance and TK,S

is in the form of a temperature at the neighboring node. There are four

cases to consider:*

1. Neighboring node in same material

lK tK+l

R,J r
J

R
J+l

dT
?T)

T - TK+l K (G-l)"'7""'" :::
on or R - Rr

J
J+l J

so that T
K

::: T
K

and B
K,s +1 ,S

2. Neighboring node in a different material

Let T indicate the t.empera tur-e at l'J' the interface between the

nodal volumes. Then continuity of heat flow at r
J

requires:

kK ~~) - k aT)- :::: -
~ +K+lr

J
r

J

(G-2)

*The derivations here are for the radial direction in 1'-2 geometry.
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-The symbol r
J

indicates that the derivative is to be evaluated just to

the left of the interface, and r; indicates that the derivative is to be

evaluated just to the right of the interface. Expanding T in a Taylor's

series about r
J
. yields:

Substituting G-2 into G-4 and eliminating T we have

(G-3)

(G-4 )

so that

T - T
K+l K

TK,S T
K+l

(G-5)

(G-6)

BK,S (G-7)

3. Boundary node, mixed boundary condition

With the boundary condition:

we have

rr(r )
J

(G-8)

(G-9)

and expanding T in a Taylor's series, we have
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thus

(G-I0)

so that

T t - (1'J - RJ . + l/a) ~ }ex • or
1'

J

(G-l1)

'TK,s Text (G-12)

B "r - RJ + 1/aK,S

1+. Boundary node, fixed temperature

With the boundary condition:

r
b

substitution into G-IO yields

so that

TK,S ::: Tb

BK,S ::: 1'
J - R

J

(G-15)

(G-16)

(G-17)
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STUDY OF STEADY-STATE CONVERGENCE

T'nere 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 equations 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 problem, 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 obtained either faT 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:

aCT t - T(b)]ex (H-l)

In the case in which the thermal conductivity is a linear function

of temperature we write:

k(T) k(T )[1 + a(T - T )]
o 0

(H-2)

Ive 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, International Textbook Co., Scranton, Pa., 1968, p. 353)

U(r) .: k('T) d'i
o

(H-3)
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or, using (H-2)

vCr)

withk :=k(T).
o 0

The differential equation (2-10) becomes

i... (k dT) + E. dT + q := °
dr dr. l' dr

In terms of VCr), however, we have the linear equation

(H-5)

o (H-6)

Since· ~~) '" 0, the solution to (H-6) can be written in the form
1'=0

dV
dr - gr/2

Taking the derivative of (H-3) we obtain

(H-7)

dU
d1'

(H-8)

so that) at l' := b,

k[T(b)J~T) = - qb/2
(11' b

(H-9)

and sUbstituting (H-l) and (H-2) into (H-9)) we obtain a quadratic equation

for T(b):

= qb/2k aa
(H-I0)



Solvi-ng for T(b) and choosing the positive root

T(b)

From (H_Lj)

2[T
ext

1 - a T - a T +
o ext

(1 - aT) + qb/2k a]
o 0

~i - aT· - a T ,~ )a
o eX"G

+ 2a qb/k a
o

. (11-11)

U(b) (H-12)

so that U(r) can be calculated from (H--'r). Finally from (H-I)-) we can

calculate

T(r) 1!1d
k

o

2

1 - a T + '" 1 - aT) 2 + 2exU( r ) /k
000

(H-13)

'I'hi.s result coi-ncides with the solution of (H-5) in the case of constant

conductivity when ex c:= 0, as we would expect.

The finite-difference equations for the temperatures are obtained in

Section 2.3 by imposing 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.

as

When T t == 0 we can wri-te the temperature of node iex

T.
l

ob2 [1 1( .Ii Ji~:i)~~ -+--- 1-
2K ab 2 N

i 1,2, ... ,N (H-14 )

In the constant-conductivity case with T
ext

differential equation is

0, the solution of the

T(r) (II-1S)
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R.) we have
1

T.
1

=.9.£:2k
fi. + 1 (l _ 2i - 1 + 2Ji fi---::i)]
~b 2 4N (H-l6)

so that the er~or is

T.
l

Expanding Ji-l we have

T.
1

1 - 2(i - fi /i:i)
liN

(H-17)

=

so that

!i~l-~ =
1

1'(;1' (1 -, 2i
1. _ .•• )

8ia

b2 {l 1- ~Nk -:- + --:z +
6~- N}; 1 21

...) (H-l8)

which is the negative for all nodes and has its largest absolute value

for i = L The maximum absolute error then should appear at the first

node, and should be inversely proportional to the number of mesh points

and independent of the boundary constant a. Since the t.emper-at.ure at the

first node will be smaller for large a (H-16), the relative error will

be larger for large a. 'l'hese 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 bOillldary constant a.

They observed that the larger the value of a, the more rapid the convergence

*G. W. Stewart, III, and D. W. Lick) "Numerical Solution of a Thin Plate
Heat Transfer Problem, II Comm. £f the ACM 11, 6:39 (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 13, the overrelaxation factor (Eq. 2-18), and of Ct,

the slope of the conductivity function (B-2). Typical results are shown

in Fig. B-1, Ttlhere \'Ie have plotted the error measure

e
n

- 1 (B-19)

as a function of n, the iteration number. In the region where the plotted

curve becomes a straight line vIe can define N , the number of iterations
10

required to reduce the error measure by a factor of 10. Results of

several calculations are summarized in 'I'abLe B-l.

Table B-1. Number of Iterations Required to Reduce

Error by a Factor of 10

a = > 1 a = 2.0

Ct '" 0 Ct = .1 Ct = .2 Ct = 0 Ct = .1 Ct = .2

[3 N N N [3 N N N
10 10 10 10 10 10

1.85 167 131 120 1.40 59 58 57

1.75 304 240 221 1.30 75 73 72

1. 65 456 359 332 1.20 93 91 90

These results are in qualitative agreement (for the Ct

those of Stewart and Lick.

o cases) with
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ORNL-DWG 71- 3964

1.97, A=O.1, ALPHI~=0.1 (K= I+ALPHA x T)

m-~'971··I·'rlr~r ·r~r·T···rJ -1····1····.··:··· ..... ···,···r·······

I

'0: f1 ilrv\k~~~~'(j,-I+\ I'rl l T'
f<···_j·······-I'····

gs 2 - I \1'/ I ----1'-· 'I'~\ / '\ 'fil. \j1, "I \ I,

ffi f·. I' \ . "', -----j------- --1--1
'----

·'. ' /'j '-~ <:,::J..-.. I
J

lv' i\ ' I
'0': f ····1 tIcs;·~r-tTA' l-t--iT''t1~\Jlitl/\J,\-

2I, . ..•. I,·, j I "> J'65

'0: ~··~·······I········f·~ ·····+-t·······,··· ··1·.···,[······· 1
1

\···t~IP·I\Atll· 'r'90

:t .1'1'.........•.. 'r '·1"····lrv·+t\~ 1

1.

1

'0': U.LJ_...L....l_.LU ..tJ.J,e,J'\... 1

o ro ~ W 00 00 @ ~ W 00 ~

ITERATION NUMBER

Figure H-l. Steady-State Convergence
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APPENDIX 1. CONTROL Cfu"Q.DS

The current versions of ORTHIS and OR'lHAT are stored on the ZZZZZZ ls

disk at the computing center at Oak Ridge National Laboratory. 'The DSNAME

for each code, respectively, is

DSNAME AZ. G4. P31177. CI0229. DURFEE. ORTHIS

DSNAME AZ.G4.P31177.CI0229.DURFEE.ORTHAT

The control cards which are necessary to use either of these codes are given

below.

Ilaaaw ,TOB xxxxx, MSGLEVElrl, CLASS=C
IISTEP EXEC LINKNGO, REGION. GO=1024K (700K for ORTHIS)
IILINK.HEX DD DSN=AZ. G~-. P51177. CI0229. DURFEE. ORTHA'l', (or .OR;l'HIS)
II VOL=SER=ZZZZZZ,UNIT=2314,DIS~=SHR

IILINK.SYSIN DD *
INCLUDE HEX

1*
IIGo.FT50FOOl DD *

(Input Data Goes Here)

1*
II

The aaaw in columns 3-6 of the first card contain the job name, and the

xxxxx in colmans 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 before the IIGo.FT50FOOl card.

liGO. PLOTTAPE DD UNIT=TAPE7, VOL=SEH=25, LABEL:: (, NL), DISP=OLD

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 IIGo.}~50FOOl

card. A typical card might look like:

IIGo. FT02FOOl DD UNI'r:=TAPE9, VOL==SER=2, DISP=OLD, LA.BEL= (, NL),
1/ DCB=(RECFM=V, LRECL=3600, BLKSIZE=36oJ+)
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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 be changed to F.



1.

2.

3·

4.

5·
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ADDENDUM

BOTJNDARY CONDITIONS FOR TRANSIENr HEAT TRANSFER BY

RADIATION, FORCED CONVECTION, AND NATTJRAL CONVECTION

The heat flow per unit area })er urnt time at the outer boundary is

assumed to be of the form

dT)•. ~- k~.
or I'

JMAX

:::=

T~ _. 'T
b ext

T
c

e

(1)

where the superscript

. . dT
the derlvatlve dr are

~ indicates that the boundary temperature T
b

and

to be evaluated at t + ~t; T '- is the external
ext..

temperature and T is a temperature difference of 1°F; k is the conduc
e

tivity of the surface material; e is the emissivity of the surface

material; 0 is the Stefan-Boltzmann constant; h is the heat transfer
c

coefficient for forced convection; and the heat transfer coefficient for

natural convection is assumed to be of the form

h :::= hn

,I: - T
b ext

T
c

h
e

(2)

We expand the temperature near the boundary in a Taylor series:

rell
b

dT)11
(YJMAX - RJjvrAX) dr

r JMAX

and sUbstituting (1) into O)itle have
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[
h C + h n
k k

which can be written concisely as

o

(4)

Equation (5) can be solved iteratively for the new boundary tempera-

ture by the Newton-Raphson method:

T1'I
b,i

--'(T1'I )
1:' b i, .. (6)

Our boundary condition is (cf Eq . 2-1)

T
b

+ l dT) T dT
) a(rr .. T )

dr b
or

- dr ba ext --b ext

We therefore define a total gradjent constant air as

T1'I
4

1'1'1
h

'1,4 T e- - exteo- b ext b
aT + a + a

k 1'1'1 T
c n l'- c

b ext

or, writing the first quotient in factored form,

(8)

where

(~ + T ) (~2 + 1'2 ) + a
b ext b ext c

a h /k and
c c

a h /k
n n

+ a
n

h
e



~Je have imJJ1emented these equations in the transient code (ORTEAT)

for all outside surfaces 'by using the subroutine ARA'l'EF' (see Appendix E).

Thi s subrout i.nc allows the gradient constant) aT' to change at specified

time steps. The user can write, for example

DIST CB..A.NGE = 0.6 F. FOE Tn/[. STEPS 30-60.

in the ***BOUNDARY*** s ec t i on of the input. Subroutine AB.ATEF' would then

be calJBd for time steps 30-60 to calculate a gradient constant aT with

addi tiona] I nput. parame t er s given in 'I'ab Le 6.1.

Table 6.1

e

Type of
Heat Transfer

Radiation

Engli sh Units

none

Default
Value

h
n

h
e

Natural convection

Natural convection

/
2

BTU hr ft

none

°F 19

1/3

'111eseparameters are specified in DA1'A statements in the sub.rout.Lne

ARATE.F'. The reciprocaJ. of the gradient constant for forced convection,

1/a , wl Ll be given the value on the D1ST CIiANGE card.
c

To delete radiation as a heat tr-ansfer process the user can set €

to zero in the appropriate data statement. Similarly) 1/aor h can be
c n

set to zero to ignore forced or natural convection. Note that a new

gradient constant) aT' will be calculated for every 'boundary node not set

at a fixed temperature (EDGE 'I'El1P::: ... ) or inSUlated. If this is unde-

sirable, the subroutine can be changed fairly easily.
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