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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 qf 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 environment. The results of 
this thermal analysis form the basis for a study of such effects.

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

The cross-section of permafrost which is our problem space is covered 
with a grid as shown in figure 1. The left boundary of this grid passes 
through the center of the pipe. Since the solution is symmetrical about 
a vertical line passing through the center of the pipe, only the right half 
of the solution need be cdmputed. The gtfid lines are 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 the grid.

We calculate the temperature at each of the 
 grid. Each of these points may be thought of a 
square "cell" whose sides sare drawn midway between 
temperature at each grid point may be considered 
of the material in the cell. A small part of tie 
defined at the centers of icells is shown in figure 
illustrates the indexing scheme that we will use

The two-dimensional aquation of heat 
without sources is:

intersection points of the 
the center point of a

the grid points. The 
the average temperature 
grid showing temperatures
2. This figure also 

in our analysis.

conduction for a non-moving medium

c, and k are constants, then:

(2)
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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:

?*T i

(3)

Substituting (3) and (k) into (2) we obtain

Equation (5) is incomplete because we have not

(5)

specified the value of
time at which the space derivatives are computed. We want the time 
derivative, ̂ T/^te , to be the average time derivative between two time 
slices_, so that the finite-difference approximation 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
by the superscripts n and n+1, then instead of 
the following:

e indicate two time slices 
(5) we want something like

M (6)



If we assign the value 1/2 to each of the weights, ft n ^ and |3 , we 
would be doing a simple averaging 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- direct ion explicit method. Our choice is the 
alternating- direct ion explicit (ATE) method.

Substituting the finite- difference approximation

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

"

-h+t -I-M + I \'-

«
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Equation (7) above is a general form from which ll of the current 
i numerical methods for solving the heat equation &re derived by the 
manner in which the weights, ft±, are assigned.

methodIn the alternating-direction explicit _  
Lientary formulas are derived from (7), and the 
proceeds forward in time by half-steps, using 
to sweep over the solution grid from the 
corner 9 and then back frdm the southeast corner

the 
northwest

two different comple- 
numerical integration

two formulas alternately 
corner to the southeast 

to the northwest corner.

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

This assignment of weights gives the formula:

/"C

tfe
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Solving (9) for T ; gives the following:

±. (10)-q*

In formula (10) above and in other formulas to be derived, the value p C 
is taken to be that appropriate to the grid point where TJ*J' is being 
computed. The value of k is taken to be that appropriate '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.

On the western boundary of the problem where **0, the second 
term on the right-hand side of (9) is zero. In this case, (10) reduces 
to the following:

T wf-i 
/   *

TT,11 «\"T"^ V

(11)
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Similarly, on the eastern boundary where 
(lO) reduces to: >

\£±+ JL. + Js-]
I/I* AX* Aji-J

For the sweep from southeast to northwe; 
assigned to the fi's in equation (7):

This assignment of weights gives the fornula:

At

4Ar^i

also ^ equation

(12)

the following values are

(13)
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fit/. . -j-flTI

Solving (14) for I ^ ' gives the formula

">Wk L 
, . *  

J.(15)

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

.-n-f i
T   : »

c ^
Atr (16)

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

V- (IT)

Formulas (lO), (ll), (12),, (15), (l6), and (17) constitute our basic 
solution algorithm.
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Management of Melting

approachFigure 3 illustrates the traditional 
problem in two materials. If one began the so
the differential equation /°Cz^%f*fc!r(
march the solution throughout region I. The 
/kff (^'%«).X£ would be used to march the solution 
between the two materials, and finally the eq 
would be used to march the solution throughout region II.

The boundary condition k.

to the heat conduction 
.ution in Material I, then 

>) would be used to 
boundary condition «

across the interface

..
that the number of calories of heat that flow
material must flow out o£ the boundary into the;
are no calories produced or consumed at the boundary

In the case where the two materials in 
solid phases of the same material, then calories 
at the liquid-solid interface, and the boundary 
not valid. In this case, however, the tempera!? 
known fixed quantity, namely the melting-freez 
material.

question

We propose to represent the liquid-solid : 
connected cells where the temperature is passin 
freezing temperature of the material, as shown 
of melting in any cell is indicated when the 
successive time slices, TPV and T**; 1 
of the material, T^ . ' When the onse* of m 
temperature is set to *7^ and the calorie infl 
temperature difference"7£*tf(-.'7Jn is calculated 
variable, £«!,*' , representing the increase in 
material contained in the cell.

lelting

nterface by a series of 
,g through the melting- 
in figure 4. The onset 

temperatures at two
the melting temperature 
is detected, the cell 

ow indicated by the 
and accumulated into a 

the internal energy of the

The volume of the cell is l*(Ax&y) . It$ mass is/^AfcAif . If P
is the fraction of meltable material in the cei.l, and L is the calories 
required to melt one unit mass of meltable material, then the total 
calories required to melt all meltable material, in the cell isx>Ax<do

expresses the idea 
nto the boundary from one 
other material. There

are the liquid and 
are produced and consumed 
condition applied above is 

iure of the boundary is a 
ng temperature of the

If Cp is the specific heat of the frozen 
input required to produce the temperature

iiaterial, then the calorie
isdifference

(18)

-10-



I_._  _.__

iFigure

YUfftfaAL ":

-At

.iiojial.
efti in

inteiface

- 1-* ->R

two 
"betweer

as

.jfco. ijhe. hea
materials

b condpctiqn
and (across! the 

the tiwo matte rial a.

 Repress ntatic n of 
: of ccnnecied celis

-interlace "by a seijies



In succeeding time slices, the no-melting 
computed in the usual way, but the temperature

temperature change is 
of the cell is retained

at ~F^ and the calorie inflow corresponding -bo the no-melting 
temperature change is added to the internal energy of the cell:

<

4x4

6-t*.

(19)

Erm

When the internal energy of the cell, £", 
the energy required to melt the meltable material 
cell is considered to have changed from solid

, equals or exceeds 
in the cell, then the 

'bo liquid:

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

(20)

(21)

in the time slice where the 
to raising the tempera- 

of the thawed material then:
app Lied

where  P . v-. nC ^

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

D. Quon and others (19^5) compare the ADE 
and include references to the papers by Saul 1

(22)

abDve would apply when the 
Liquid was taking place.

ev
method with other methods 
and Larkin.
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Truncation Error

In order to get some feeling for the truncation error related to 
the finite time step, A-fc , and its relation to the grid intervals, 
Ax and AU , we have examined three specific examples as shown in 
figures 5 , &, and 7» In figure 5; we have a square grid with A* = A^*/jT. 
The middle temperature T^C , and the four neighboring temperatures 
Tgs-2. ,Ti»-+3 ,TO-+-£" ,"!***-'   In figure 6 we have another square grid 
with the grid interval increased by a factor of 4;4x«d^«&0» The middle 
temperature remains the same 1/j = O , but the four neighboring temperatures 
are multiplied by 4 so that slopes will remain the same; T^** * ,TC  » + /1, ,7 
Tff * -^ . In figure 7 we have a rectangular grid with Ag , Tg , and Te 
taken from figure 5> and Ax > 7g .> and 7^ taken from figure 6. In all 
of these examples we set &i*k//eC « O.cc^ . For each of these three 
examples we will examine the northwest-to-southeast formula given in 
equation

(23)

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**"^ jft-T)^**^ and (23) reduces to the familiar

Formula (2^) gives equilibrium temperature of 1.25 in the case where 
Ax. »Au »/.$", and the equilibrium temperature of 5*0 in the case where
Ax «

Solving (23) for TA* we obtain:

.
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If we permit 4t-*«o in equation (25) we obtain the limiting value 

of TA* as follows:

(26)

Formulaula (26) gives limiting temperature TA*=2.5 for the case where 
**«*i£, and limiting temperature TA+*IO.O for the case where 

4* s A<j*6<*.

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

 *   //33-?x /<T* . ( 2T )
^ -*» ^

At

and,

^     . (28)
A f _ _ j

A +. f 3*^33

Plots of TA* vsoAt 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 crossed 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 calculate 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 At is large enough, the calculated temperature, TA*, 
may exceed the equilibrium temperature, thus doing violence to the basic 
physical principles involved in the problem, and inducing a kind of 
pathological 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 TA* vs. At. 
With this rule in mind, we see from figure 8 that for the case where 
the grid interval AX-tl^*/*, our time step is limited to about 10 , 
whereas from figure 9 we see that increasing the grid interval by a 
factor of four permits an increase in the time step to about 105.

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 is a useful preliminary 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 accuracy.

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.

All problem variables are declared eitler fixed binary (31) or 
floating decimal (l6). The linesize for the file SYSPRBJT 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 
constants are obtained, including indexes and 
the printer plots. Finally the title page and 
parameters are printed and the main control bio 
statement CONTROL.

MROW and NCOL, computed 
line images needed for 

; problem-identifying 
is entered at

The NOUNDERFLOW condition is set, upon entry to CONTROL, to prevent 
printing of diagnostics when underflow occurs. The temperature array 
and internal energy array are declared using th.3 dimensions NROW and 
NCOL, previously read from data cards. The "ON" statement sets up a 
transfer to the error routine BUGOUT if an overflow is detected in
subsequent calculations. Then time, step count srs, and the ambient
temperature profiles are initialized. Pipe temperatures and internal
energy profiles are initialized. A print plot 
is printed and the initial temperature array is 
Finally the forward integration begins with the

of initial conditions

At the beginning of the integration loop, 
time is advanced, and the surface boundary 
the downward sweep of the ADE is performed, the 
advanced again, and the upward sweep of the ADE 
completes one forward integration step. If a 
a printer plot is produced. If a stop point 
then returns to the statement LOOP for another

step counters are advanced, 
temperature is advanced. Then 

surface temperature is 
is performed. This 

print point has been reached, 
has not been reached, control 

forward integration step.

temperatureWhen a stop point is reached, the 
internal energy array, E, are printed in full, 
printed, new integration parameters are read from 
parameter may be changed at this time, but the 
to permit changing the integration time step and 
out. Time step and print frequency are controlled 
NTBffi, NPRINT, and NSTOP. NTBffi is the number 
NPRINT is the number of integration steps between 
NSTOP is the number of prints before the next s 
integration parameters are printed, and control 
LOOP to continue the forward integration. If the 
to zero, this indicates the end of one time his 
to the statement READIN to permit entry of date

tt.eThe two major subroutines called within 
are DNSWEEP and UPSWEEP which control the downward 
the alternating-direction explicit algorithm, 
two subroutines is to control the calculation 
which is the only irregularity in an otherwise 
The center of the pipe is placed at a grid poir.t 
the input parameter NCL. This permits varying 
units of one grid interval. These two subroutines 
subroutines for the calculation of temperatures

-20-

printed in full, 
statement labeled LOOP.

array, T, and the 
After these arrays are

data cards. Any 
intent of this input is 
the frequency of print-
by the parameters 

of print points per year,
print points, and 

topping point. The new 
returns to the statement 
parameter NTIME is set 

tory. Control then goes 
for a new history.

forward integration loop
and upward sweeps of 

The main function of these 
ground the pipe boundary 
simple rectangular boundary,
which is determined by 

the depth of the pipe in 
call six computational



Subroutines FORMA, FOKfcJB, 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 (l4) 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 ̂ T/srx**?, 
except at the pipe where a fixed pipe tamperature 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.

Subroutine 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 material 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.

All 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 material.

-21-



If an incremental addition or subtraction 
than one third of the calorie limit for the cell 
printed, and a count is kept of the number of such 
number of warnings exceeds 100, the job is aborted

Initial ambient temperature as a function 
calculated in subroutine AMB and initial internal 
in subroutine ENERGY.

Subroutine CELLD is used to calculate cell 
grid is employed. Currently this subroutine is
it have been embedded in comment delimiters. Tie program provides for
three levels of grid sizes in both the x and y
used if the subroutine CELLt) is reactivated. The calls to CELT.!) are 
located in subroutines FORMA, FORMS, FOBMC, FOR&D, FORME, FORMF, and
ENERGY. In the x direction, the border between 
band of grids is indicated by the variable NLR1 
the second and third band is indicated by NLR2. 
the border between the first and second band is 
the border between the second and third band is 
grid interval in the second band is expected tc 
first, and the grid interval in the third band 
the second.

calories is greater 
a warning message is 
warnings. If the

if time and depth is
energies are calculated

dimensions when a variable 
not used, and the calls to

lirections which may be

the first and second 
the border between 
In the y direction, 
indicated by MM, and 
indicated by NLN. The 
be double that of the 
should be double that of

Subroutine PRINT causes the printing of p: 
lines. These plots give one grid interval res< 
intended to provide for the pictorial monitoring 
history with a minimum consumption of paper an 
plots supplement the full numerical output of   
and the internal-energy array that is made at < 
history.

inter plots of isothermal 
ilution at best and are

of the temperature 
. printer time. These 
.he temperature array 
:ach stop point in the

A compiled listing of the source program follows.

-22-



PFLIME THERMAL ANALYSIS

/* PIPELINE THERMAL ANALYSIS

THIS PROGRAM COMPUTES THE TEMPERATURE HISTORY OE A CROSS-SECTION OE 
PERMAEROST IN WHICH A PIPE IS BURIED AT A DEPTH OE 8 EEET. THE PIPE 
IS MAINTAINED AT A CONSTANT TEMPERATURE OF 80 DEGREES CENTIGRADE. 
THE SURFACE OE THE PERMAFROST IS SUBJECT TO SEASONAL VARIATION IN 
TEMPERATURE. THE EQUATION OE HEAT CONDUCTION IN 2-OIMENSIONAL 
CARTESIAN COORDINATES IS SOLVED BY THE ALTERNATING-DIRECTION EXPLICIT 
METHOD TO OBTAIN THE TEMPERATURE HISTORY. OUTPUT IS IN THE FORM OE 
PRINTER PLOTS Of- ISOTHERMAL LINES.

PROGRAMMED BY P.C. DOHERTY

FIXED
FIXED
FLOAT
FIXED

FLOAT
FLOAT
FLOAT
FLOAT
FLOAT
FLOAT
FIXED
CHAR(

BIN
BIN
DEC
BIN

DEC
DEC
DEC
DEC
DEC
DEC
BIN
l ) ;

(31 )
(31 )
( 16)
(31 )

( 16)
(16)
( 16)
( 16)
( 16)
( 16)
( 31 )

HOTPIPF: PROCEDURE OPTIONS(MAIN) ;
DECLARE (NCL,NROW,NCOL,NLM,NLN)
DECLARE (NLIU,NLR2)
DECLARE (DT,HDT,DXA,DYA,DXB,DYB,DXC,DYC)
DECLARE (NPT,NPB,KSTEP,NSTOP)
DECLARE NTIME FLOAT DEC (16);
DECLARE (TIME,XX,YY,DXL,DXR,DYU,DYD)
DECLARE (TMPIPE,PCT,HOM,PER,AMP t TMELT)
DECLARE (DENF,DENM f CNDE,CNDM,SPHEtSPHM)
DECLARE (PI,TPI,ALPE,ALPM)
DECLARE (AREA,XCAL,CLIM,TNEW,NUM,DUM)
DECLARE (AXLfAXR,AYU,AYD)
DECLARE <KPX(135),KYFAR,KFKAC)
DECLARE ( IMAGE( 1 3 1 NIMAGX( 131),IMAGY(131))
DECLARE SYMB(?0) CHAR (1);
DECLARE SYMK20) FLOAT DEC (16);
DECLARE (NSYM,KPRINT,NPRINT) FIXED BIN (
DECLARE (LAMBDA,TMAMB)
DECLARE KSTOP FIXED BIN (31);
DECLARE YEARS
DECLARE (RPIPA,TPIOP) FLOAT DEC (16);
DECLARE ( I,J,K, litJJ,MM,NN,KSYM)
DECLARE (A,B,C) FLOAT DEC (16):
DECLARE (DELCAL,ERRORCNT,ERAT,ERATM) FLOAT DEC (16):
DECLARE (RCF,RCM,RC) FLOAT DEC (16);
OPEN EILE(SYSPRINT) LINESIZE(131):
PI=3.1415926535EO;
TPI=2.0EO*PI;
TMAMB=O.OEO; 
LAMBDA=O.OEO;

/### READ BASIC PARAMETERS ***/ 
READIN: ON ENDEILE (SYSIN) GOTO FINISH; 

GF.T FILE (SYSIN) DATA; 
KSTOP=NSTOP*NPRINT;
NPT=NCI.-1 ; 
NPB=NCL+1;

31) ;
FLOAT

FLOAT

FIXED

DEC.

DEC

BIN

( 16)

( 16)

(31 )

*

*

.
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ENDKPX:

nT=PFR/(NTIME#NPRINT);
H|)T = |)T/?.OEO;
TPIOP=TPI/PER?
ALPF=CMDF/(DENF*SPHF);
ALPM=CNDM/(DENM*SPHM);
RPJPA=SORT(PI/(PER*ALPF)
DYU=DYA;
DYD=DYA;
OXL=nXA;
OXR=OXA;
AREA=( nXL+DXR)*(OYU + DYD) 
CLIM=DFNF*ARFA*PCT*HOM; 
RCF=DENF#SPHF; 
RCM=DFNM*SPHM;

SET DP PRINT -COLUMN INDEX ARRAY
DO 1=1 TO NLRl;
K p x ( I) = I;
END;
IF NLR?<=NLR1 < THEN GOTO END<PX;
DO I=NLR1+1 TO NLR2;
KPX(I)=NLRl+2*(I-NLR1)
END;
IF NCOL<=NLR2 THEN
DO I=NLR?+1 TO NCOL;
KPX(I)
END;

GOTO ENDKPX;

I-NLR2)

SET UP PLOT 
IMAGX=' *; 
IMAGY='  ;
DO 1=1 TO KPX(NCOL) I 
IMAGX(I)='-'; .
END;
DO 1=1 TO KPX(NCOL) RY 10:
IMAGX{I)= |'; 
IMAGYtI)= |»;
END;

PRINT TITLE
PUT FILE(SYSPRINT) EDIT

( 'X« , 'X' , 'XXXXXXXX' , 'X
 XN'X't'XS'X't'X',
 X 1 , « X' , «'XXXXXXXX» , »X»

'XXXXXX 1 ,'X' * 'XXXXXXKX
' XXXXXXXX' ,'X' )
(PAGE, SKIP(6),X(30),A,

IMAGES

PAGE

XXXXXX','XXXXXXXX'

XXXX' , 'XXXXXXXX

'XXXXXXXX 1 ,'X'

<(6),A,X(12),A,X(1?),A,X(12),A,
SKIP<l)»X(30),A,X(M,AvX<12),A f X(19),A,X(19),A,
SKIP(1) ,X(30) ,A,X(6) ,A rX(12),A,X(12),A,X(3),A,X(l?),A,
SKIPU)tX(30),A,X(6),AuX(19),A,X(12),A,X(f>),A,X(19),A,
SKIH>( 1) ,X(3 
X(9) ,A,X(2)

,A,X(3) ,X(9),A,X(2),A,X(9),A,X(2),A,
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('MFNLO PARK, CALIFORNIA') < SK I P ( 3 ) , X ( 53 ) , A ) 
(('*' DO 1 = 1 TO 57)) ( SKIP(8) ,X(36) ,57 A) 
('*','#') (SKIP(1 ),X(36),A,X(55),A) 
('* THERMAL ANALYSIS OF PROPOSED TRANS-ALASKAN «,
 PIPELINE *') (SKIP(1 ),X(36),A,A)
( '*' , '*  ) < SKIM 1 ) ,X(36),A,X(55),A)
(('*' DO J=l TO 57)) (SKIP(1 ),X(36),57 A);

/#**_ PRINT PROBLEM PARAMETERS **#/ 
PUT FILE(SYSPRINT) EDIT

('U. S. GEOLOGICAL SURVEY    MENLO PARK, CALIF',
T1RNIA    AUGUST, 1969')
(PAGF,A,A)
('THERMAL ANALYSIS OF PROPOSED TRANS-ALASKAN ',
 PIPELINE') (SKIP(2),A,A)
('PROBLEM PARAMETERS.... 1 ) (SKIP(3),A);

/### PHYSICAL PARAMETERS ***/ 
PUT EILE(SYSPRINT) EDIT

('PIPE TEMPERATURE (DEG C)=',TMPIPE)
(SKIP(2) ,A,F(7,2) )
('MELTING TEMPERATURE OF WATER (DEG C)='tTMELT)
(SKIP( 1 ) ,A,F(5,2) )
( LATENT HEAT OF MELTING (CAL/GM)=',HOM)
( SKIP( 1 ) , A', F(6,2) )
( MOISTURE CONTENT OF GROUND (GM/GM)=',PCT)
(SKIP( 1),A,F(6,3) )
('AVERAGE AMBIENT TEMPERATURE (DEG C)=',TMAMB)
(SKIP( 1),A,F(7,3) )
('AMPLITUDE OF AMBIENT TEMPERATURE VARIATION ',
'(DEG C) = ',AMP) (SKIP( 1 ) ,A,A,F(7,3) )
('PERIOD OF AMBIENT TEMPERATURE VARIATION (SEC)=«,
PER) (SKIP( 1 ),A,E(13,6) )
( PHASE ANGLE OF AMBIENT TEMPERATURE VARIATION ',
'(RADIANS)=',LAMBDA) (SKIP(1),A,A,F(8,5))
('DENSITY OF FROZEN GROUND (GM/CC)=',DENE)
(SKIP(1 ),A,F(6,3) )
('DENSITY OF THAWED GROUND (GM/CC)=',DENM)
(SKIP(1),A,F(6,3))
('THERMAL CONDUCTIVITY OF FROZEN GROUND ',
' (CAL/CM/SEC/DEG C) = ',CNDF) (SKIP(i),A,A,F(7,4))
('THERMAL CONDUCTIVITY OF THAWED GROUND ',
'(CAL/CM/SEC/DEG C)=»,CNDM) (SKIP(1),A,A,F(7,4))
('SPECIFIC HEAT Oh FROZEN GROUND (CAL/GM/DEG C)=»»
SPHF) (SKIPJ1 ) ,A,F(6,3) )
('SPECIFIC HEAT OF THAWED GROUND (CAL/GM/DEG C)=',
SPHM) (SKIP( 1 ) ,A,E(6,3) )
('THERMAL DIFFUSIVITY OF FROZEN GROUND (CM*CM/SEC ) = '
ALPF) (SKIP(1 ),A,F(7,4) )
('THERMAL DIFFUSIVITY OF THAWED GROUND (CM#CM/SEC ) = '
ALPM) (SKIP(I),A,F(7,4));

/*** COMPUTATIONAL PARAMETERS ***/ 
PUT F||.E( SYSPRINT) EDIT
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('GRID POSITION OF PIPE 
(SKIP(2),A,F(2) ) 
('GRID ROWS=',NROW) (SK 
('GRID COLUMNS=«,NCOL) 
('HORIZONTAL GRID INTER 
(SKIP( 1) vA,3 F( 10,4) ) 
('VERTICAL GRID INTERVA 
(SKIP( 1) ,A,3 F( 10,4) ) 
('INTEGRATION STEP SIZE

^ ,NCL

P( 1),A,F(?) ) 
(SKIP( 1),A,F(2))

=»,DXA,DXR,DXC

_S=»,DYA,DYR,DYC)

(SEC)=',DT)
(SKIP( 1),A,E(13,6) ) 
('STEPS PER PRINT=» ,NPRJINT) , ( SKIP( 1 ) ,A,F( ?) ) 
('PRINTS PER PERIOD=»,NTIME) (SK I P( 1 ),A,F(6, ? )) 
('TOTAL NUMBER OF PR INTS=',NSTOP) (SKIP( 1 ) ,A,F(3) 

SFT UP VARIABLE ARRAYS ***/
(NOUMDERFLOW) : 
CONTROL: BEGIN;

LOOP

DECLARE ( T(NROW,NCOL) ,E(NRQW, NCOL)) FLOAT DEC (16);
ON OVERFLOW GOTO BUGOUT;

/*## SET UP AMBIENT TEMPERATURES **#/ 
T IME=(); 
KSTEP=0; 
KPRINT = ();
CALL AMB;
DO 1=1 TO NGOL-l;
T<*,I)=T(*,NCOD;
FND; 
T(NROW,*)=TMAMR;

/*** SFT PIPE TEMPERATURES *#*/ 
DO J=NPT TO NPB; 
DO 1=1 TO ?; 
T(J,I)=TMPIPE;
FND; END;

/### SET INTERNAli ENERGIES **#/
CALL FNFRGY; 

CALL PRINT;
PRINT ISOTHERMS

PRINT NUMBE 
PUT FILF(SYSPRINT) EDIT («TI
DO 1=1 TO NCOL;
PUT FILE(SYSPRINT) EDIT (»T,

( (T( J, I ) DO J=l TO
( SKIP( 1) ,10 E( 13,6) ) ;

END;
/*** ADVANCE TIM

KSTFP=KSTFP+1;
KPRIMT=KPRINT+l;
/*** ADVANCE SURFACE BOUNDAR

1 = 1; 
YY=O.OFO;
CALL AMBTMP;

IE=»tTIME) (PAGE,A,E(13,6) 

OL=',I ) (SKIP(2) ,A,F(3))

***/
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T( 1,*)=T( 1,NCOL);
/##* DOWNWARD SWEEP ***/ 

CALL DNSWEFP;
/*## ADVANCE SURFACE BOUNDARY ***/ 
TIMF=TIMF+HDT;
1 = 1;
YY=O.OFO;
CALL AMBTMP;
T(1,*}=T( 1,NCOL) ;

/#** UPWARD SWEEP ###/ 
CALL UPSWEEP;

/#$# PRINT ISOTHERMS ***/ 
IF KPRINT>=NPRINT THEN DO;
KPRINT=0; 
CALL PRINT;
FND;

/*#* TEST FOR FINISH ***/ 
IF KSTFP<KSTOP THEN GOTO LOOP;

/*## PRINT NUMBERS *#*/
PUT FILE(SYSPRINT) EDIT ( 'TIME= ,TI ME) (PAGE,A ,E(13,6) ); 
DO 1=1 TO NCOL; 
PUT FILE(SYSPRINT) EDIT («T,COL=',I) (SKIP(2) tA , F(3))

( (T<J f I ) DO J=l TO NROW)) 
(SKIP(1),10 E( 13,6) );

END;
DO 1=1 TO NCOL;
PUT FILF(SYSPRINT) EDIT ('F,COL=',I) (SKIP(? ) ,A,F(3 ) )

( (F(J,I ) DO J=l TO NROW) ) 
(SKIP(1),10 E(13,6) );

END;
/### READ NEW NTIME,NPRINT,NSTUP ***/

GET FILF(SYSIN) DATA;
/*** TEST FOR END OF HISTORY #**/ 

IF NTIMF. = 0 THEN GOTO READIN;
/*={=* SET MEW STEP SIZES *#*/ 

DT = PER/(NTIME*NPRINT) ; 
HDT=DT/?.OFO; 
KSTOP=KSTOP+NSTOP*NPRINT; 
PUT FILE(SYSPRINT) EDIT

('U. S. GEOLOGICAL SURVEY    MENLO PARK, CALIF 1 ,
 ORNIA    AUGUST, 1969«)
(PAGE,A,A)
('THERMAL ANALYSIS OF PROPOSED TRANS-ALASKAN ',
'PIPELINE' ) (SKIP(? ) ,A,A)
('PROBLEM PARAMFTERS....') (SKIP(3),A); 

PUT FILF(SYSPRIMT) ED.T
('INTEGRATION STEP SIZE (SEC)=',DT)
(SKIP( ?) ,A,F(13,6) )
('STEPS PER PRINT=«,NPRINT) (SKIP(1 ) ,A , H( 2 ) )
('PRINTS PER PFRIOD=',NTIME) (SKIP(1 ) , A , F(6 , ? ) )
('TOTAL NUMBFR OF PR INTS=',NSTOP) (SK I P( 1),A,F(3) );
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DNSWEEP

UPSWEEP

GOTO LOOP;
/### DOWNWARD SWE^P OF ADE ***/ 

PROCEDURE; 
DO J = 2 TO NPT-l;
l = l;
CALL FORMA;
DO I = ? TO NCOL-l;
CALL FORMR;
END;
I=NCOL; 
CALL FORMC;
END;
DO J=NPT TO NPB;
DO 1=3 TO NCOL-l;
CALL FORMB;
END;
I=NCOL;
CALL FORMC;
END;
DO J=NPB+1 TO NROW-l;
1 = 1;
CALL FORMA;
DO 1=2 TO NCOL-l;
CALL FORMB;
END;
I=NCOL;
CALL FORMC;
END;
RETURN;
END DNSWEEP; I

/*## UPWARD SWEEPJ OF ADE ***/ 
PROCEDURE;
DO JJ=1 TO NROW-NPB-1; 
J=NR()W-JJ;
I=NCOL;
CALL FORMD;
DO 11=1 TO NCOL-2;
I=NCOL-H;
CALL FORME;
END;
1 = 1;
CALL FORMF;
FND;
DO JJ=NROW-NPB TO NROW-NPT;
J=NROW-JJ;
I=NCOL; 
CALL FORMD;
DO 11=1 TO NCOL-3; 
1=NCOL-II;
CALL FORME; 
END; END;
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FORMA

EORMR

DO J.) = NROW-NPT+1 TfJ NROW-2; 
J=NROW-JJ;
I=NCDL;
CALL EORMD;
DO 11 = 1 TO NCOL-?;
I=NCOL-I I ; 
CALL FORME; 
END;
1 = 1;
CALL FORME;
END;
RETURN;
END UPSWEEP;

TfcMPFHATUKF AT CENTERLINE ***/ 

PIND CM.L DIMENSIONS ***/
PROCEHURE;

/*** PI 
/* CALL CELLO */

/**# FIND A I PHA ***/ 
CAIL ALPHA;

/##* COMPUTE MUMERATOR ***/
NUM= RC*TU, I )/HDT + AXK * ( T ( J , I + 1 ) -T ( J , I ) ) /i)XP **? 

+ AYI)*( T( J+1.M )-T( J* I ) )/()YD**? + AYU*T( J-l ,
/*** COMPUTE DENOMINATOR ***/ 

DOM= RC/HDT ' + AYU/DYU**?;
/*** COMPUTE NEW TEMPERATURE ***/ 

TNRW= NiUM/DOM;
/*** TEST EtiK MELTING OR FREEZING ***/ 

CALL MELER7; 
RETURN; 
END FORMA;

INTEklTX DOWNWARD TEMPERATURE ***

pi N |) c E . L DIMENSION S * * * /
/
FIND AIVHA ***/

FORMC

PROCFDURF;
/ 5;{

/* CALL CELLD 
/^

CALL ALPHA;
/*** COMPUTE NUMERATOR ***/ 

NIIM= RC 5!{ T( J,I )/HDT + AXK* ( T ( J , I + 1 ) -T ( J , I ) ) /DXR**?
+ AXL*T( J, 1-1 )/DXL#*^ + AYD#(T( J+l, I )-l { J, I ) )/DYD**? 
+ AYU*T( J-l t I )/DYU**?;

/*** COMPUTE DENMMINATOR ***/ 
DOM= RC/HDT 4- AXL/DXL**? +  AYU/DYU**P ;

/*#* COMPUTE NEW TEMPERATURE ***/ 
TNFW= NUM/DOM;

/*** TEST FOR MELTING OR FREEZING ***/ 
CALL MELFRZ; 
RETURN; 
END EORMB;

/*** DOWNWARD EASTERN BOUNDARY ***/ 
PROCEDURE; 
/* CALL CELLD */
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CALL ALPHA;

FORMD

FORME

FORME

/#*# COMPUTE MUM 
NUM= RC*T(J,I)/HDT + AXL*TU

DOM= RC/HDT AXL/DXL**2 
NEW TEMPERA

ERATOR #*#/ 
1-1)/DXL*#2

+ AYD*( T( J + 1, I )-T( J, I ) )/DYD**2 + AYU*T < J-l , 1 )/I)YU*#2 ; 
COMPUTE DENOMINATOR ##*/

AYU/DYU**2:
CURE

TNEW=NUM/DOM;
/*** TEST FOR MEtTING OR FREEZING ***/ 

CALL MELFRZ; 
RETURN; 
END FORMC;

/##* UPWARD EASTIERN BOUNDARY ## ; 
PROCEDURE; 
/* CALL CELLD */ 
CALL ALPHA;

COMPUTE NUMERATOR ***/
J,I-1)-TU,I))/OXL**2NlJM= RC*T( J,I)/HDT + A,XL*(T(

+ AYD*T{J+1,I)/DYO*#2 + A
/### COMPUTE DENOMINATOR *##/ 

Df)M= RC/HDT + AYD/DYD**2;
/*** NEW TEMPERATURE ***/ 

TNEW= NUM/DOM;
/*** TEST FOR MELTING OR FREEZING ***/ 

CALL MELFRZ; 
RETURN;
END FURMD;

/*** INTERIOR UPWARD TEMPERATURE **#/ 
PROCEDURE;

/**# FIND CFLL D

)/OYU**2;

IMENSIONS ***/

FIND ALPHA
/* CALL CELLD

CALL ALPHA;
/#** COMPUTE NUMERATOR ***/ 

NUM= RC*T( J, I )/HDT + AXR*T ( J,, I  »- 1 ) /DXR*#? 
-»- AXL*(T( J,I-1)-T( J,I) )/DXL**2 + AYD*T 
+ AYU*(T( J-1,I )-T( J,

/##* COMPUTE DENOMINATOR ***/ 
DOM= RC/HDT + AXR/DXR#*2  »  AYD/DYD**2 ;

COMPUTE NEW

I ) /DYD**2

TFMPERATURE
TNFW= NUM/DOM;

/*=f* TEST FOR MELTING OR FREEZING **#/ 
CALL MELFRZ; 
RETURN; 
END FORME;

/*## TEMPERATUREI AT CENTERLINE *#*/ 
PROCEDURE; i

/#** FIND CELL DIMENSIONS ***/ 
/* CALL CELLD */

/*** FIND ALPHA 
CALL ALPHA;
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COMPUTt NUMERATOR #**/ 
NUM= RC*T<J, I)/HDT + AXK*T <J , I-i-l ) /DXR**2

-»  AYD#T( J+JL, I )/OYD**2 + AYU* ( T ( J-l , I 1 -T ( J , I ) ) /OYU**?
/*** COMPUTE DENOMINATOR ***/ 

DOM= RC/HOT + AXR/DXR**2 -f AYO/OYD**2;
/*** COMPUTE NEW TEMPERATURE ***/ 

TNEW= NUM/DOM;
/*** TEST FOR MELTING OR FREEZING ***/ 

CALL MFLFRZ; 
RETURN; 
END FORMF;

/*** FIND ALPHA VALUES ***/ 
ALPHA: PROCEDURE;

/*** LEFT-HAND ALPHA VALUE ***/ 
IF 1=1 THEN DOJ 
IF T(J,I)<TMELT THEN AXL=CNDF;
FLSE AXL=CMDM;
END;
ELSE DO;
IF TU,I»TMELT I T ( J , I -1 ) >TMELT THEN AXL = CNDM;
ELSE AXL=CNDF;
END;

/*** RIGHT-HAND ALPHA VALUE ***/ 
IF I=NCOL THEN DO; 
IF T(J,1XTMELT THEN AXR=CNDF; 
EtSE AXR=CNDM; 
END;
FLSF DO;
IF T(J,I)>TMELT | T(J,I+1)>TMELT THEN AXR=CNDM; 
ELSE AXR=CNDF; 
END;

/*#* UPPER ALPHA VALUE **»/ 
IF J=l THFN DO;
IF T(J,IXTMFLT THEN AYU = CNDF; 
ELSE AYU=CNDM; 
END;
ELSE DO;
IF T(J,I)>TMELT I T(J-l,I»TMELT THEN AYU=CNDM: 
ELSE AYU=CNDF; 
END;

/#** LOWER ALPHA VALUE ***/ 
IF V ) = NROW THEN DO; 
IF T(J,I)<TMELT THEN AYD=CNDF;
ELSE AYD=CNDM; 
END; ,
ELSE DO;
IF T(J,I)>TMELT | T (J + l , I »TMELT THEN AYD=CN|)M;
FLSF AYD=CNDF;
FND;

/*** SFT DEN#SPH #**/ 
IF T(J,I)>TMFLT THEN RC=RCM;
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PR 1.

CONTIN

ELSE RC=RCF; 
RETURN; 
END ALPHA;

/#** MELTING-FREEZING MANAGEMENT 
PROCEDURE;

/*** TEST FOR CONTINUING MELT OR FREEZE 
IF TU.I)=TMELT THEN GOTO CONTIN;

/**# TEST FOR ONSET OF MELTING ***/ 
fF T(J,IXTMELT £ TNEW>TME ; LT THEN DO; 
T(J.I)=TMELT; 
GOTO CONTIN; 
END;

/### TEST FOR ON< ET OF FREEZING ***/
IF 1(J,I»TMELT fc TNEW<TM«:LT THEN DO; 
T(J,I)=TMFLT; 
GOTO CONTIN; 
END;

/**# MO PHASE CHANGE ***/ 
T(J,I)=TNEW; 
RETURN;

/*** TEST FOR FREEZE OR MELT *#*/ 
IE TMEW>TMELT THEN DO;

/*** MELT #*#/
/*** CALORIE CHANGE 

DELCAL=DENF*AREA*SPHF*(TNEW-"MELT);
/*** TEST FOR EXCESSIVE CALORIE CHANGE ***/ 

ERAT=ARS(DELCAL)/CLIM; 
IF ERAT>ERATM THEN E 
IF ERAT>0.333EO THEN DO; 
PUT EILE(SYSPRINT) EDIT ('CALORIE INCREMENT TOO BIG 1
 ROW=',J,'COL=«,I,'T=» f T(J,U, £=',E(J,I),»LIMIT=',CLIM,
 CALORIE INCREMENT=».DELCAL)
(SKIP(2),A,X(?),A,F(3),X(?),A.F(3),SKIP(1),A,E(13,6),X(?),
A,E(13.6),X(2)»A,E(13,6),X(2i),A,E(13.6));
ERRORCMT = ERRORCNT-H.OEO;
IF ERRORCMT>1.0E2 THEN EXIT;
END;

/*** ADD TO CALORIE COUNT ***/
E(j, i )=E< j,i )+DFLCAL;

/*** TEST FOR COMPLETION OF MELT 
IF E(JtI )> = CLIM THEN DO; 
XCAL=E(Jtl)-CLIM; 
E(J,I)=CLIM;
T(J,I)=TMELT+XCAL/(DENF*AREA*SPHM); 
END; 
RETURN; 
END; 
ELSE DO;

/*** FREEZE ***/
/*** CALORIE CHANGE 

L=DENF#AREA*SPHF*(TNEW-TMELT
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INCREMENT TOO BIG', 
,E( J,I ),'LIMIT=« ,CLIM,

/*** TEST FOR EXCESSIVE CALORIE CHANGE ***/ 
FRAT=ABS(DFLCAL)/CLIM; 
IF FKAT>ERATM THEN ERATM=ERAT; 
IF ERAT>0.333EO THEN DO; 
PUT FILE(SYSPRIMT) EDIT <'CALORIE 
«ROW=«,J,»COL=',I,  !*  ,T( J, I ),  !=« 
 CALORIE INCREMENT=«,DELCAL)
(SKIP(?),A t X(2),A,F(3),X<2),A,F<3),SKIP(l),A,E(13,6),X(?), 
A,EU3,6),X(2),A f F<13,6),X(2),A,E<13,6)); 
FRRORCNT=ERRORCNT+1.OEO;
IF FRRORCNTM.OE2 THEN EXIT; , 
END;

/*** ADO TO CALORIE COUNT ***/ 
EU,1 )=E(J,l)±OELCAL;

/*** TEST r-OR COMPLETION OF FREEZE ***/ 
IF E(J,IK = O.OFO THEN 00; 
XCAL = F(J, I ) ; 
EUtI )=O.OEO;
T(J,I)=TMELT+XCAL/(OENF*AREA*SPHF); 
END: 
RETURN; 
END;
END MFLFRZ;

/**# INITIALIZE INTERNAL ENERGY ***/ 
ENERGY: PROCEDURE; 

E=(); 
DO J=l TO NROW;
DO 1=1 TO NCOL;

/*«* TEST AGAINST MELT TEMPERATURE 
IF T(J,I)>TMELT THEN DO; 
/* CALL CELLD */ 
F(J,I)=AREA#DENF*PCT#HOM;
END;
END; END;
RETURN;
END ENERGY;

/**# CALCULATE CELL DIMENSIONS ***/ 
CFI.LD: PROCEDURE;

IF J<NLM THEN DO;
DYU=HYA;
DYD=f)YA;
GOTO NEXT;
END;
IF J=NLM THEN DO;
DYU=DYA;

GOTO NEXT;
END;
IF J<NLN THEN DO;
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GOTO NFXT;
END;
IF J = NLN
DYO=DYH;

NFXT

FIN

AMR

THEN DO;

GOTO NEXT; 
END;
DYU = (JYC;
DYD=DYC;

»
IF KNLR1
I)XL = DXA;
nxk=DXA;
GOTO FIN;
END;
IF l=NLRl
nxL=nxA;
I)XR = I)XB;
GOTO FIN;
END;
IF KNLR?
DXL=f'XR;

THEN DO;

THEN DO;

THEN DO;

GOTO FIN; 
END;
IF I=NLR2 THEN DO;
DXL=DXR;
DXR=DXC;
GOTO FIN; 
END;
DXL=DXC; 
DXR=DXC;
 
*

A R E A = ( D X L + D X R ) * ( D Y 0+D Y D ) / 4 . 
CLIM=DFNF#AREA*PCT#HOM; 
RETURN; 
END CELLD;

OE 0

AMBIENT TEMPERATURES ***/
PROCEDURE; '
DO 1=1 TO NLM;
YY=(I-I)*DYA;
CALL AMBTMP;
END;
IF NLN<=NLM THEN GOTO AMBEND
DO I=NLM+1 TO NLN;
YY=(NLM-l)*DYAf(I-NLM)*DYB;
CALL AMRTMP;
END;
IF NROW<=NLN THEN GOTO 
DO I=NLN+1 TO NROW; 
YY=(NLM-1 )*DYA-^ (NLN-NLM)*DYR^

AMREND

I-NLN)*DYC;



PFL1NE THERMAL ANALYSIS

AMRFNO:

AMRTMP:

PRINT:

LOOPA:

LOOPR:

INSERT:

CALL AMRTMP; 
END;
  
t

RETURN; 
END AMR;

/*** SEASONAL TEMPERATURE ***/ 
PROCEDURE: 
IF AMP=O.OFO THEN DO:
T( !, went )=TM AMR;
RFTUkM; 
FNO;
A=SIN<TPIOP*TIME+LAMROA-YY*RPIPA) ; 
R=EXP(-YY*RPIPA) ;
T< i ,NCOL )=AMP*A*R+TMAMR;

FNO AMRTMP;
/#*# PRINT ISOTHERMS ***/ 

PROCFDURF;
/*** FIND YEARS AND FRACTIONS ##*/ 

YEARS=TIME/PFR; 
KYFAR=YEARS+0.01EO; 
KFRAC = YFARS*NTIME-KYFAR*NTIME4-0.01EO;

/##* PRINT TITLF ***/ 
PUT FILE(SYSPRINT) EDIT (   T IME=   t KYFAR ,   AND S KFR AC ,

 /  , NT I ME, » YEARS',   OR S YE ARS ,   YEARS ' ,
 MAX F-RATIO=» ,ERATM)
(PAGE,A,F(3),X(l),A,X(l),F(2),A,F(4 t l),X( 1),A,X( 
A 9 XU),F<7,3)*X(l)»A,X(3)fA,E(13»M) 
( (SYMR( I ),«=  ,SYMT( I ), 'DEGREES' DO 1*1 TO NSYM)) 
(SKIP(1),7 (A,A,F(5,1),X(1),A,X(3))); 

PUT FILE(SYSPRINT) EDIT (' ') (SKIP(1),A); 
/*** RFGIN PLOT

j=o; 
J = J-»-l;
IMAGF=IMAGX;
K = i;
GOTO INSERT;

K=K+l: 
IMAGF=IMAGY;
  9

/*** TEST FOR LINE SKIP ***/ 
IF J>NLN THEN 00 KSKP=1 TO 3;
PUT FILF(SYSPRINT) EDIT (UMAGE(I) DO 1 = 1 TO 131)) 

(SKIP(1),131 A);
IF K<10 THEN DO; 

IMAGF=IMAGY;
END; 
FUSE DO;
K=I;
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REST:

ENDSYM

IMAGE=IMAGX; 
END;
END;
ELSE IE J>NLM THEN DO;
PUT EILE(SYSPRINT) EDIT UIMA^E(i) DO 1=1 TU 131))
(SKIP( 1) ,131 A);
IE K<10 THEN DO;
K=K+l;
IMAGE=IMAGY;
END;
ELSE f)H;
K = l;
IMAGE=IMAGX;
END;
END;

/#** MARK POSITIVE TEMPERATURES ***/ 
DO 1=1 TO NCOL;
IE T(J,I)>O.OEO THEN IMAGE<
END;

/#** INSERT SYMBCLS ***/ 
DO KSYM*1 TO NSYM;

TEMPERATURE

IE T(J,I)=SYMT(KSYM) THEN CO;
IMAGE(KPX(I))=SYMB(KSYM);
GOTO REST;
END;
IE J>1 THEN DO?
IE T(J-1,IXSYMT(KSYM) fc T(J
IMAGE(KPX(I))=SYMB(KSYM);
GOTO REST;
END;
IE T(J-1,1)>SYMT(KSYM) £ T(J

KPX( I ) ) =

SEARCH #**/

,I )>SYMT(KSYM) THEN DO;

, I XSYMT(KSYM) THEN DO;
IMAGE(KPX(I))=SYMB(KSYM);
GOTO REST;
END; END;
DO I=? TO NCOL?
IE T(J,I)=SYMT(KSYM) THEN 00;
IMAGE(KPX(I))=SYMB(KSYM);
GOTO ENDSYM;
END;
IE TU,I-1XSYMT(KSYM) £ T(
IMAGE(KPX(I))=SYMB(KSYM);
GOTO ENDSYM;
END;
IE T(J,I-1)>SYMT(KSYM) £ T(
IMAGE(KPX(I ) )=SYMB(KSYM);
GOTO ENDSYM;
END;
END;
END;

-te-

,1)>SYMT(KSYM) THEN DO;

,1XSYMT(KSYM) THEN DO;
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PRINT LINE ***/ 
PUT FILE(SYSPRINT) EDIT ((IMAGE!I) DO 1=1 TD 131)) 

(SKIP(1),131 A) ;
/##* TEST AND LOOP ***/ 

IF .KNKOW THEN DO; 
IF K<10 THEN GOTO LOOPB; 
GOTO LOOP A; 
END;
FRATM=O.OFO; 
RETURN;
ENf) PRINT; 

BUGOUT: ;
PUT FILE(SYSPRINT) EDIT ('OVERFLOW SENSED 1 ) (PAGE,A);
PUT FILE(SYSPRINT) EDIT

('KSTEP=»,KSTEP) (SKIP(1 ),A,F(5) )
('! = ',I,»J='tJ) (SKIP(1),A,F(3),X(2),A,F(3M
(»NUM=»,NUM,'DOM=«, DOM,«TNEW',TNEW)
(SKIP(l),A t E(13,6) t X(2),A,E(13,MtX(?),A,E(13,fe))
(«T(J,I)=»fT(J,I),«E(J,I)=',E(J,I))
(SKIP(1),A,E(13,6),X(2),A,E(13,6));

DO 1=1 TO NCOL;
PUT FILE(SYSPRINT) EDIT (»T,COL=»tI) (SKIP(2) , A,F(3)) 

((T(J,I) DO J=l TO NROW)) 
(SKIP(1),10 E( 13,6) );

END;
on 1=1 TO NCOL;  
PUT FILE(SYSPRINT) EDIT («E,COL=',I) (SKIP(? ) ,A,F(3 ) ) 

( ( E( vl,I ) DO J = l TO NROW) )   
(SKIP( 1),10 E(13,6) );

END;
END CONTROL; 

FINISH: RETURN;
END HfJTPIPE;
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RESTRICTIONS

Grid dimensions are limited by memor^ space available. A 
30xU5 grid has been used in a region of 250K but no attempt
has been made to find the 
region.

largest jrid that would fit in this

that
enough

The user must be careful to insure 
and the bottom boundary are far 
so as not to cause a serious error 
interface moves out. Distances of 
boundary and ninety feet for the bottom 
found satisfactory for the problems

3. The user must be careful to insure 
step is not so large as to produc 
errors. Warning messages of rapid 
may indicate serious truncation 
indicates that steps of 1/10^ year 
first year of history, 1/52 year 
one year to five years, and 1/26 
after five years.

.hat the integration time 
* unacceptable truncation
changes in internal energy 

errors. Experience to date
are satisfactory for the 

steps are satisfactory from 
rear steps are satisfactory

-38-

the right boundary
distant from the pipe 

as the liquid-solid 
sixty feet for the right

boundary have been 
studied to date.
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PROGRAM RUN PREPARATION 

The deck setup for compile and execute is as follows:

// Standard JOB card
//STEP1 EXEC PROC=PLlLFCL(j,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, 
parameters, a plot of initial conditions, 
array, plots and array prints as prescribed 
Samples of the output follow this page. In 
thawed cells are identified by the symbol 
by some other symbol.

to
The parameter MAX E-RATIO is printed 

is the maximum ratio of energy increment 
been calculated since the previous plot on 
gives the user some feeling for the number 
required to melt a cell.

problem-identifying 
,he initial temperature 
by input parameters. 
the printer plots, 
 ", unless overridden

vith each plot. This
energy limit that has 

put. This parameter 
of integration steps
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14347E+00-2.879382F+00-3.53283 

327074E+00-8.900000E+00

T,CM.= 8
-8.900000F+00-6.870941E+00-5.069373E+00-2.
-1.1 36937F+00-1.773680F+00-2.343378E + 00-2 .
-6.729571F+00-7.273423E+00-7.816084E+00-8.

577522E+00 0.OOOOOOF+00 1.50234 
891877E+00-3.438728E+00-3.98784 
358063F. + 00-8.900000E + 00

T,CPL= 9
-8.900000F-J-00-7.770914E + 00-6.837401E + 00-5.07
-2.409650F+00-2.786350F+00-3.175894F+00-3.581
-6.873334F+00-7.376791E+QO-7.882922E+00-8.39086

T,cni_= 10
-8, 900000F-J-00-8.515605E + 00-8.296160E + 00-7.12856
-3.639620F+00-3.790580F+00-4.003649E+00-4.267
-7.020670F+00-7.483000E+00-7.951723E+00-8.424664F+00

T,cni.= 11
-8.900000F + 00-9.11 I3«1E + 00-9.449074E +00-8.
-4.772841F+00-4.740033F+00-4.796935E+00-4.
-7.1681^4F+00-7.589633F+00-8.020937E+00-8.4^87

T»Cni_= 12 
,-«.9onooOF+00-9.577897

7F + 0(^-5.610596E+00-5.535632F + 00-

1674E+00-3.433164F+00-2.64974 
850E+00-4.008028F+00-4.45398 

1E+00-8.900000E+00

1E+00-5.951150E+00-5.04614 
147E+00-4.574589E+00-4.92013 

-8.900000E+00

727989F+00-7.834444E+00-6.97412 
9P8925E+00-5.124998E+00-5.37568 

14E+00-8.900000F+00

964546F + 0()-9.289912F-K)0-8.51292 
1990F+00-5.647651E+00-5.81141



-8.311072F+00-8.427795F+00-8.570839E+00-8.731133F+00-8.900000F+OO

T ,C(i| = 25

-*.9f r OOF+00-1.109636F + 01-1.326629E + 01-1.406209E + 01-1.426984F+ 01-1.40585
-l.073^22F+01-1.010485E+01-9.558239F+00-9.108297E+00-8.756538F+00-8.49922
-K. 321967

f)
H

0

(- ,

H

8
O

0
8
0

F ,

0
H
O

F,

0
H

f)

. OOOOOOF+OO

.472791 F+04
. OOOOOOF+00

CM! = 2

.OOOOOOF+00

.47 2 791 F+04

.OOOOOOF+00

.OOOOOOF+00

.472791F+04
. OOOOOOF+00

cm.= 4
.OOOOOOF+OO
.472791 F+04
.OOOOOOF+00

CM! = 5
.OOOOOOF+00
.472791 F+04
.OOOOOOF+00

8

8
0

8
8
°

3
8
0

0
8
0

0
8

0

.472791F+04

.472791F+04

.OOOOOOR+00

.472791F+04

.472791E+04

.OOOOOOE+00

.437493E+04

.472791E+04

.OOOOOOF+00

.OOOOOOF+00

.472791 E+04

.OOOOOOEr + 00

.OOOOOOF+00

.472791 E+04

.OOOOOOF+00

8
8
0

8
8
0

8
8
0

8
8
0

8

1
0

.472791E+04

.472791E+04

.OOOOOOF+00

.472791E+04

.472791F+04

.OOOOOOF+00

.472791E+04

.472791F+04
. 000 OOOE »-00

.472791E+04

.472791F+04

.OOOOOOE+00

.472791E+04

.379044F+04

.OOOOOOF+00

8.
7.
0.

8.
3.
0.

8.
6.
0,

8.
0.
0.

8.
0.
0.

472791F+04
360372E+04
OOOOOOE+00

472791E+04
498257E+04
OOOOOOE+00

472791F+04
589593E+03
OOOOOOE+00

472791F+04
OOOOOOF+00
OOOOOOF+00

472791E+04
OOOOOOE+00
OOOOOOE+00

8.
0.
0.

8.
0.
0.

8.
0.
0.

8.
0.
0.

8.
0.
0.

472791F+04
OOOOOOF+00
OOOOOOF+00

472791E+04
OOOOOOF+00
ooooooe+oo

472791E+04
OOOOOOE+00
OOOOOOE+OO

472791F+04
OOOOOOF+00
OOOOOOF+00

472791F+04
OOOOOOF+OO
OOOOOOE+00

8
0

8
0

8
0

8
0

8
0

.47279

.00000

.47279

.00000

.47279

.00000

.47279

.00000

.47279

.00000

F,cru= f>
0.OOOOOOF+oo 0.OOOOOOE+00 7.710107F+01 8.472791E+O4 8.472791E+04 8.47279 
8.472791F + 04 ^.388025E + 04 0.OOOOOOF+00 0.OOOOOOF + 00 0 . OOOOOOF + 00 0.00000 
0.OOOOOOF+00 0.OOOOOOE+00 0.OOOOOOF+00 0.OOOOOOF+00 0.OOOOOOF+00

F,cm.= 7
0.OOOOOOF+00 0.OOOOOOF+00 0.OOOOOOF+00 2.232537E+04 8.472791E+04 8.47279
S.M58391F + 04 0.OOOOOOE + 00 0.OOOOOOF+00 0.OOOOOOF + 00 0.OOOOOOF + 00 0.00000
0.OOOOOOF + 00 0.OOOOOOF + 00 0.OOOOOOF + 00 0.OOOOOOE + 00 0.OOOOOOE + 00

F .cm = 8
0.OOOOOOF+00 0.OOOOOOE+00 0.OOOOOOF+00 0.OOOOOOF+00 8.58495^+03 8.47279
0.OOOOOOF+00 0.OOOOOOF+00 0.OOOOOOF+00 0.OOOOOOF+00 0.OOOOOOF+00 0.00000
0.OOOOOOF+00 0.OOOOOOE+00 0.OOOOOOF+00 0.OOOOOOF+00 0.OOOOOOE+00

F , cm = <^
0.OOOOOOF+00 0.OOOOOOE+00 0.OOOOOOF+00 0.OOOOOOE+00 0.OOOOOOF+00 0.00000
0.OOOOOOF + 00 0.OOOOOOF + 00 0.OOOOOOF + 00 0.OOOOOOF + 00 0.OOOOOOE + 00 0.00000
0.OOOOOOF+00 0.OOOOOOE+00 0.OOOOOOF+00 0.OOOOOOE+00 O.OOOOOOF+00

F ,CM| = 10

0.OOOOOOF+00 0.OOOOOOE+00 0.OOOOOOF+00 0.OOOOOOF+00 0.OOOOOOF+00 0.00000 
0.OOOOOOF + 00 0.OOOOOOF + 00 0.OOOOOOf +00 0.OOOOOOF + 00 0.OOOOOOF + 00 O.OOOOC 
O.OOOOOOF+00 0.OOOOOOE+00 0 . OOOOOOF+ 00 ()..OOOOOOF + 00 0.OOOOOOF + 00

F,f,M| = 1 1 ~6l~

O.OOOOOOF+00 0.OOOOOOF+00 0.OOOOOOF+00 0.OOOOOOF+00 0.OOOOOOF+00 O.OOOOC
0.OOOOOOF+00 O.OOOOOOF+00 O.OOOOOOF+00 O.OOOOOOF+00 O.OOOOOOF+00 O.OOOOC



PROGRAM ERROR MESSAGES

1. "CALORIE INCREMENT TOO BIG"

This is a warning message that the calorie 
cell exceeds 1/3 the limiting value. A reduction 
size is indicated.

2. "OVERFLOW SENSED"

A floating-point overflow has occurred indicating some 
serious trouble. Diagnostic output following this message 
should help in finding the cause of the ertror.

change in some 
in time step

TIMING

To compile and execute a 20-year his 
printer output required 35 minutes of 360y
time.

STORAGE REQUIREMENT:

Storage requirements for all parts o 
the dynamically allocated temperature and 
listed on the following page.

All floating-point numbers are FLOAT 
precision available.

ory with substantial 
65 central processor

aid

REFERENCE

Quon, D., Dranchuk, P. M., Allada, S. R., 
A stable, explicit, computationally 
two-dimensional mathematical models 
Journal of Canadian Petroleum Technology

eff 
of

the program except 
energy arrays are

DEC (16), the maximum

Leung, P. K., 1965, 
ficient method for solving 
petroleum reservoirs, 

, v. 1*. no. 2, p. 530-535
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