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HOT PIPE

by Patrick C. Doherty

ABSTRACT

This program computes the temperature history of a cross-
section of permafrost in which an oil pipe is buried in a ten-
foot-deep trench. The surface of the pipe is assumed to be
maintained at a constant temperature of 80 degrees centigrade.
The surface of the permafrost is subject to seasonal variation
in temperature. The thermal properties of frozen and thawed
material are treated, as well as the latent heat of melting.

The equation aof heat conduction in two-dimensional cartesian
coordinates is solved by the alternating direction explicit
method to obtain the temperature history. Output is in the
form of printer plots of isothermal lines as well as complete
numeric printouts of the temperature array and the internal
energy array. ‘

USE AND INTRODUCTION

This program was written in response to a request for information
on the possible effects that construction of the proposed pipeline
across Alaska would have on the natural enviromment. The results of
this thermal analysis form the basis for a study of such effects.

The program was written with the cooperatioﬁ of Arthur H. Lachenbruch,
who was responsible for the input data, the physical efficacy of the model,
and the physical interpretation of computed results.



TECHNICAL DESCRIPTION
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The cross-section of permafrost which is our problem space is covered

with a grid as shown in figure 1.
through the center of the pipe.

The left boundary of this grid passes
Since the solut

fion is symmetrical about

a vertical line passing through the center of the pipe, only the right half

of the solution need be computed.

The grid lines &re two feet apart and
cover a rectangle sixty feet wide and ninety feet deep.

The pipe is

represented by a four foot square, the right half of which is shown by

the darkened area in the upper left corner of th

We calculate the temperature at each of the
'grid. Each of these points may be thought of ag
square "cell" whose sides 'are drawn midway betwe
temperature at each grid point may be considered
of the material in the cell. A small part of th
defined at the centers of icells is shown in figu
illustrates the indexing scheme that we will use

The two-dimensional equation of heat conduc
without sources is:

22+ 2

2 “ Y —

e grid.

intersection points of the
the center point of a

en the grid points. The
the average temperature

e grid showing temperatures
re 2. This figure also

in our analysis.

tion for a non-moving medium

If /0, ¢, and k are constants, then: l

/C k(‘)t,,,

2=

L2 (1)
g z;;,
2*T \.
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Guided by the indexing scheme shown in figure 2 above, the partial
derivatives in space may be approximated by finite differences as follows:

X
g)z; = A:(" [('Efl,i —‘Tc—',j)'i'(.’:"l 4._,) )J) (3)

2°T _
9‘1 A’ [( “?J*'I Taj)+ (T J“'l - 4.«,,3 )] ()*)

Substituting (3) and (4) into (2) we obtain:
/OC % Ax’- [(.T;""'JJ T )+ ( “”u ~7:")J')]

i 253-‘ [(Tesjor T (Tofm T )]

(5)

Equation (5) is incomplete because we have not|specified the value of

time at which the space derivatives are computed. We want the time
derivative,@T/¢ , to be the average time derivative between two time
slices, so that the finite-difference spproximation for the time derivative
will be more accurate. Hence, in (5) we want to put some average of the
space derivatives at the two time slices. If indicate two time slices
by the superscripts n and ntl, then instead of (5) we went something like
the following:

(6)




If we assign the value 1/2 to each of the weights, n+l ona ﬁ 0 we
would be doing a simple avéraging of the space derivatives at the two
time slices. This simple, intuitively appealing strategy gives us the
Crank-Nicolson formula, which was one of the first integration formulas
to be used in solving diffusion problems.

It is less intuitive to apply separate weighting factors to each
of the terms contained in parentheses on the right-hand side of (6),
but this strategy leads, to the more useful alternating-direction implicit
method, and the alternating-direction explicit method. Our choice is the
alternating-direction explicit (ADE) metkrod.

Substituting the finite-difference approximation

2T . T,
2¢ - At

into (6) , and applying separate weights to each term we obtain the
following generalized formula:

LT g (T Ty')
pe (T - g (]
(T -T
+ﬂzl\(_.m.,§._{7:£,*_2_

aAx

* Bsk -T2

4x*

n ._-n, (7)
+ﬂ¢k -(Itiog-—TQ&-)-

Ag“
T"" - 4.1, )
+,@,k j““a ‘432"# ¢



Equation (7) above is a general form from whiczh
‘numerical methods for solving the heat equation
manner in which the weight$,/31, are assigned.

|
%ll of the current
are derived by the

In the alternating-direction explicit method, two different comple-

nentary formulas are derived from (7), and the

erical integration

proceeds forward in time by half-steps, using the two formulas alternately
to sweep over the solution grid from the northwest corner to the southeast

corner, and then back from the southeast corner

For the sweep from northwest to southeast,
are assigned to the/&'s in equation (7):

ﬁizp‘} :‘Bs =ﬁ,=o
PrzPs=Pe=By =1

This assignment of weights gives the formula:

ntl_ . ( no..T.

- 4x*

"‘*'Y‘ n+i
(T =T htly
tk Aty T2

+k

-6

to the northwest corner.

the following weights

(8)

(9)

(T‘"*.' - T 'f'l )
3 Azz

.




Solving (9) for1}:§'gives the following:

~C % ‘+k(—u-4—£al)+ k T' ¢ +k\E U *’ 72 )fk _&a.;-.l
n+l 2
T.;= .
I-;J ¢

0C k
[%*ﬁz*f;x]

In formula (10) above and in other formulas to be derlved the value ﬂ c
is taken to be that appropriate to the grid point Where'r”*’ls being’
computed. The value of k is taken to be that approprlate'%o the cell
boundary separating the two grid points between which temperature
differences are being taken. Hence, in (10), k does not stand for a
single number but for four different numbers corresponding to the four
sides of the cell. In cases where the grid spacing is variable, the same
considerations apply to the quantities represented by Ax and Ay.

(10)

On the western boundary of the problem Where‘bvéx’a the second
term on the right-hand side of (9) is zero. In this case, (10) reduces
to the following:

/961__1.‘- k( “*"I—T“t) k T;-)j‘fl ;T"’L)-}-k : ;1!
T = .

[ + 4]




Similarly, on the eastern boundary where
(10) reduces to: ;

ne | nel
' ! -y T +1 T ; T' i
po T Tl T D), T
Tm:l % y
4:,3 =

[+ 22 a5

For the sweep from southeast to northwes
assigned to the F,'s in equation (7):

F:’ﬁ«f‘ﬁc "‘Iet"
Bz2Ps =P =py=0.

This assignment of weights gives the formilas

T‘n*l - Tﬂ‘*"

pe (‘r”*‘ 'r;," ) 2 AT T)

ax?*

n
+k£_L'li T )

Ax*

n+l

+k ( ‘ujz"’l

T2}

-8-

also 3%1”"0, equation

t, the following values are

)

(T,
+k Aﬁlﬁz

(12)

(13)

(1)



nti
Solving (14) for T Qg gives the formula:

ax AX* Ay* Ag

"8' :
€., k . k ]
[6‘6 *+ ax X"+Ag

On the western boundary, (15) reduces to the following:

[ FE I_"uk Ticag e (i = T"i—)-c-k T —Aadt) 4k L 2 )]
nei : (15)

N+, Tpfc (Tz” =T f)
[Ioc._«a+k%q+k —badZl + Kk ’fA d L
Tn-‘-l 3 7

<3 e ) ,
[£8+ 20+ ]

On the eastern boundary, (15) reduces to the following:

T 41, 3, £ 7—L - ::‘
[ _‘5_1.+k( 11 41 +k uﬂ (gd'ﬁl :)] -

(16)

h"ﬂg
3 [eev k]
At A"’

Formuwlas (10), (11), (12), (15), (16), and (17) constitute our basic
solution algorithm.




Management of Melting |

ach to the heat conduction
utlon in Meterial I, then
2TAxr) would be used to
boundary condition kg (777.) )=

n across the interface

tion pCxPThyy=ky V2’ 6}&)

region ITI.

Figure 3 illustrates the traditional appr
problem in two materials. If one began the so
the differential equation pcC, ’B%tz * %,‘;
march the solution throughout region f

7% )zz Wwould be used to march the solutl
between the two materials, and finally the eq
would be used to march the sqlutlon throughout

The boundary condition & (4 = kg ('7 16 )y expresses the idea
that the number of calories of heat that flow nto the boundary from one
material must flow out off the boundary into the other material. There
are no calories produced or consumed at the boundary.

stion are the liquid and

s are produced and consumed
condition applied above is
ure of the boundary is a
ng temperature of the

In the case where the two materials in qu
solid phases of the same material, then calori
at the liquid-solid interface, and the bounda
not valid. In this case, however, the tempers
known fixed quantity, namely the melting-freez
material.

We propose to represent the liquid-solid
connected cells where the temperature is passi
freezing temperature of the material, as shown
of melting in any cell is indicated when the t
successive time sllces, T2 4 and T"*‘ straddl
of the material, Ty “When the onsef of melti
temperature is set to T, and the calorie inf
temperature dlfferenceT"‘.’LTM is calculated
variable, E¢ 7 , representing the increase in t
material contained in the cell.

nterface by a series of
g through the melting-

in figure 4. The onset

peratures at two

the melting temperature
is detected, the cell

ow indicated by the

nd accumulated into a

e internal energy of the

The volume of the cell is /x(4x Ag) . Tts mass iszxAS . IfP
is the fraction of meltable material in the cell, and L is the calories
required to melt one unit mass of meltable materizl, then the total
calories required to melt g1l meltable material in the cell is/odllls PL.

If Cp is the specific heat of the frozen material, then the calorie
input required to produce the temperature difference an’TM is given by:

n+it

Qn-fl (T‘ f ’:Tw\)CF/a ‘X.Ag (18)

-10-
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In succeeding time slices, the no-melting
computed in the usual way, but the temperature
at 'r and the calorie inflow correspondlng
temperature change is added to the internal en

Qn-l-z,: ' (T'”?z"”rl'l) CF/AXAZ

A= (T03%-Tw) Cr p 4

ete.

+m m
E"‘ = Z Qﬂ*!.
L=

4‘3

temperature change is
of the cell is retained
to the no-melting

ergy of the cell:

When the internal energy of the cell, E;;g , equals or exceeds
the energy required to melt the meltable material in the cell, then the

cell is considered to have changed from solid

E.. 2Q,=p,ax4yPL.

o'

Any excess calories that are accumulated
solid-to-liquid transition takes place are app.
ture of the liquid. If Cp is the specific hesa

IH'M— &

n+m
where ."f”’s“r + Eﬂ" a'n ,
“r% C-,-/allxd:

M
The reverse procedure to that outlined ab
temperature was dropping, and freezing of the

D. Quon and others (1965) compare the ADE

= (T " -Tn) Crpd

(19)
xlﬂq
|

(20)
to liquid:

(1)

in the time slice where the
lied to raising the tempera-
t of the thawed material then:

xdg, (22)

pve would apply when the
ligquid was taking place.

method with other methods

ev and Larkin.

and include references to the papers by Saul'

"



Truncation Error

In order to get some feeling for the truncation error related to
the finite time step, At , and its relation to the grid intervals,
Ax and 4 , we have examined three specific examples as shown in
figures 5,76, and 7. In figure 5, we have a square grid with ax =dy=/5.
The middle temperature Tpa*=0 , and the four neighboring temperatures
Ta=-% ,Tes+3 ,Tp=+8 ,Tge¢~1 . In figure 6 we have another square grid
with the grid interval increased by a factor of h;Ax*Ag‘%O. The middle
temperature remains the same Ty =0 , but the four neighboring temperatures
are multiplied by 4 so that slopes will remain the same; Fg=-¥,Tc = +/i2 s Tp= 20
Te>-% . In figure 7 we have a rectangular grid with A, s Te , and Tg
taken from figure 5, and 4x , Tg , and Tp taken from figure 6. In all
of these examples we set A *k/@C =0,00{ . For each of these three
examples we will examine thé northwest-to-southeast formula given in
equation (9):

‘-..
.A_TMTA=z°%a[<13-n)+c-r:-‘r.')+cT:—n‘)+(n—n>]- (3)

In equation (23) above, the starred temperatures are new temperatures
corresponding to current time while unstarred temperatures are old
temperatures corresponding to the previous time slice.

At equilibrium, 'T:s’l}“(‘?;'—a)/dt=0, and (23) reduces to the familiar:
/ * * #

Formula (24) gives equilibrium temperature of 1.25 in the case where
Ax=44»;5, and the equilibrium temperature of 5.0 in the case where
A.K‘At&=éo .

Solving (23) for Tp* we obtain:

T : »
. 3':-51-43;,, (1;,+Tc+1;,*+1;_:-z7;)
TA = . (25)

(ax + &%)

-13-
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If we permit 4t-»e® in equation (25) we obtain the limiting value
of Tp* as follows:

T:=%(T5+T:’ +T; +Te~2Ta)e (26)

Formula (26) gives limiting temperature Tp*=2.5 for the case where
ax=4y=/5, and limiting temperature 7;”:19,0 for the case where
4x=47=ca

Substituting the numbers from example 5 and example 6 into formula
(25) we get respectively:

" 5,333x10” %
Ta = 5 5 (27)
ae * £.333x /0" %

and,

- &
¥ B,333x)0
Ta = 7 —" (28)
2¢ + 3.333%/0

Plots of Ta* vs.dt for these two examples are shown in figure 8
and figure 9. These figures show how the curve of Ta¥ vs. At starts
from the origin in a reasonably linear fashion but soon curves over and
approaches the limiting temperature in an asymptotic manner. Furthermore,
the asymptotic temperature is well above the equilibrium temperature which
is erossed rather early in the trace of TA¥. These two facts relate to
two serious pitfalls that result from an excessively large time step.

First of all, if the calculated temperature, TA¥, is being used
to calculste the inflow of calories into a cell undergoing melting during
the time interval,At, it is clear that there is a definite limit to the
calorie inflow per time step regardless of the size of At. Hence, if
A+t is so large as to depart from the relatively linear portion of the
curve, the melting rate will seem to slow down, and the temperature
history will be retarded.

Secondly, if A+t is large enough, the calculated temperature, Tp*,
may exceed the equilibrium temperature, thus doing violence to the basic
physical principles involved in the problem, and inducing & kind of
vathological oscillation in the temperature history.

-15-
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It is clear that one must choose a time step that will not cause
the equilibrium temperature to be passed, and furthermore one must
remain on the relatively linear portion of the curve of Tp* vs. 8t.
With this rule in mind, we see from figure 8 that for the case where
the grid interval 4X=4¢=/¢, our time step is limited to about 107,
whereas from figure 9 we see that incregsing the grid interval by a
factor of four permits an increase in the time step to about 10°.

This shows that our resolution in time is related to our resolution
in space. We cannot increase our resolution in space indefinitely with-
out also increasing our resolution in time. Or to put it another way,
if we wish no more than a certain minimum resolution in time, we must
relax our resolution in space to the point where the two are compatible.
Figure 10 shows that when we have a rectangular rather than a square
grid, our time step is pretty much limited by the smaller of the two
grid intervals.

The preparation of curves such as those given in figures 8, 9, and
10 1is a useful preliminaty step when one is about to embark on a
calculation using ADE (or any other method). Such specific examples
will give an approximate indication of the maximum time step that may
be used safely. However, since there is no general formula for truncation
error, one must always perform some numerical experiments, calculating
time histories at the indicated step size and again at half that step
size and comparing numerical results to confirm that the step size will
give acceptable accurscy.

PROGRAM DESCRIPTION

The program is organized in the form of a dummy main program called
HOTPIPE, the true main control block called CONTROL, and a multitude of
closed subroutines nested within CONTROL.

The principal functions of the main program, HOTPIPE, are to contain
declarations for all variables and arrays that are not dynamically
allocated, to read in basic parameters from cards and calculate computed
constants, and finally to print a title page and problem-identifying
parameters. '

A1l problem variables are declared eitfer fixed binary (31) or
floating decimal (16). The linesize for the file SYSPRINT is expanded
to 131 columns from 120 to permit wider printer plots and to print 10
floating point numbers per line. In the statement labeled READIN we
cause program exit when the end-of-file is found in SYSIN. This permits
data for several problems to be stacked in SYSIN., After input of all

-19-



basic parameters, including grid dimensions NROW and NCOL, computed
constants are obtained, including indexes and line images needed for
the printer plots. Finally the title page and problem-identifying
parameters are printed and the main control blogk is entered at
statement CONTROL,

The NOUNDERFLOW condition is set, upon entry to CONTROL, to prevent
printing of diagnostics when underflow accurs. | The temperature array
and internal energy array are declared using the dimensions NROW and
NCOL, previously read from data cards. The "O f statement sets up a
transfer to the error routine BUGOUT if an overflow is detected in
subsequent calculations. Then time, step countprs, and the ambient
temperature profiles are initialized. Pipe temperatures and internal
energy profiles are initialized. A print plot pf initial conditions
is printed and the initial temperature array is| printed in full.
Finally the forward integration begins with the statement labeled LOOP.

At the beginning of the integration loop, |[step counters are advanced,
time is advanced, and the surface boundary tempersture is advanced. Then
the downward sweep of the ADE is performed, the surface temperature is
advanced again, and the upward sweep of the is performed. This
completes one forward integration step. If a print point has been reached,
a printer plot is produced. If a stop point has not been reached, conbrol
then returns to the statement LOOP for another [forward integration step.

When a stop point is reached, the temperature array, T, and the
internal energy array, E, are printed in full. | After these arrays are
printed, new integration parameters are read from data cards. Any
parameter may be changed at this time, but the [intent of this input is
to permit changing the integration time step and the frequency of print-
out. Time step and print frequency are controlled by the parameters
NTIME, NPRINT, and NSTOP, NTIME is the number lof print points per year,
NPRINT is the number of integration steps between print points, and
NSTOP is the number of prints before the next stopping point. The new
integration parameters are printed, and control returns to the statement
LOOP to continue the forward integration. If fhe parameter NTIME is set
to zero, this indicates the end of one time higtory. Control then goes
to the statement READIN to permit entry of data for a new history.

The two major subroutines called within tHe forward integration loop
are DNSWEEP and UPSWEEP which control the downward and upward sweeps of
the alternating-direction explicit algorithm. |The main function of these
two subroutines is to control the calculatioa garound the pipe boundary
which is the only irregylarity in an otherwise |simple rectangular boundary.
The center of the pipe is placed at a grid pdéint which is determined by
the input parameter NCL., This permits varying |the depth of the pipe in
units of one grid interval. These two subroutines call six computational
subroutines for the calculation of temperatures. '
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Subroutines FORMA, FORMB, and FORMC are called by DNSWEEP to
compute new temperatures at the left boundary, the interior, and the
right boundary of the grid respectively. The formulas applied are
based on equation (9) for the sweep from northwest to southeast. Sub-
routines FORMD, FORME, and FORMF are called by UPSWEEP to compute new
temperatures at the right boundary, the interior, and the left boundary
of the grid respectively.' The formulas are based on equation (14) for
the sweep from southeast to northwest. At the top and bottom boundaries,
the temperature is specified; fixed at the bottom and varying with time
at the top. At the left and right boundaries, we specify that 9T/ax =0,
except at the pipe where a fixed pipe temperature is specified. The six
computational subroutines are identical except for the formula used to
compute the new value of temperature. Each subroutine calls subroutine
ALPHA for conductivities, calculates the new temperature value, and then
calls subroutine MELFRZ for the management of melting or freezing.

Sutiroutine ALPHA gets its name from the fact that the program was
originally written to use diffusivities, and was later changed so that
conductivities were separated from density and specific heat. This is
because conductivities are evaluated at cell boundaries and density times
specific heat is evaluated at cell centers. The name of the subroutine
was retained and the names of the variables AXL, AXR, AYU, AYD are retained
even though these quantities are now conductivities rather than diffusivities.
Conductivities are set to either that of frozen material or that of thawed
material depending on whether the cell being computed or its neighbor is
frozen or thawed. Since the conductivity of thawed material is substantially
less than that of frozen material, the thawed materisl is assumed to control
the flow of heat whenever one cell is thawed and its neighbor is frozen.

This subroutine also sets the value of density times specific heat for the
cell being computed.

A1l calculations related to melting and freezing are handled in sub-
routine MELFRZ, The new and old temperatures are tested to see if a
melting or freezing process is continuing, or whether the onset of melting
or freezing is indicated. If there is no phase change, the new temperature
replaces the old, and control returns to the calling program.

If there is melting or freezing, the calories entered or lost from
the cell are calculated and added to or subtracted from the internal
energy total. Completion of melting is indicated when the internal
energy count passes its upper limit. When this happens the internal
energy is set to the upper limit, and any excess calories are applied
to raising the temperature of the thawed material. Similarly, the com-
pletion of freezing is indicated when the internal energy count passes
through zero. In this case, the internal energy of the cell is set to
zero, and any excess calories lost are applied to lowering the temperature
of the frozen magterial.
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If an incremental addition or subtraction of calories is greater
than one third of the calorie limit for the cell, a warning message is
printed, and a count is kept of the number of such warnings. If the
number of warnings exceeds 100, the job is aborted.

Initial ambient temperature as a function ¢f time and depth is
calculated in subroutine AMB and initial internal energles are calculated
in subroutine ENERGY.

Subroutine CELLD is uséd to calculate cell| dimensions when a variable
grid is employed. Currently this subroutine is| not used, and the calls to
it have been embedded in comment delimliters. Tbe program provides for
three levels of grid sizes in both the x and y fAirections which may be
used if the subroutine CELLD is reactivated. e calls to CELLD are
. located in subroutines FORMA, FORMB, FORMC, FORMD, FORME, FORMF, and
ENERGY. In the x direction, the border between the first and second
band of grids is indicated by the variable NLR1; the border between
the second and third band is indicated by NLR2. In the y direction,
the border between the first and second band ig indicated by NIM, and
the border between the second and third band ig indicated by NIN. The
grid interval in the second band is expected tg be double that of the
first, and the grid interval in the third band should be double that of
the second. f

Subroutine PRINT cguses the printing of printer plots of isothermal
lines. These plots give one grid interval resglution at best and are
intended to provide for the pictorial monitoring of the temperature
history with a minimum consumption of paper and printer time. These
plots supplement the full numerical output of the temperature array
and the internal-energy array that is made at each stop point in the
history.

A compiled listing of the source program follows.

PP
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PFLINE THERMAL ANALYSIS

/% PIPELINE THERMAL ANALYSIS

® 6 00 0 0 °P 00 OO0 OO T T OO PO P OO OO LT OTONLO PO PO PO OO ETO OO ECPOO S OGSO

THIS PROGRAM COMPUTES THE TEMPERATURE HISTORY OF A CROSS-SECTION OF
PERMAFROST IN WHICH A PIPF IS BURIED AT A DEPTH OF 8 FEET. THE PIPE
IS MAINTAINED AT A CONSTANT TEMPERATURE OF 80 DEGREES CENTIGRADE.

THE SURFACFE OF THF PERMAFROST IS SUBJECT TO SEASONAL VARIATION IN
TEMPFRATURE. THE EQUATION NF HEAT CONDUCTION IN 2-DIMENSIONAL
CARTESIAN COORDINATES IS SOLVED BY THE ALTERNATING-DIRECTION EXPLICIT

METHOD TO ORTAIN THE TEMPERATURE HISTORY. OQOUTPUT IS IN THE FORM OF
PRINTER PLOTS NF ISOTHERMAL LINES,
PROGRAMMED BY P.C. DOHERTY
3K /
HOTPIPF: PROCEDURE OPTIONS(MAIN) S
DRCLARE (NCL ¢NROWGNCOL ¢ NLMyNLN) FIXED RIN (31);
DECLARE (NLP1,NLR2) FIXED RIN (31);:
DFCLARE (DT4HDT,DXA4sDYA,DXB,DYR,DXC,DYC) FLOAT DEC (16)3
DECLARE (NPT ,NPR,KSTEP,NSTOP) FIXED RIN (31);
NECLARF  NTIME FLOAT DEC (16)3
NDECLARF (TIME ¢ XX, YYsDXL+DXR,DYU,DYD) FLOAT DEC (16):
DECLARE (TMPIPE,PCTyHOM,PER,AMP,TMELT) FILOAT DEC (16):
DECLARF (DENF 4DENM,CNDF4CNDMySPHF ¢ SPHM) FLOAT DEC (16)3
DECLARE (PI,TPILALPF,ALPM) FLOAT DEC (16):
DECLARE (ARFEAGXCAL CLIMyTNEW,NUM,DOM)" FLOAT DEC (16):
NDECLARE (AXL ¢AXR,4AYU,AYD) FLOAT DEC (16):
DECLARF (KPX{135)KYFAR,KFRAC) FIXED RIN (31):
DECLARE (IMAGE(131)4IMAGX(131),IMAGY(131)) CHAR(1)3:
DECLARE SYMB(?20) CHAR (1)
DECLARF  SYMT(20) FLOAT DEC (16)3
DFCLARE (NSYMoKPRINT,NPRINT) FIXED BIN (31);:
NDECLARE (LAMBDA, TMAMR) FLOAT DEC (1A):
DECLARE KSTOP FIXED BIN (31);
DECLARF  YFARS FLOAT DEC (16);
DECLARE (RPIPA,TRPIOP) FLOAT DEC (16);
DFCLARE (ToeJeKeITeJJyMMyNN,KSYM) FIXED BIN (31):
DECLARF (A4R,C) FLOAT DEC (16):
DECLARE (DELCALyERRORCNT,ERAT,ERATM) FLOAT DEC (16):3
NDECLARE (RCF4RCM,RC) FLOAT DEC (16):
OPEN FILF(SYSPRINT) LINESIZE(131):
PI=3.,1415926535F03
TPI=2.0F0%P13
TMAMB=0,0E03
LAMBDA=0,0EOD
/%%% READ HASIC PARAMETERS *3isk/
READIN: ON ENDFILE (SYSIN) GOTH: FINISH;
GFT FILE (SYSIN) DATA;

KSTOP=NSTOP*NPRINT;
NPT=NCL-13
NPR=NCL+13
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'"FLINE THERMAL ANALYSIS

CENDKPX:

CIMAGX=? 'y

DT=PER/(NTIMEXNPRINT) ;
HDT=DT/?2.0E0;
TPIOP=TPI/PER:
ALPF=CNDF/ (DENF%SPHF )3
ALPM=CNDM/ (DENM%SPHM) 3
RPIPA=SQRTI(PI/(PERXALPF) )3
NYU=DYA;
NYD=DYA;
NXL=DXAjs
DXR=DXA3;
AREA=(DXL+DXR)*(DYU+DYD) /4. 0E
CLIM=DENF*ARFA%PCT*HOM;
RCF=DENF*SPHF 3
RCM=NFNM:SPHM

/%%% SET UP PRINT
DO I=1 TO NLR1;
KPX(I)=13
END S

03

~COLUMN INDEX ARRAY X3

IF  NLR2<=NLR1 : THEN GOTO ENDKPX3

DO IT=NLR1I+1 TO NLRZ;
KPX{I)=NLR1+2%(I-NLR1)3
END S

IF NCOL<K=NLR2
DO T=NLR2+1 TO NCOL;s
KPX(T)=NLR1+2%(NLR2-NLR1)+4*|{
END '

.

/%%% SFT Uk PLOT

IMAGY="? 3
DO I=1 TO KPX(NCOL);
IMAGX(T)=t=-13
END3
DO I=1 TO KPX(NCOL) RY 102
TMAGX(T)=1v]"'s
IMAGY(TI)=2|";
END
/%%% PRINT TITLE

PUT FILE(SYSPRINT) EDIT

(EX g PX Y g PXXXXXXXXY 3 P X)

|X',le,lxt,lxl,le,

THEN GOTO ENDKPX;

I-NLR?} 3

IMAGES *xx

PAGE *%x/

EXXXXXX T o EXXXXXXXXY o

EX g EXE g EXXXXXXXXK® g #XT g EXXXXT o EXXXXXXXXK Sy

EXP g X g UX D, IX X, X
EXXXXXX T g XY o P XXXXXXXX
PXXXXXXXX ' 4 tXT)

(PAGEsSKIP(6) ¢ X(30)sAsX(6)9AeX(12)9AsX(12)4A¢X(12)4A,

SKIP(1)¢X(30)9AsX(6H)yAy

SKIP(1)4X{30)sAsX(6)sARX(12)3AsX(12)4AsX(3)4AsX(12)4A,
SKIP(1)94X(30)9sAsX(6)gAgX{19)9AX(12)sAsX(6)4AsX(19),A,
SKIP(1) o X(31)sAeX(3)AbX(O)sAeX{2)sAsX(9)sAWX(2)4A,

X(9)YphAyX(2)sA)

ol

14

g EX Vg EXXXXXXXX 4 VXY,

X{12)sAsX(19)4AX(19)4A,




PFLINF THERMAL ANALYSIS

( "MENLO PARK, CALIFORNIA') (SKIP(3)4X(53),4)
((*%¢ DO T=1 TO 57)) (SKIP(8),4X(36)457 A)
(150, tx) (SKIP(1)4X(36)9sAeX(55),4)
(*% THERMAL ANALYSIS OF PROPUSED TRANS-ALASKAN ¢,
TPIPELINE  %v) (SKIP(1)4X(36)s40,A)
(b1t ) (SKIP(1)4X(36)4A,X{55),A)
{('xr DO J=1 TO 57)) (SKIP(1)4X(36)+57 A)3
/3% PRINT PROBLEM PARAMETERS #Hm3k/
PUT FILE(SYSPRINT) EDIT
{'U. S. GEOLOGICAL SURVEY =-- MENLO PARK, CALIF?',
VORNIA  -=—=  AUGUST, 1969')
(PAGF,A,A)
(*THERMAL ANALYSIS OF PROPOSED TRANS-ALASKAN ',
YPIPELINEY) (SKIP(2),A,A)
{*PRORLEM PARAMETERS.ees') (SKIP(3),A)3
/*%% PHYSTCAL PARAMETERS i/
PUT FILE(SYSPRINT) EDIT
(*PIPF TEMPERATURE (DEG C)=',TMPIPE)
(SKIP{(2)sAsF(7,2))
("MELTING TEMPERATURE OF WATER (DEG C)=',TMELT)
(SKIP(1),A,F{(5,2))
(*LATENT HEAT DOF MELTING (CAL/GM)=1',HOM)
(SKIP(1)4AyF(6,4,2))
(*MOISTURE CONTENT OF GROUND (GM/GM)=4,pPCT)
(SKIP(1)sA,F(643))
{*AVERAGE AMBIENT TEMPERATURE (DEG C)=',TMAMR)
(SKIP(1)YsAsF(T7,3))
("AMPLITUDE OF AMBIENT TEMPERATURE VARIATION ¢,
Y(DEG C)="'4,AMP) (SKIP(I)!A?A’F(793))
(YPERTIOD OF AMBRIENT TEMPERATURE VARIATION (SEC)=t,
PER) (SKIP(1),A.E(13,6))
('*PHASE ANGLE OF AMBIENT TEMPERATURE VARIATION ¢,
V(RADIANS )=, LAMBDA) (SKIP{1),A,A,F(8,5))
(*DENSITY OF FROZEN GROUND (GM/CC)=',DENF)
(SKIP(1)sAsF(6,43))
('DENSITY OF THAWED GROUND (GM/CC)=',DENM)
(SKIP(1),A,F(6,3))
('THFRMAL CONDUCTIVITY OF FROZEN GROUND ¢,
V(CAL/CM/SEC/DEG CI=Yv4CNDF) (SKIP{1)sAsAsF(T44))
("THERMAL CONDUCTIVITY OF THAWED GROUND ¢,
V(CAL/CM/SEC/DEG C)=',CNDM) (SKIP(1),A,A,F(T744))
('SPECIFIC HEAT OF FROZEN GROUND (CAL/GM/DEG Cl="',
SPHF) (SKIP(1),A4F(643))
('SPFCIFIC HEAT OF THAWED GROUND (CAL/GM/DEG C)=t,
SPHM) (SKIP(1),A,F(6,3))
("THERMAL DIFFUSIVITY OF FROZEN GROUND (CM*CM/SEC)=¢,
ALPF) (SKIP(1)yAsF(T744))
( VTHERMAL DIFFUSIVITY OF THAWED GROUND (CM¥*CM/SEC)=1,
ALPM) (SKIP(1)sAsF(T744))¢
/%%% COMPUTATIUNAL PARAMETERS #x/
PUT FILF(SYSPRINT) EDIT
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PELINF THERMAL ANALYSIS

('GRIND PAOSITION OF PIP
(SKIP(2)sA,F(2]))
('GRID ROWS=*4NROW) (S
(*GRID COLUMNS="',NCOL)
('*HORIZONTAL GRID INTE
(SKIP(1)sA,3 F(10,4))
(*VERTICAL GRID INTERV
(SKIP(1)sAs3 F(10,4))
(*INTFGRATION STFP SIZ
(SKIP(1),A,E(13,6))
(*STEPS PER PRINT=!',NP
(*PRINTS PER PERIOD=?,
('TOTAL NUMBER OF PRIN
/#%% SET UP VARI

(NOUNDERFLOW) @

CONTROL ®

LonNe:

BFEGINS
DECLARE (T(NROWLNCOL),E(NROW
ON OVERFLOW GOTO BUGDUT;

/¥%% SET UP AMR]
TIME=03
KSTEP=0;
KPRINT=03
CALL AMBR;
NO I=1 TO NCOL=-13
T(xaT)=T(*,NCOL)S
END 3
TINROW,*)=TMAMR;

/x%% SFT PIPE TE
BO J=NPT TO NPB;
PO I=1 TO 23
T(Je1})=TMPIPE]S
FNDS ENDS

VAT 3
CALL FNFRGY;

YA S 23
CALL PRINTS

/%% PRINT NUMRE
PUT FILF(SYSPRINT) EDIT ('TI
DO I=1 70 NCOL;S
PUT FILE(SYSPRINT) EDIT (T,

((T(JseI) DO J=1 70 NRO
(SKIP(1),10 F(13,6))3

PRINT ISOTH

FND S
/%%% ADVANCE TIM

KSTEP=KSTEP+13

KPRINT=KPRINT+13

/xx% ADVANCE SURFACE BOUNDAR

TIME=1IME+HDT ;

I=13

YY=0Q.0F0:

CALL AMRTMP

!
SET INTERNA

i
E;CENTERz',NCL)

KFP(I),A,F(Z))
(SKIP(1)sA,F(2))
RFALS=',DXA~DXR.DXC)

A S=',DYA,DYR,DYC’

El (SEC)=t,DT)

RINT) (SKIP(1)sA,F12))

NTIME) (SKIP(1),A,F(642))
TS=14NSTOP) (SKIP(L1)sA,F(3))3
ABLE ARRAYS =3k

+NCOL }) FLOAT DEC (16):

ENT TEMPERATURES %3/

MPERATURES

|

r

3¢
¢
3
~

|
|

ENERGIES i/
RMS % /

S kk/
ME=%,TIME) (PAGE,A,E(13,6))3
LOL="41)
W) )

(SKIP(2),A,F(3))

i



ELINE THERMAL ANALYSIS

Tllex)=T(1,NCOL);
/3% DOWNWARD SWEEP %%/
CALL DNSWEFP;
/%*%% ADVANCE SURFACF BOUNDARY =&/
TIMF=TIME+HDT
I=1;3
YY=0.0FEQ0;
CALL AMBTMP3
Tlle*)=T{14NCDL)3
/%%% UPWARD SWEEP %X/
CALL UPSWEEP;
/%% PRINT ISOTHERMS *xx*/
IF  KPRINT>=NPRINT THEN DO
KPRINT=03
CALL PRINT;
FND S
/¥%% TEST FOR FINISH %%/
IF  KSTEPSKKSTOP THEN GOTO LOOP;
=¥%x PRINT NUMBERS #*#xk/
PUT FILE(SYSPRINT) EDIT ('TIME=*,TIME) (PAGE,A,E(13,6));
DO I=1 TO NCOL3
PUT FILE(SYSPRINT) EDIT ('T,COL=',1) (SKIP(2),A,F(3))
((T(JyI) DO Jy=1 TO NROW))
{(SKIP(1),10 E(13,6)):
END3S
DO T=1 TO NCOL3
PUT FILF(SYSPRINT) EDIT ('F,COL=t31) (SKIP(2)sA,F(3))
((F(J,1) DO J=1 TO NROW))
(SKIP(1)410 E(13,6)):
END3
/x%% READ NEW NTIMEZNPRINT,NSTUP %/
GET FILE(SYSIN) DATA; .
/x%% TEST FOR END OF HISTORY kxx/
IF NTIME=0 THEN GOTO READIN;
/*x% SET NEW STEP SIZES %xx/
DT=PER/(NTIME®*NPRINT);
HDT=DT/2.0E0;
KSTOP=KSTOP+NSTOP=NPRINTS
PUT FILE{SYSPRINT) ENDIT
('Us Se¢ GFEOLOGICAL SURVEY —---= MENLO PARK, CALIF?',
YORNIA -—-— AUGUST, 19691')
{PAGF ,A,A)
{'THERMAL ANALYSIS OF PROPDSED TRANS—-ALASKAN ',
TPIPELINEY) (SKIP(2),A,A)
('"PROBLEM PARAMFTERS.ees') (SKIP(3]},A)3
PUT FILF(SYSPRINT) ED.T :
(*INTEGRATION STEP SIZE (SEC)=1,DT)
(SKIP(2)4A,F(13,6))
('STEPS PER PRINT=',NPRINT) (SKIP(1)sAsF(2))
('PRINTS PER PERIUD='",NTIME) (SKIP(1)4AsF(6,2))
(*TOTAL NUMRER 0OF PRINTS=*,NSTOP) (SKIP{1),AsF(3));]

-27-



SELINE THERMAL ANALYSIS

DNSWEEP:

UPSWEFP:

GOTO LOOP;

PROCEDURES

DO J=2 TO NPT-13

I=1;
CALL FORMA;

DO 1=2 TO NCOL-+1;

CALL FORMR;3
END 3
I1=NCOL;
CALL FORMC:
END3S

DO J=NPT T0O NPB;
DO I=3 TO NCOL-1;

CAtL FORMB;
END S
I=NCOL
CALL FORM(CS
END S

DO J=NPB+1 TO NROW-1;

I=1:
CALL FUORMA3

DO I=2 TO NCOL-13

CALL FORMR;

END S

I=NCOL 3

CALL FOBMC;

END;

RETURN S

END DNSWEEP S

PROCEDURES

DO JJ=1 TO NROW=-NPR-13

J=NROW=J.J3
I=NCOLS
CALL FORMD;

DO TI=1 TO NCOL=-23

I=NCOL-IT3

CALL FORME;
END

=13

CALL FORMF;
FENDS

DO JJ=NROW-NPB TO NRUW—NPT:(

J=NROW=-JJ3
I=NCOL 3
CALL FORMD3

DO I7=1 7O NCOL-33;

I=NCOL-TI13
CALL FORMES
ENDS  FND3

i
i
|
i
|
§
|

/%%% DOWNWARD SWEEP OF AD

|

/%% UPWARD SWEER OF ADE *%%/

98-

m
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3
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PFLINE THERMAL ANALYSIS

FORMA:

FORMR 2

FORMC :

na .

J=NR
=NC
cCAaLL
DO 1
I=NC
caLL
END3
I=1;3
cAaLL
END3
RFTU
END

PROC

/%

catL

NUM=
+

DOM=
TNEW
CaLb
RETU
END
PROC
/;::
CaLl
NUM=
+
+
NOM=
TNEW
CALL
RFTU
END

PROC
S

J=NROW-NPT+1 T NROW-23

OW=J.J3
oL s
FORMD S
I=1 TO NCOL~-23
OL-113
FORME S
FORMF 3
RN
UPSWEEP;
/%%% TEMPFRATURE AT CENTERLINE s/
ENVIRE S '
/x%% FIND CHLL DIMENSTIONS s/
CALL CFLLD %/

/3% FIND AL PHA ka/
ALPHA:

#k% COMPUTE NUMFRATOR ik /
RCET (e L)/HDT + AXKR{T(JeyT+1)=T(Jsl))/DXRAE*D
AYDR(ETOI+T oI} =T(J 1) Y/DYD%R%R2 + AYURT(J-1,1)/DYUsk:2 3

/%% COMPUTE DFENOMINATUR #skx/
RC/HDT + AYU/DYUR%23

/xx% COMPUTE NEW TEMPERATURE s/
= NUM/DOM;

#x% TEST FUi2 MELTING OR FREFZING %%/
MELFR7

RN
FORMAS
/%%% INTERIOR DOWNWARD TEMPERATURE sk /
FDURF
Jx%x FIND CE L NDIMENSTONS s#s/
CaLL CELLD x/ :
/x%x FIND AL PHA =<k /

ALPHA S '
/%% COMPUTE NUMFRATOR s/ :
RCHT(Jo 1) /HDT + AXRIH(TUSI+1)=T(Je 1)) /DXR%%D
AXL*T(J 9 T=1)/DXLx%2 + AYDR(T(J+1,1)=T(Jy1))/DYD*%2
AYURT (=14 1) /DY 1% 3
/#%%E COMPUTE DENOMINATOR ok
RC/HDT + AXL/DXL*%2 + AYU/DYUs %23
/%% COMPUTE NEW TEMPERATURE ¥/
= NUM/DOM;
/%%% TEST FOR MFLTING OR FREEZING s/
MELFRZ
RN s
FORMR
/%% DOWNWARD EASTERN BOUNDARY sekx/
FOURE 3
CALL CELLD =/
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FORMD:

FORME:

FORMF:

CALL ALPHA;

/#%% COMPUTE NUMERATOR #%x*/

NUM= RC*T(Jy1)/HDT + AXL*T(J

y I-1)/DXL%%2

+ AYDR(T(JI+1,1)=T(Je1))/DYD*%Z + AYURT(J=-1,1)/DYUx%23

/¥%% COMPUTE DEN
DOM= RC/HDT + AXL/DXL%*%2

/%%% NEW TEMPERA
TNEW=NIIM/DOM;

/*%% TEST FOR ME
CALL MELFRZ;
RETURN
END FORMC;

/%%% UPWARD EAST
PROCEDURE;
/% CALL CELLD 3/
CALL ALPHA3S

/%%% COMPUTE NUM
NUM= RC*xT(Js1)/HDT + AXL*(T(

+ AYDHT(J+1,1)/DYD*%%2 + A

DMINATOR *#*%x/
# AYU/DYU*%2 3
TURE %%/

LTING OR FREEZING %/
FRN ROUNDARY %/

FRATOR %%/
Je I=1)-T(Js1))/DXL*%2
YUR(T{J=1+1)=T(Jds1))/0YUx%*23

/#*%% COMPUTE DENDMINATOR %%/

DOM= RC/HNT + AYD/DYD**%23

/%%% NEW TEMPERATURE %

TNEW= NUM/DOM;S

/%%% TEST FOR MELTING OR FREEZING %%/

CALL MELFRZ;
RETURNS
FND FORMD S .
/%%% INTERIOR UP
PROCEDURE 3

WARD TEMPERATURE %%/

/x%% FIND CFLL DIMENSIONS X%/
|

/¥  CALL CELLD %/
/*%% FIND ALPHA
CALL ALPHAj

ek /

/%%% COMPUTE NUMERATOR *#*%/

NUM= RC*T(Js1)/HDT + AXR*T(J

v I+1)/DXR*%2

+ AXLE(T(JeI=1)=T(JoI))/DXL%*2 + AYDRT(J+141)/DYDX*2

+ AYUR(T(J-141)=-T(Jy1))/D

YU%k%2 3

/x%% COMPUTE DENOMINATOR **x%x/

NOM= RC/HDT + AXR/DXR*%2

H AYD/DYD*%2 3

/%%% COMPUTE NEW TEMPERATURE *x¥x/

TNFW= NUM/DOM3

/*¥% TEST FOR MELTING OR FREEZING %%/

CALL MELFRZ;
RETURN;
END FORME;

PROCEDURE 3
/%*x%x FIND CELL D
/% CALL CELLD =%/
/*%% FIND ALPHA
CALL ALPHA;

/%%% TEMPERATURE AT CENTERLINE %%/

IMENSIONS 3%/

3%k f
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ALPHA:

ANALYSIES

NUM=
+

NOM=

TNEW=

CALL

/¥%% COMPUTE NUMERATOR ¥/
RCEXT(JeI)/HDT + AXE%®T(JyI+1)/DXR*%2
AYDET(J+1,1)/DYD%%? + AYU*(T(J-I.I)-T(J,I))/DYU**?:
/%%% COMPUTE DENOMINATOR %%/
RC/HDY + AXR/DXR#%%2 + AYD/DYD**23
/%%x%x COMPUTE NEW TEMPERATURE %%/
MUM/DOM ,
/%%¥% TEST FOR MELTING OR FREEZING %%/
MFLFRZ 3

RETURNS

END F

PROCE

IF 1

ORMF 3

/%%% FIND ALPHA VALUES #%x%%x/
DURE $

/%%% LEFT-HAND ALPHA VALUE %%/
=1 THEN DO

IF TlJ,T)<KTMELT THEN AXL=CNDF;:

FLSE
END
_ELSE

AXL=CNDM;

DO

IF TCJyIIDTMELT | T(JyI=1)>TMELT THEN AXL=CNDM;

ELSF
END

IF I
IF T
ELSF
ENDS
FLSF
IF T
ELSF
END3

IF

AXL=CNDF;

/%%% RIGHT-HAND ALPHA VALUE *%%/
=NCOL  THEN DOj
(Js 1)<KTMELT THEN AXR=CNDF;
AXR=CNDM;

DO
(JeyIIDTMELT | T(JyI+1)>TMELT THEN AXR=CNDM;3
AXR=CNDF 3

/%*%% UPPER ALPHA VALUE X3/
=1 THEN N0O;

IF T(JyI)<KTMELT THEN AYU=CNDF:

ELSE
END
ELSE

AYU=CNDM3

DO

IF T(J,1)>TMELT | T(J=1,1)>TMELT THEN AYU=CNDM:

ELSE
END 3

AYUsCNDF

/¥%%x L OWER ALPHA VALUE %%/

IF  J=NROW THEN DOj

S IE T

ELSF
END;
ELSE
IF T
FLSE
FND3

IF 7

(Js1)<TMELT THEN AYD=CNOF:

AYD=CNOM3

nos '

(JsTI>TMELT | T(J+1,1)>TMELT THEN AYD=CNDM;
AYD=CNDF 3

/%%% SET DEN%SPH %kk/
(Je PIDTMELT THEN RC=RCM;
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MELFRZ:

CONTINC

FLSE RC=RCF;
RETURNS
END ALPHA;

BZING MANAGEMENT =esks/

SRk

NTINUING MELT DR FREEZE

/%%% MELTING-FRE
PROCENURE 3
/*%%x TEST FOR CO
IF T(JsI)=TMELT THEN GOTO QONTIN;
/%%% TEST FOR ON

(F T(J,1)<KTMELT &
T(Je I )=TMELT;
GOTO CONMTING
END

2333
IF  T(J,1)>DTMELT &
T(Jy I )=TMELT;
GOTO CONTING
END

TNEWLKTM

/ %%k
T(Jde1)=TNEW]S
RETURN;S

NO PHASE CH

TNEWDTMELTY

TEST FOR ONSET

SET OF MELTING

Ak

THEN DO;

OF FREEZING #*xx/

ELT THEN DUO:s

ANGE %%/

/%%% TEST FOR FREEZE DR MELT %%/

IF  TNEFW>TMELT THEN DO;
k% MELT %%/
/%%% CALORIE CHA

NGE *x%/

NDELCAL=DENF*AREA*SPHF*(TNEW=-TMELT) ;

/¥%% TEST FOR EX
ERAT=ABS(DELCAL)/CLIM;
1F ERAT>DERATM THEN ERATM=E
IF FRAT>0.333E0 THEN DO
PUT FILE(SYSPRINT) EDIT (*CA
FROW=Y 3 Jy TCOL=Y o 14 T= o T(Jyl
'CALORIE INCREMENT=',DELCAL)

CESSIVE CALORIE CHANGE %/

RAT 3

LORIE INCREMENT TOD RIG',
Yy 'E=TLE(Jy 1)y 'LIMIT=',CLIM,

'

(SKIP(2) s AgX(2)9A3F(3)9X(2)3AsF(3)ySKIP(1)sAsE(13,6),X(2),

AsE(1346)4X(2)yAE(13,6),X{2
ERRNRCNT=FERRORCNT+1.0F0D;
IF  FRRORCNT>1.0E2 THEN EX
END

/*%% ADD TO CALO
E(Js1)=E(Jdy 1 )+DFLCALS

/*%% TEST FOR CO
IF F(Js1)>=CLIM THEN DO3
XCAL=E(J,1)-CLIM;
FlJeT)=CLIM;S
Ty 1)=TMELT+XCAL/ (DENF*AREA
END3
RETURNS
END
ELSF DO

/*%% FREFZE =X%k/

/%%% CALORIE CHA
DELCAL=DENF*AREAXSPHF%( TNEW~-

DeAsE(13,6))3
1T
RIE COUNT ssxx/

MPLETION OF MELT *#*x/

FSPHM)C

NGE %%%/
TMELT) 3
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ENERGY 2

CFLLD:

END MFLFRZ;

/%%% TEST FOR EXCESSIVE CALORIE CHANGE %%/

FRAT=ARS(DELCAL)/CLIM;
IF FRATDERATM THFN ERATM=ERAT;
IF  ERATD0.333E0  THEN DO
PUT FILE(SYSPRINT) EDIT ('CALORIE INCREMENT TOO RIG*Y,
‘Rﬂw='.J"CﬂL='.l,'T='.T(J,l)o'E=',E(J'I),'LIMIT='.CLIMo
'CALORIE INCREMENT=',DELCAL)
(SKIP(2) oA gX(2)0AsF(3)eX{2)9AsF({3)4SKIPIL)yALE(13,6)4X(2),
AsF(1346)9X(2)9AsF(1346)9X(2)eAyE(1346)):
FRRORCNT=ERRORCNT+1,0E03
IF FRRORCNT>1.0E2 THEN EXIT3 ;
END . '
/%%% ADD TO CALORIE COUNT %x*x%/
Flde1)=E(J,1)+DELCAL;

/%%% TEST ~0OR COMPLETION OF FREEZF k%% /
IF F(J,1)<=0,0F0 THEN DO
XCAL=F(Js1)3
E{Jds1)=0.0FEO0;
T(Je I )=TMELT+XCAL/ (DENF*AREA*SPHF) 3
END
RETURNS
END S

/x%% INITIALYZE INTERNAL ENERGY *%x/
PROCEDURE S
E=03
DO J=1 TO NROW;
NO 1=1 TO NCOL;
/x%% TEST AGAINST MELT TEMPERATURE k%%
IF T(JyI)>TMELT THEN DOj
/% CALL CELLD */
F(Js)=AREAXDENF*PCT*HOM;

END;
ENDs  END3
RETURNS

END ENERGY

/%%% CALCULATE CELL DIMENSIONS %kx/
PROCEDURFES
IF  J<NLM  THEN DO

DYU=NYAS

NYD=DYA;

GOTO NFXTs

ENDS

IF  J=NLM THEN DO
DYU=DYA;

DYD=DYR

GOTO NEXT;

END -
IF  UKNLN  THEN DO
DYU=IYRS

NYN=DYR:
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NFXT:

FIN:

AMR :

GOTO NEXTS
END 3

[F  J=NLN
DYU=DYH;
DYD=DYC3;
GOTO NEXT;
END 3
NDYU=DYCs
NDYD=NYC3

THEN DO3

’

1F  I<KNLR1
DXL=NXA3
NDXR=1XAS
GOTO FINg
END3

IF I1=NLR1
NXL=DXAs
NDXR=NDXR;
GOTO FINg
END S

1F T<NLR?
NDXL=DXRK3
NXR=NXR;
GOTO FIN
END 3

1F I=NLR?2
PXL=NXAR3
NXR=NXC3;
GOTO FIN;
END3
DXL=DXC;
NDXR=DXC3

THEN DO;

THEN DO

THEN DO3

THEN DOj

AREA=(DXL+DXR)I*{(DYU+DYD)/4.0B03

CLIM=NFNF*AREAXPCT*HOM;
RETURN;
END CELLD3

PROCFDURE 3
DO 1=1 TN NLM;:
YY=(1-1)%DYA;
CALL AMBTMP;
END; :
IF  NLN<=NLM THEN GOTO AMBEN
DO T=NLM+1 TO NLN;
YY=(NLM=1)%DYA+(I~-NLM)*DYR;
CALL AMBTMP;

END

IF  NROW<=NLN THEN GOTO AMBE
DO I=NLN+1 TO NROW;
YY=(NLM=1)%DYA+ (NLN=NLM)*DYR+

/%% AMBIENT TEMRERATURES x%x*/
¢

103

NDs
(I=-NLN)*DYC3
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CALL AMRTMP:

END 3
AMREND H
RETHRNS
END AMR;
/¥%% SEASONAL TEMPERATURE #%x/
AMRTMP ; PROCEFNDURE S

IF AMP=0,0F0 THEN DO
TOILNCOL)=TMAMR
RFTURN S
END;
A=SIN(TPIOPRXTIME+L AMBDA=YY*RPIPA}S
R=EXP({~YY%RPIPA)
T(TWNCOL)=AMPX*A%*B+TMAMB ;
RETURNS
FND AMBTMP s
/%%% PRINT ISOTHERMS X%/
PRINT: PROCFDURFE;
/%%% FIND YEARS AND FRACTIONS #x%x/
YEARS=TIME/PFR}
KYEAR=YEARS+0,01E03
KFRAC=YFARS*NTIME~-KYEARXNTIME+0,01EQ;
/%%% PRINT TITLF k¥x/
PUT FILE(SYSPRINT) EDIT ('TIME=",KYFAR,'AND',KFRAC,
Y/V JNTIME,'YEARS! ,'ORY, YEARS,*YEARS?,
TMAX F~RATIO=*,ERATM)
(PAGE AyF(3) s X(1)gAsX(1)gF(2)eAsF(4s1)y3X(1)eAsX(2),
AgX(Y)oF{Te3)eX(1)aAsX(3)yAsE(13,6))
({SYMB(1),t=Y,SYMT{1),'DEGREES' DO I=1 TO NSYM))
(SKIP(1)e7 (AsAsF(5,1)eX(1)sAeX(3))):
PUT FILE(SYSPRINT) EDIT (' *) (SKIP(1l),A);
/%¥¥% BEGIN PLOT #x%x/
J=03
LOOPA: J=d+1:
IMAGE=IMAGX
K=13s
GOTO INSERT:
LOAPAR: J=J+13
K=K+1:
IMAGF=IMAGY
INSFRT: H
. /%%% TEST FOR LINE SKIP %%/
IF JONLN  THEN DO KSKP=1 TO 33
PUT FILFE(SYSPRINT) EDIT ((IMAGE(I) DO I=1 TO 131))
(SKIP(1),13) A);
IF K<10  THEN DO
K=K+13
IMAGF=TMAGY
FND3
FLSE D03
K=1¢



PELINE THFRMAL

REST:

ENNSYM:

ANALYSIS

IMAGE=TMAGX;
END3S
END3S
ELSE IF
PUT FILE(SYSPRINT)
(SKIP(1),131 A)3

JO>NLM  THEN DO3S
EDIT

t (IMAGE(T)

DO I=1 T0 131))

/*%% MARK POSITIVE TEMPERATURES *x%/

IF  K<10 THEN D03
K=K+13
IMAGE=IMAGY;
END3

FLSE D03

K=13
IMAGE=IMAGX 3
END:

END3

DO I=1 TO NCOL;
IF  T(J,1)>0.0E0
END3

THEN IMAGE (KPX(I))='+"3

/*%% INSERT SYMBOLS #=%x/

DO KSYM=1 TO NSYM3

/*%% TEMPERATURE

I=13

IF T(JeyT)=SYMT(KSYM)
IMAGE(KPX(I))=SYMB(KSYM) 3
GOTO REST;

END3
IF  u>1 THEN DO;
IF T(J-1,1)<KSYMT(KSYM)

IMAGE(KPX(I))=SYMB(KSYM)3
GOTO REST:

END

IF T(J=1+1)>SYMT(KSYM) &
IMAGE(KPX(I))=SYMB(KSYM}3
GOTO REST:

END3  ENDS

DO I=2 TO NCOL3

IF T(JsyI)=SYMT(KSYM)
IMAGE (KPX(1))=SYMB(KSYM);
GOTO ENDSYM3

ENDS

IF T(JeI-1)<KSYMT(KSYM)
IMAGE(KPX(T))=SYMB(KSYM);
GOTO ENDSYM3

END3S
IF
IMAGE (KPX(1))=SYMB(KSYM);
GOTO ENDSYM3

ENDS

END3

END:

& T(JeIIDSYMT(KSYM)

& T(J

SEARCH *x%x/

THEN 0303

THEN D03

T(Jy I)<KSYMT(KSYM) THEN DO;

THEN DOs

-

» I)>SYMT(KSYM) THEN DO

T(JeI=-1)>SYMT(KSYM) & T(J,I)<KSYMT(KSYM) THEN DO;




"FLTME THFERMAL

BUGOIIT

FINISH:

ANALYSIS

/%%% PRINT LINE %%/

PUT FILE(SYSPRINT) EDIT ((IMAGE(I) DD I=1 TO 131))

(SKIP(1),131 A)3
/%%% TEST AND LOOP %¥**/

IF JSNROW  THEN DO

IF  K<10 THEN GOTO LOOPRS

GOTO LOOPAS

END S

FRATM=(0L,0F03

RETURNS

FND PRINT:

PUT FILE(SYSPRINT) EDIT (*OVERFLOW SENSED') (PAGE,A)3

PUT FILE(SYSPRINT) EDIT
{PKSTEP=?,KSTEP) (SKIP(1)sA,F(5))
(PI=0,T40d=0,0) (SKIP(1)9AsF(3)4X(2),A,F(3))
("NUM= g NUM, tDOM=8 ,D0OMy * TNEW ' , TNEW)
(SKIP(L1)9A3E(1346)¢X{2)sAsE(13,6)9X(2)9A4E(13,6))
('T(Je I )=V T(JeyI)e'E(JyI)='yE(JsI))
{SKIPU1)yAyE(13,6)9X(2)sAyE(13,6))3

DO I=1 TO NCOLgs

PUT FILE(SYSPRINT) EDIT ('T,COL="'41) (SKIP(2),A,F(3))
((T(Js1) DO J=1 TO NROW))
(SKIP(1)410 E(13,6)):

END3

NO I=1 TO NCOLs

PUT FILE(SYSPRINT) EDIT ('E,COL=',1) (SKIP(2)sAF(3))
((E(Jye1) DO J=1 TO NROW))-
(SKIP(1)410 E(13,6))3

END 3

END CONTROLS

RETURN;S

END HOTPIPES
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2.

3.

RESTRICTIONS

Grid dimensions are limited by memory space available. A

30x45 grid has been used in a region of 250K but no attempt
has been made to find the largest grid that would fit in this
region,

The user must be careful to insure that the right boundary

and the bottom boundary are far enough distant from the pipe
so as not to cause a serious error|as the liquid-solid
interface moves out. Distances of|sixty feet for the right
boundary and ninety feet for the bottom boundary have been
found satisfactory for the problems studied to date.

The user must be careful to insure that the integration time

step is not so large as to produce unacceptable truncation
errors., Warning messages of rapi@ changes in internal energy
may indicate serious truncation errors. Experience to date
indicates that steps of 1/104 year are satisfactory for the
first year of history, 1/52 year steps are satisfactory from
one year to five years, and 1/26 year steps are satisfactory
after five years.
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PROGRAM RUN PREPARATION

The deck setup for compile and execute is as follows:

//  Standard JOB card

//STEP1 EXEC PROC=PL1LFCLG,REGION.GO=250K,TIME.GO=35

//PL1L.SYSIN DD ¥
PL/1 source program

/*
//GO.SYSIN DD ¥

Input data cards

/*

All input is from cards; all output is on the printer.

OUTPUT

Printed output includes a title page,

problem-identifying

parameters, a plot of initial conditions, the initial temperature
array, plots and array prints as prescribed by input parameters.
Samples of the output follow this page. In the printer plots,

thawed cells are identified by the symbol
by some other symbol.

The parameter MAX E-RATIO is printed 1

is the maximum ratio of energy increment t

been calculated since the previous plot ou

gives the user some feeling for the number
required to melt a cell.

-L4o-

'+" . unless overridden

with each plot. This
b energy limit that has
tput. This parameter
of integration steps
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0. 000000E+00
0.000000E+00

0e OOODOOOE+00
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O, 000000FE+00
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0. 000000F+00

0.000000E+00
0.000000E+00

Re&7279
0.00000

8.47279
0.00000

Ba4T7279
0.00000

8,47279
0.00000

Ro&4T72719
0.00000

B 47279
0.00000

8.,47279
0.00000

R,47279
0.00000

0.00000
0.00000

0.0000C
0.0000C

0.0000C
0.0000C



PROGRAM ERROR MESSAGEJ
f

"CALORIE INCREMENT TOO BIG"

This is a warning message that the calorie change in some
cell exceeds 1/3 the limiting value.

A reduction in time step
size is indicated.

2. "OVERFLOW SENSED"

A floating-point overflow has occurre

d indicating some
serious trouble.

Diagnostic output following this message
should help in finding the cause of the error.

'

TIMING

To compile and execute a 20-year hist

printer output required 35 minutes of 360/

ory with substantial
time.

65 central processor

STORAGE REQUIREMENTS

p

Storage requirements for all parts of the program except
the dynamically allocated temperature and| energy arrays are
listed on the following page.

A1l floating-point numbers are FLOAT| DEC (16), the maximum
precision available.

REFERENCE

Quon, D., Dranchuk, P. M., Allada, S. R., a

nd Leung, P. K., 1965,
A stable, explicit, computationally efficient method for solving
two-dimensional mathematical models of petroleum reservoirs,
Journal of Canadian Petroleum Technolo

g, v. 4, no. 2, p. 530-535.
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