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. Abstract
The mathematical modeling of electrical and therﬁal
phenomena that occur during in situ, low frequency..
electrical heating of oil sand, or other materials with
similar electfical properties, is studied. Particular
attention was directed toward the modeling of the electrical
- field at an interface between two media of différent
electrical conductivities. The finite difference method is
used td develop a computer program to simulate, in two
dimensions, the mathematical model that was developed.

This computer program is used to study the role of
‘various parameters 1in determining the final temperature
profile after a fixed time period and fixed rate of heating.
The parameters stﬁdied include the position of  the
electrodes relative to the overlying and underlying
formations, the spacing between the electrodes, and the

ratio of the conductivity of the oil sand formation to the
conductivity of the surrounding formations. -
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1. Introduction

1.1 Electrical Preheat In Situ Method

In northern Alberta the;e exist large deposits of
petroleuﬁ in the form of o1l Sand.1 The o0il in these
deposits is too viscous to recover by conventional methods.
Commercial developments to date have mined the 0il sand in
open pit mines, then separated out the petroleum (in the
form of -bitumen) in large extraction plants. The bitumen is
upgraded to "synthetic crude”, then piped to a refinery.

As the thickness of the earth, or overburden, above the
oil sand formation increases, open pit mining becomes
uneconomical. Only about ten percent of the oil sand
reserves are recoverable by surface mining.2? Thus, there is
considerable interest in developing In situ (in place)
methods of separating out the bitumen. A wide range of
possible in situ techniques have been suggested.?

One of the proposed in situ techniques is steam
flooding. In the steam flood method an array lof injection
and production wells are drilled, then steam is pumped down
the injection wells and oil and water are pumped up fhe
production wells. A major problem with this method is in
developing "communication" between the injection and the
prodiiction wells. The unheated bitumen is so viscous it
blocks the steam and heated, mobilized bitumen  from
traveling . from one well to the other. Various methods have

been proposed to develop communication. These include
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injection of sdlvents. formation of emulsions and formation
fracturing. 7 The first twg methods are designed to reduce
the viscosity of the bitumen, and the third method produces
a direct channel between wells.

The electrical preheat in sity method proposes that thé
oil sand fo;mation' be heated by passing an electrical
current through it, and, once the vicqpity has been lower ed
sufficently, steam or some other hot fluid be~used to drive
out the bitumen. The viscosity of bitumen decreases rapidly 
with increases in temperature. s At natural formation
temperatures Athabasca bitumen has a viscosity in the
millioﬁs of centipoise. If this bitumen is heated to 80°C
the viscosity drops‘to 1000 cp, and if heated to 200°c thé
viscosity wi]i be ‘about 10 cp. The heat used to raise the
temperature of the bitumen is generated right in the oi1
sand by the electrical current flowing in the connate water.
This heating in place overcomes some of the problems usually
associated with heatiﬁg heavy oi1l formations with steam,
such as low thermal conductivity and difficulty directing
- the applied heat. Electrical heating has seen limited'usé in
secondary recovery of conventional oi] fields.s Several
patents have been issued on the application of electrical
heating to oi1 sand. Petro-Canada Explorations Ltq. is

running a pilot plant investigating the electrical preheat
*

method. 4
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1.2 Means of Investigation _

Before pilot plant tests or commercial developments of
the electrical preheat method are embarked upon it is
necessary to develop an idea of the optimal electrode
configuration, heating rates, and heating iimes. Other than
pilot plant or field tests, the study of the electric
preheat method may be carried out by three means: ana]ytic
calculations, laboratory scale models, and numerical
simulation. In all three of these means it is necessary that
a ,ma;heﬁat1cal mode 1 of the important processes be
deve loped.

The electrical conductivity of oil sand is temperature
dependent. This couples the governing thermal and electrical
equations. The resulting set of partial differential
equations is difficult or impossible to solve analytically
for all but the simplest one dimensional cases. i

Physical scale modeling of in situ recovery methods is
discussed by Faroug Ali and Redford, ¢ and the phys1ca1
modeling of electromagnetic heating of oil sand is discussed
by Vermeulen, Chute, and Cervenan.?

It &gs decided to use numerical simulation to s tudy
some aspec%s of the electrical preheat method. Two other
studies reporting numerical simulation of electrical heating
of petroleum reservoirs are by Todd and Howell® and
El-Feky.? Todd aﬁd Hdﬁéll simulate electrically heating oi1l
sand to several hundred degrees Celsius, while cooling the
well bore. El-Feky studied electrically heating conventional
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oil reservoirs for secondary recovery. Both of these stu&ies
and simulators differ in detail and application from this
study.

Numerical simulation may be used as a complfmept or
alter?ative to physical scale modeling. Numerical simulation
allows easy adjustmdnt of parameters and electrode
configurationé. but is only as good as thé mathematical
model on which the simulation is based. Comparison of
numerical simulation results and physical scale ° mode 1
results can provide insight into the accuracy of a
mathematical model. Physical scale modeling of the
electrical heating of oil sand is being done by Vermeulen,
Chute and Cervenan’ at the University of Alberta, and some
of' the results of their group are compared to the results
obtained by the numerical simulator yhich is discussed in

this thesis.

1.3 Electrical.and Thermal Properties of 0i1 Sand

The electrical conductivity and relative dielectric
constant of reconstituted oil sand were measured by Chute,
Vermeulen, Cervenan and McVea'® and correlated to frequengy,
moisture content, temperature, and density. Similarly, the
heat capacity and thermal conductivity of various grades of
oil sand were reporteﬁ by Cervenan, Vermeulen, and Chutet',
The applicable results of these two papers'are summarized in

Table 1.1 and Table 1.2, o , %
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Table.1.1 Electrical Properties of Reconstituted 011 Sand at

Material

011 Sand A
0il Sand B
0i1 Sand C

L4

—wwwm
. WWwQoo

* 60 Hz and 24°C.10

Conductivity Dielectric

(S/m) Constant
1.5 X 10-2 4. X 104
6. X 10-3 1. X 104

1. X 103

1.2 X 10-3_

Table 1.2 Thermal Properties of Reconstituted 0i1 Sand and

Material

0il Sand

0il Sand
0il Sand
011 Sand
Qil Sand
0il Sand

Sandstone
Limestone

Shale

BauOiWaw

Other Materials.'! 18

Conductivity Heat Capacity

(W/m-K) . (J/m3-K)
\

- 1.80 -
1.42 -
1.35 -

L. 1.71 X 106

- 2.23 X 10¢

- 1.83 X 106
877 . 1.88 X 108
1.70 " 1.86 X 108
X 106

1.06  1.87
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The electrical conductivity was found to increase
approx'lmatelyl linearly with temperature depéndence up to
90°cC. The computer program written in this study
incorporates this temperature dependence. The electrical
conductivity is expressed by

T(T)=a,[i+ (T -24]] (1.1)

where T 1is in degrees Celsius and O is in Siemens/meter.
The constant o¢ has units "C-' and is the temperature
dependence of electrical conductivity. A typical messured
value of o€ for oil sand is 2.3 X 10-2 *Cc-1,

The author knows of no published data on the
temperature dependence of conductivity of oil sand at”
temperatures above 90°C. Chute et.al.'® report that abovd
90°C the conductivity tends to Ilevel off,‘andvhence the
value of o decreases. In an electrical preheat of an oil
sand formation the temperature will] remain below 90°C in the
bulk of the formation. Near the electrodes the temperature
may reach 250°C or higher, but the conductivity of the oil
sand will probably be affected by the injection of brine
into the formation. Due to the lack of published data the
author has assumed that the conductivity increases linearly
with temperature, even well above 90°C.

While the thermal conductivi ty and heat capacity of oil
sand may have some temperature dependence, there is no
detailed study on such temperature dependence reported in

the literature. A few measurements by Cervenan et., al.':
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show no marked temperature dependence for the heat capacity
of oil sand samples between 20°C and 70°C. The computer
program was written so that the temperature dependences of
thermal conductivity and heat capacity could easily be
included once these dependences are known.

The effects on the electrical preheat - process of
changing the ratio of the electrical conductivities of the
oil sand and surrounding formations is one of the items
.studied in this thesis. For the study of the effects of -
changing this ratio the thermal properties of the
surrounding formations are assumed to be‘the same as those
of the oil sand. It is also possible to give the surrounding

formations}different thermal prbperties than the oil sand.

1.4 The Computer Program “MEGAERA"

A computer program entitied MEGAERA'S was written to
numerically simulate the electrical conduction heating of
-0i11 sands, or other solid materials. The mathematical model
and finite differencg scheme used in MEGAERA afe discussed
in detail in the second and third chapters of this thesis.
MEGAERA 'was {used to study a variety of electrical heating
configurations with different conductivity ratios between
the oil sand and,the surrounding formatfons. The results of
this study are given in chapter four of this thesis.

Any study, analytic, experimental or numebical, must be
limited to some extent. The specification for MEGAERA were

based on the type of physical scale modeling being done by



B IR SR EERRE R SHRPE P L I s T T, A maw

Vermeulen, Chute and Cervenan at the Univérsity of Alberta
and the exberience of the author in writing and using an
earlier two dimensional electrical heating simulator.

There were two primary considerations in developing
MEGAERA. First, the program had to be able to simulate
overburden and underburden of different electrical
conductivities than the oi] sand. The optimal electrode
configuration for heating an oil sand >formation is highly
dependent on whether the surrounding formations are more or
less conductive than the oil sand. Second, the program must
be relativly inexpensive to run. For this reasonu MEGAERA was
limited to two dimensions. A typical MEGAERA run takes two
to three minutes of ¢.pP.U. time on an Amdahl 470v/7. The
time required by a three dimensional program can be
con.servativly esti%ated by multiplying the time required by
the two dimensional program by the number of grid lines in
the third dimension. For a reasonable amount of detail in
the third dimension the program would be too expensive to
run more than a few times.

While the universé is generally perceived to have three
spacial dimensions, it is often convenient and reasonably
accurate to model a physical system as two dimensional. In
studying electrical heating of o0il sand there are two
different two dimensiona] slices of interest. A horizontal
(areal) study of the heating pattern in a five spot pattern
assumes that the oil sand formation is infinitly thick, but

may yield results which are correct for the middle. of a
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finite formation. A vertical section studying the heating
between two parallél plates allows one to see the effects of
changing the conductivity of the surrounding formations.
Parallel plates may be approximated in a field test by
systems of closely spaced electrodes or by using a more
widely spaced system of electrodes in which each electrode
has been effectively enlarged by jet cutting the formation
with a brine solution.
In modeling configurations with overburden and
underburden the energy losses due to electrical current
~ leakage and heat conduction from the oil bearing formation
are calculated by MEGAERA. Voltage, current, power and
resistance calculation are done at each time step. MEGAERA
will automatically scale the applied voltages to proauce
constant power and constant current heating, {if this is
desired. A pos} processor, called MEGAERA.PLOTTER, was
written to produce confour and profile plots of the
electrical potential, heating rate and temperature at
specified times.



2. The Mathematical Mode]

2.1 Electrical Flelds
The basic set of equations of classical electricity and

magnet i sm, fisst written by Maxwell in 1863, are:':? '

V-D=p (2.1)
v-8=0 v | | (2.2)
vsE=-¥ (2.3)
Vxn*‘j'*}é N (2.4)

These equations. together with the appropriate boundeo;/'
conditions may' be used to find the electric field of y
electrical heating configuration at any frequency.

an analytic or numerical solution to Maxwell’'s
difficuit, if not impossible, in all but e simplest cases.
It is therefore desirable to 1ify these equati

dropping terms which negligible for the frequencies and
electrode configurations of interest.

o
- 2.1.1 The Quasi-static Approximat ion
In their paper on phyeicelJ scale modeling, Vermeulen
et.al.”? disoues the simpliification of Maxwell’s equations
for various types of electrical heating. The discussion in

this section (2.1.1) is drawn from the work of their.peper
' L

-k
“)
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and from Magid.'3 ¢ .
Congider the displacemesnt current term in g,Quation

i

(2.4). The ratio of conduction current to displacement .

current §s given by YAu€E for time harmonic solutions. For
oil sand this ratio is typically greater then one hundred at
power frequancies (60 Hz). and does not fall to ten unti)
frequencies of about one megahertz are reached. Thus, for
power fraquencies the effects of displacement current may be
neglected. : .

The stddy ,Of the ffélds of two dimensional, parallel

electrode, electrical heating cbnfigurations is similar to
the "calculation of electric fields in lossy parallel plate
capacitors. In these types of problems the effects of the

time varying magnetic field on the time varying electric
field may be neglected if the largests dimension of the
problem geometry is much less than a wavelength in the
medium. This reduction of Maxwell’'s equations to the static
field equations by neglecting these magpetic gnd
displacahant current effects s known as the quasi-static
approximutlon "

The uavelength in ofl sand at 60 Hz is between_ZOOO m
and 9000 m,? depending on the water content of the oil sand.
As ihﬁ maximum dimension of a typicgl electrical heating
configuration will - probably be less then 200.m, the
quasi-static  approximation should be valid.' ‘If the
su::oundind formations (overburden and underburden) are also
fo be modeled, the wavelength in these materials must also
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be much greater then the Max{mum problem dimension and the
loss tangent must be much greater than one.

When using the quasi-static approximation the geometry
of the electric field is calculated from the static electric
field equations. While calculating the fields the potential
di fference between electrodes s fixed at the peak A.C.

value. The time varyihg electric field is then expressed as:
E=E(x”v,z) sin wt (2.5)

where E(x,y,z) descr}vibes the static field, w=27 f where (o
is the frequency, and. € is the time in seconds. The r.m.s.
value of the potential difference is used in MEGAERA rather
then the peak value. This simplifies the calculation of
- heating rates and conforms to the practise of stating power
line voltages aé r.h.s. rather then peak values.

The discussion in the préVious paragraph applies to
single phase heating. When three phaselheating is used the
geometry of the electric&yfield of each phase must be
calculated separately, using the static field equafions and
setting the electrodgs .of the other phases to ground
potential. Each of the three electric field geometries thus
calculated is then multiplied by the appropriate - time
variation, which must include the phase diffefences.
Finally, the three fields are added vectorially and the
' square of the magnitude of the result?né field 1is averaged
over a cycle to get the heating rate.~¥H}$ procedure was not

incorporated in MEGAERA, so multiphase héating cannot be

e
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simulated. i

2. 142 Current Continuity Equation
Neglecting the effect of the time varying magnetic
field of the electric field yields:

UxE=Q (2.6)

Thus, a scalar potential Yixyz) may be defined ¢
E<-grady C(2.7)

Droping the displacement current term in equation (2.4)

gives,
VaiH=T (2.8)
Taking the divergence of botﬁ sides of equation (2.8) gives
div I=0 | (2.9)

which states that the current is continuous. As .T= o-'E,
where o _is  the electrical conductivity, equa on (2.9)
bécomes

div (o grad ¥ =0 (2.10)

'As the electrical conductivity O depends on temperature,
it will, in general, be a function of of position, and
equation (2.10) may not be simplified by moving the
conductivity term o_utside‘the divergence operator.
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2.1.3 Electrical Boundary Conditions

Three different types of electrical boundaries are to
be modeled in the electrical conduction heating simulation.
They are: electrode - conducting material boundaries,
insulator - conducting material boundaries, and boundaries
between two conducting materials. '

Efectrodes are simply modeled as regions of constant
voltage. If constant power or constant'current heating is
requested, MEGAERA first calculates the fields assuming
constant wvoltage, then measures the current and scales the
electric field to the appropriate case. Electrode - 0i] Sand
contact impedances were noted by Chute et. aj. 1o when
measuring the electrical properties of oil sand. A ma jor
cause of contact impedence is poor physical contact between
‘the 0i1 sand and the electrode. In the mathematical model
used 1t‘ is assumed that contact impedance has been made
negligible by a suitable technique such as the injection of
a saline solution near the electrode.

Insulator - conducting material boundaries are modeled
in electrostatics as surfaces at which there is no current
flow normal to the surface ( a homogeneous Neumann boundary
condition). Having no current normal to the surface implies
that the normal component of the electric field is zero Just
inside the conducting material. As wel] as modeling
insulating boundaries, this type of boundary condition may
be used to model planes of symmetry. Many of the electrode

configurations of interest in electrical conduction heating
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of oil sand -consist of large arrays of electrodes of
alternating polarity. The planes of symmetry in the electric
field may be used to divide the large array into many small
identical cells. The simulation of the heating 1in one of
these small cells is all that is necessary to find the
heating in the entire arréy.

At a boundary between two media of finite conductivity

the electric field boundary conditions are: 15

Ax(E-E)= 0 C(2.11)

A(D-8 )= g | (2.12)

where E , E, and b,, B,, are the fields in the two media,
and where /cg is the surface charge at the' interface in
coulombs per square meter and A is a unit vector locally
normal to the boundary. These aré genéral boundary

conditions for Maxwell’'s equations and are valid for all

frequencies. The boundary conditions may be expressed in

terms of the normal and tangential components of the

electric field.

Starting with Maxwell’s equations, take the divergence

- of equation  (2.4) and substitiute in equation (2.1) to get

the current continuity equation.

. T +§.§ =0 (2.13)

Writing this equation in its integral form and applying the

divergence theorem gives
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ELECTRODES

PLANES OF
SYMMETRY

Figure 2.1 Planes of Symnetry. in a Five Spot Array
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fsT~d§ =-[ # 4 (2.14)

To apply equation (2.14) to the boundary between two
materials of finite conductivit)", consider a small
cylindrically shaped volume enclosing a portion of the
boundary. One face of the cylinder, denoted S . is in
material 1 and is parallel to the boundary. The second face,
S, is in material 2 and is parallel to the boundary. The
side of the cylinder S;3 , cuts across the boundary
connecting the two faces. Applying equation (2.14) now gives

Lf_d;+LJ.Jg+L;j.ggz_£§§dv (2.15)

Now, let the length of ‘the side of the cylinder shrink
toward zero. As both materials 1 and 2 are of finite
electrical conductivity, the current density must remain

finite, and the integral over S, goes to zero. For S and S,

suff1cently small (but an order larger then 53 » equation
(2.15) becomes
°7Em‘5+az'Enz‘5 --—%’AS (2.16)

where A g is the area of a face of the cylinder, s is the
surface charge density per unit area, and En and Ep; are
the components of the electric field normal to the boundary
in materials 1 and 2 respectively. Dividing out the 45 and
-assuming a time harmonic field yields |

Sl = G En = —jwp _ o (2.17)
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From equation (2.12) and -assuming that the electrical

permittivity is uniform and isotropic in each material
€ En — €2Eny =05 | (2.18)

Substituting in equation (2.17) gives
(g7 +jw§, ) E,,, T‘(O;+jwei)Enz (2.i9)

Recall that for the quasistatic approximation to hold TAE
must be much greater then one. ‘Thus, when using the
quasistatic approximation the normal component of current is
continuous across a boundary between two materials of finite
| electrical conductivity ,

Treating the problem as quasistatic and assuming there
are no double layers ' of charge at the interface;, the
electric potential must be continuous across the boundary
Thus the boundary conditions used are

% En = 0% Eng - (2.20)

ya= % | | | (2.21)

In this discussion of the boundary between two
materials of finite conductivity 1t was assumed that the

conductivity was discontinuous at the boundary In an actual

oil sand formation the conductivity may change continuously
between the oil sand and the overburden or underburden. The
electric fields calculated .assuming either a sharp,

discont inuous boundary, or assuming a continuous transition
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oVer a short distance will be the same except 1in the
transition region. As no data is available describihg how
the conductivity changes from tﬁe oil sand to the
surrounding - formations, and as the transftion‘distance is
likely small compared to the formation thickness, it is
assumed that. a sharp, discontinuous change in conductivity

occurs at the boundary.

2.2 Heat Generation and Tranfer -
The instantaneous heating rate due to electrical

conduction is given by
Q=c E-E . (2.22)

If, when using the quasi-static approximation, the r.m.s.
values of the applied voltages are used, then the average

heating rate is
. - 2 '
Quv = O E s , (2.23)
Of the three major " heat transfer mechanisms (radiatjion,

conveétion. and conduction) only conduction is inc lud in
the mathematical model. Radiation is negligible as the

‘radiation from a black body at reservoir temperatures would

only penetrate a very short distance into the oil sand.
Natural convection due to temperature gradiants is neglected
even though its importance as a heat transfer mechanism in

‘oiltsand at the temperatures of interest is unclear. The

. scale modeling factors developed by Vermeulen et. al.7
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included only conduction in their derivation. By comparing
the results of numerical simulations based on this premise
with the results of physical scale model runs some grasp on
the accuracy of this mathematical mode]l may be obtained. The
treatment of forced convection due to fluid injection br
pumping is beyond the scope of this study.

Thus, the equation used to model the he-  eneration

and transfer is
M% =Vk, VT) + o|Epnsl (2.24)

where M is the volumetric heat capacity, K,is the therma.
conductivity, and T is the temperature in Celsius. Note that
in the computer program the volumetric heat capacity and
thermal. conducti;ity are assumed constant within each
formatfon.

The outer boundaries are assumed to be insulated,
no-heat-?low boundaries. If the boundaries are planes of
symmetry or actual insulated boundaries this is a good
model. However, if the problem to be modeled consists of an
oil sand formation surrounded above and below by formations
whiéhv are much thicker then the oil sand formation (i.e.
semi-infinite overburden and underburden) artificial
boundaries will have to be introduced to limit the extent of
the problem domain. If these boundaries are far enough from
the electrodes 1little current or heat will reach the area
near these artificial boundaries.

Different materials in the problem domain may have
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different thermal’propertfes. At the . boundary between two

different materials the temperature and heat flow across the
boundary are assumed to be continuous.

R T



3. Numerical Solution of the Model
Finite difference techniques are used to approximate the
solution of partial differencial eq;ations in many different
fields, including oil reservoir simulation. laser-plasma
interaction studies, and water flow problems. Finite
difference approximations to derivatives were used by L.
Euler (1768) and there are currently several textbooks
available which explain the finite difference method in
detail.'® 20 21 The error, stability and convergence of the
approximation and solutionAtechniques are areas of concern
and study when using this method to solve partial
differential equations. In this chapter the particular
methods used in developing MEGAERA are outlined, and an
explanation of how boundary . conditions, stability and

convergence problems were delt with is given.

3.1 Differencing of the Current Continuity Equation
The electrical current continuity equation (equation

2.10) may be rewritten (for two dimensions) as
, i .
vl %)+ lad)=0 (3.1)

The finite difference approximation for the first term of

equation (3.1) is given by

et
o T W A)J .2
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See figure 3.1 for details on the grid structuring and
labeling.

This approximation (equation 3.2) is "conservative" in
thaf the current flowing out of the left boundary of the‘
grid block (i,j) is equal to the current flowing into the
right boundary of the grid block (i+1,3j). A symmetric
approximation for the second (y direction) term of equation
(3.%) is Added to equation (3.2) to give an algebraic
diff$rence equation at the center of each grid block.

Rearranging the terms gives

N Sy Yori A Gt oy gm0 (80)
where

Rij =t + @iy /L ks (3 + Kz )] | (3.4)

S:J z (Q‘of.j *aq j/[ h:{h;+h. )] | (3.5)

A.'J“' Ry ‘5.:,- 'Cg ‘Fg‘ (3.86)

Cij *lowy + 05 /L h, (h +h )] 3.7

Fig*(a v op /T i (k+ k)] (3.8)

The presence of a boundary adjacent to the grid block
requires thé modification of equations (3.3) to (3.8). If an
insulator is in the (i~1,3) grid block, then the boundary
condition in the left direction is gﬁﬂxj; This is
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Ciml, j+1) Gy e (+1,j+1)
X ' ) X T
: : kj
4y
(i=1,j) (i, ) (i+l,j)
X X X -J“L_
kj-|
Ci-1,j-1) (i, j=1) (|+|Y,;-l)* 4

o _ X

(s

Figure 3.1 Finite difference grid used in MEGAERA showing
the locations at which potential, temperature and
conductivities are computed.
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gpproximated by setting %, equal to %.,. Equation (3.3)

becomes

Rj % +.S; Sy + (A +C ) Y, +E Y, = o (3.9)

If the (i-1,3) grid block is part of electrode then Y
fs Kknown. The coefficent of ¥, ﬁt be modified to take
into account the infinite conductivity of the electrode
~ (which extends up to the grid block boundary). Thus, the

| difference equations are

/Eaxith +h;, ] - (3.10)
3
Ay ==Ry=5;-Ci~F, ~ (3.11)

Rij %...+S,; 9?;,,‘,-"4.; “.+F. %o ® ‘C.} ot (3.'12)

When a medium of different conductivity is in the
(i=1,3) grid block the~ equations (3.3) to (3.8) must be
modified to deal explicit'-ly " with the-. conductivity
“transition. Equations (2.20) and. (2:21) give the boundary
conditions at the interface. If the electric field is
constant between the center pf the grid blocg and the
_interface, the continuity condition for the electrical’
potential (Equ. 2.21) yields

(#- ,,J~ = 350 F) + Rei(ae) (3.13)

Figure (3.2) shows a profile of & vs y between the grid
block centers. Hritmg equation (2.20) as
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ELECTRICAL JI ELECTRICAL
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Figure 3.2 Profile of Electrical Potential % Across an

Conductivity Discontinuity, showing the abrupt change in

normal component of the electric field as required for
continuity of the normal component of current
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qU'WJ!O:;"ngJ (3.14)

the derivative %%gJin (3.13) may be eliminated.
M - L AT 219

Thus, the coefficents Cl[ and A, in the finite
difference equation (3.3) become

- o |
Cy = o/ LlhheJear + o a, ] (3.16)

/" ¥
Ar:-ﬂd_sg-cg_p. (3.17)

N J] 4

3.2.Differencing the Thermal] Equation
The thermal partial differential equation (2.24) is in
many respects analogous to the electrical current continuity

equation (2.10). The differencing of the term

Srb 55 ) = - -
TRV E. P

is directly analogous to the differencing of the x term in
equation (é.10). The handiing of the boundary conditions is
also analogous, with . constant temperature boundaries
corresponding  to electrédes and thermal insulators
corresponding to electrical insulators.

The time derivative of the thermal équation is

approximated by the forward difference
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n+|

M3 = M (T"=T. ) /ot (3.19)

4

where the superscript indicates the number of the‘timestep.
The heating rate term is also calculated and included in the

complete difference equation.

3.3 Solution of the Difference Equations

In solving a set of partial differential equations by
the finite difference technique it is desirable to reduce
the set of equations by eliminating all but one unknown (one
unknown being a single variable unknown at al]l points in the
domain). This may be done before or after differencing the
‘equatﬁons. In the electrical heating simulation presented in
this thesis.‘ the electrical and thermal equations are
coup led non;linearly making the elimination of either the
potential or the témperature difficult. For this reason the
equations were coupled explicitly: first the electric field
was found, then the new temperatures were found. This
explicit coupling leads to convergence problems which are
discussed in the section on program testing.

The procedure followed by MEGAERA for each time step is
as follows:

1. The electrical conductivity of each grid block is
updated from the ‘temperature of the grid block at the
end of the last time step;

2. The coefficents of the electrical difference equation

are found for each grid block.

e e e
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This set of electrical difference equations is
simultaneous. With one equation per grid block, a matrix
of 2500 rows and columns_is formed by MEGAERA if the
full fifty by fifty grid is used. This matrix is solved
by the Alternating Direction Implicit Procedure. This is
an iterative relaxation method, which requires an
initfa] guess at the solution. As the potential does not
vary greatly from time step to time step, the potential
found in- the lasf time step is used as the initial guess
for the potential of this time step and the new
potential is found after only a few iterations.
With the potential now known, the volumetric heating
rate in each grid block is found. MEGAERA calculates the
heating rate directly from the potential and cannot
output the electric field. The total currgnt pa§sing
through the formation between the élé&trodes is
calculated. If constant current or conétant power
heating is requested, the heating rates are scaled
appropriately.
The temperatures at the end of the time step are found
by solving the-thermal equation using the Alternating
Direction Implicit method. Despite the similarity of the
names, the ADI method is different then the Alfernating
Direction Implicit Proce&ure, the former being used for
parabolic equations and | the latter for elliptic
equations. 5

An energy balance is done: for the time step. The energy

-
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input, both for tﬁev'time step and cumulative, s
caiculated in three different ways, as will be discussed
in section 3.4.1. The energy calculations are done for
each region of the domain'separately, allowing one to
find the percentage of energy input‘to, for example, the
overburden and comparing it to the energy input to the

oil sand.

MEGAERA was written to allow variable grid widths. The .

ratio of maximum width to hinimum width should not excede
ten in the domain of the problem, with adjacent grid widths
being within a factor of two. The program is only two
dimensional and the maximum number of grid blocks in each
- the X'and Y d1rect1ons is fifty. MEGAERA was written? in
single precision, which on the Amdahl 470 is 32 bit,

hexidecimal format floating point arithmetic. Us1ng the fuill
f1fty by fifty grid, MEGAERA uses approximately 1.9 seconds
of C.P.U. time per t1me step on an Amdahl 470v/7, and
requires about 110 pages of virtual memory. Thus, a typigf?
eighty time step run will require about two and a half

minutes of C.P.U. time.

3.4 Testing of MEGAERA

A~ large simulation code may be tested in several ways.
Internal checks, such as energy balance - caleulations, give
one indication of thg accuracy of the program. Analytic
solution of simple problems may be possible, and the results
of simulating these problems may be compared to the analytic
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solution. Physical_médeling of more complex problems may be
possible and numerical simulatidﬁ results may be compared to
physical model résults. Finally, one may check that
alteration of the problem grid and scale do not.
significantly affect the r~sul’s piroduced by the simulator.

A1l of these methods were used to test M+ _ . RA.

3.4.1 Ehergy Balance
The cumulative electrical energy input at the

electrodes is found from
Ec=E ' «V"I"at" (3.20)

where E: denotes the total electrical energy input up till
the end of the nth'time step, v and I are the voltage
and current respectively during the nth time step, and
dt"indicate; the length in seconds of the nth time step.

‘ The cumulativg electrical energy that is converted to
heat is‘ found by integrating the volumetric heating rate
over the volume and time:

E =E]" + :“ Q:'J yl.u.‘af" ‘ . {3.21)
where £ ‘is the cumulative energy convertedvtb heat at the
end of the nth time step, w; is the volume of (1,1 grid
block -and Qﬂqis_the‘volumetric heating rate in the grid
block during the nth time step.

The total heat energy stored in the temperature rise of

the formation is found by summing the product of temperature
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rise, vc4améiric heat capacity and volume of each grid
block:

Eizz(r“‘C)Mgvg (3.22)

iy

A1l three calculations of the energy input to the
formation should yield the same quantitative result. The-
computer program calculated E¢. E,, and E: for each
timestep that was output. Comparing E¢ and E ,, the
differences between both the cumulative and the incremental
values of these quantities were ."7der one percent for all
p;oduction runs of MEGAERA. The differences were greatest
for the first time step, usually about .5 to .7 percent, and
decrease as the run progressed; By the eightyth time step
both cumulative and incremental differences were below one
quarter percent. The difference‘ between £, and Er was
usually less than 0.1 percent. These figures are faken from
production runs ‘ (Run No.s'v1b - 20), wﬁere the eléctrical
conductivity varied erm one region to the next by up to a

[ -l
factor of ten.

3.4.2 Comparison with Analytic Results

A number of MEGAERA runs were done for simple one
dimensional problems whosé solutions could be found
analytically. Initially the tempgrature dependence of
electrical'conduétivity was. set edual to zero, uncbupling
‘the electrical equations from the thermal equation.~The-

problem geometry consisted of ‘two materials of different
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conductivity in series. The -results showed that the
potential solver, constant current or power scaling, heating
rate calculator, and temperature solver were  working
properly, at least for one dimens1onal problems In these
tests the calculated values agreed with the analytic
solutions to within . 1{ percent The problems were sblved
using grids of varying grid w1dth and differing overall
scale (i.e. maximum dimensions). | ,

It is also possible to analytically eolve ,5 one
‘dlmen51onal problem 1nvolv1ng electrical conductivity which
varies with temperature. If a rectangle of homogeneous
material is pleeed,between two parallel plates (and the
remaining four sides are insulated) and a constant voltage
~is applied between the plates, ‘he electric field ‘will
remain constant between the platee. As the conductivity
rises with temperature so will the heating rate. The
temperature at any time may be found by solv1ng tive 1ntegral

equation | s
t .‘ '; .
Ts-‘,&zf,i*f‘[/m»('r'fz‘?)]dt +7, (3.23)

where d 1is the d1stance between the plates, and \/ is the
app11ed voltage (r.m.s. value). This integral equation'may
be solved by use of ‘a Laplace transform. The solution

js22 23

T(¢)=(# *g(;t°24)]cxp($g§f'$ ¢)+24- 4 (3.24)

Runs was carried 6ut5modeling this problem. When the ma X imum

e —— e n a——
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allowed temperature change per timestep was three percent,
the difference between the computer solution and the
ahalytic solution was one half of one pércent after a
temperature rise of 230°C. [f the maximum allowed
temperature change per timestep was increased to ten
percent, this difference, after a simijar temperature rise,
was five percent. The former case required roughly three
times the C.P.U. usage of the latter case.

- The difference between the analytic éolution anq the
-computed temperatures is due to the explicit coupling of the
electrical and thermal equations. The electrical fiel” and
heating rates are held fixed in a time step, resulti ; a
conservative approximation to the actual heating. As the
conductivity increases with temperature, the calculated
heating rate will always be less then its actual value. The
error induced by this problem is negligible if the maximum
allowed tempegature cha%ge per t}mesfep is five percent or

less.

3.4.3 rison with Physical Models

MEGAERA was used to simulate a physical m '»1 .un which
was carried out by J. Fearn and A. Vogan of ‘*he Applied
Electromagnetics group at the University of Alberta. The
geometry of the physfcal mode] was a scaled down_version of
figure 4.2. The model consisted of eighteen inches (457 mm)
of underlying sand covered . by éeven and three quarters

inches (197 mm) of low conductivity oil sand, which in turn

St Al ot sk
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is covered by six inches (152 mm) of overburden sand. The
spacing between the electrodes was thirteen inches (330 mm)
and the third dimension of the model, i.e. the thickness of
the two-dimensional slice, was four! inches (102 mm). The
electrodes were constructed of one quarter inch (6 mm)
copper plate and were two inches (51 mm) high and their
lengthes were equal to the thickness of the two-dimensional
slice, i.e. four iﬁches (102 mm). The electrodes were
positioned so the right electrode was forty percent in the
oyenburden sand and the left electrode was forty percent in
fhe underlying sand, the remainder of each electrode being
in the oil sanc.

- The underlyin & * overburden formations in the scale
mode! were modeied using packed sand whose moisture content )
had been adjusted so the conductivity of the packed sand
(density of 1.8 gm/cm3) was 7.4 X 10-® S/m. The oil sand was
modeled with o0il sand whose conductivity when packed
(density of 2.0 gm/cm?®) was 2.0 X 10-3 S/m,

‘ The scale model was heated by passing a constant
current of .183 A between the electrodes for 3605 seconds.
The initial temperature of the model was 22°C (%.8°). After
the Eun was completed the thermal«propertiés of the sand and
oil sand used in the model were measured. The thermal
conductivity of the underlying and over lying sénd was 1,56
W/K-m and its volumetric heat capacity was 1.37 X 106
J/K-m3. The thermal conductivity of the oil sand was H.61

W/K-m and its volumetric heat capacity was 1.8 X 106 J/K-m?.’
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Figure 3.3 Computer calculated and measured temperatures fog
the physical model run. The contour plots are computer
generated and the measured values are written on top.
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The simulation was carried out with the thermal conducitity
of the electrodes initially set to that of oil sand, and
secondly to a value ten times greater. This change caused
only a slight change in the final temperature profile in the
immediate vicinity of the electrodes.

The geometry, dimensions, sand and oil sand electrical
and thermal properties, and the heating type and time were
input to MEGAERA. The temperature dependence of electrical
~ conductivity was not measured, but was assumed to be 0.0229‘
K=, which is a typical value at low frequencie;’. A contour
plet of the simulgtion results is given in figure 3.4 with
the measured temperatures from the physical model noted
where measured. Agreement between the simulation results and
the physical mﬁdél results is excellent, except in the
immediate vicipity of the electrodes. The measured and
computed resistances were also compared and tée percent

difference between the two was always less then two percent.

T eV T TR WY b R A R | Py v P waey UM XU AL A £ e e g VT AL T g wer



4. Results of MEGAERA Simulation Runs

There are a large number of variables which: affect the
electrical heating of an oil sand formation. These include
the electricai and thermal properties of the oil sand and
surrounding formations, the length and thickness of the
electrodes, the spacind between electrodes, the thickness of
the oil sand, and the rate of heating. In studying the
effects of varying one of these variables the other
variables must be held fixed.

The initial studies done with MEGAERA were on the
effects of different ratios of electrical {conductivity of

oil sand to that of the surrounding formations, and on the

effect of changing the spacing between the electrddas.

4.1 Effects of the Electrical Conductivity Ratio

The author has conducted a series of runs of MEGAERA in
which the physical dimensions, thermal properties and
heating rates were held fixed, but the electrical
conductivities 6} the oil sand and surrounding formations
were varied. The purpose of the series of runs was to
determine which of two electrode configurations produces the
most favourable temperature distribution for a given ratio
between the electrical conductivity of the o1l sand and that
of the surrounding formations. The probiem geometries,
labeled configuration A and B, are shown in figures 4.1 and
4.2. In all runs constant power heating of eight Kkilowatts
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per meter length of the parallel plate electrodes was
applied for a period of one year. Thus, all the runs had the
same heating rate regardless of the actual resistance
betweeﬁ the elgctrodes._The results of this series of runs
are summarized in Table 4.1 and the temperature plots at the
~end of the heating period are given in Figures 4.3 to 4.9.
In configuration (A (i.e. the electrodes positioned in
the middle of the o0il sand formation) the  maximum
temperature, which occurs near the electrodes, increases
linearly with the ratio of the electrical conductivities of
the sufrounding formations to that of the oil sand. (This
fatio, electrical conductivity of overburdeﬁ and underburden
.to electrical conductivity of oil:sand, shall hereafter be
referea to as the conductivity rétio.) The temperature in
the formation mid way between_the electrodes dropbed as the

gonductivity ratio increased. Configuration B had the

opposite trend with the electrode temperature dropping and

“the mid formation temperature. rising with increased
conductiVity ratio. For conductivity ratios greater than two
configuration B had a more désirable temperéture profile
than, configurathmm{ A. A graph df temperature vs.
conductivity ratio is given in figure 4.10.

When the fraction of the total energy input that is
retained in the o0il sand formation is computed,
configuration A is. superior to configuration B even with the
conductivity ratio as high as five. With a conductivity

ratio of one half, configuration A heating will retain about

e
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Figure 4.3 Contour plot of temperature in Celsius after one

year of heating at 8 kW/m. Run no, 10, configuration B, with
an electrical conductivity ratio (overburden, underburden/
N oil sand) of 10. :
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Figure 4.4 Contour plot of temperature in Celsius after one
year of heating at 8 kW/m. Run no. 12, configuration B, with
an electrical conductivity ratio (overburden, underburden/
o0il sand) of 2.
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Figure 4.5 Contour plot of temperature in Celsius after one
year of heating at 8 KW/m. Run no. 18, configuration A, with
an electrical conductivity ratio {overburden, underburden/
' oil sand) of 2.
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Figure 4.6 Contour plot of temperature in Celsius after one j
. year of heating at 8 kW/m. Run no. 19, configuration A, with
an electrical conductivity ratio (overburden, underburden/

oil sand) of 5.
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Figure 4.7 Contour plot of temperature in Celsius after one
year of heating at 8 kW/m. Run no. 20, configuration B, with
an electrical conductivity ratio (overburden, underburden/

oil sand) of 5.
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Figure 4.8 Contour plot of temperature in Celsius after one
» configuration A, with
erburden, underburden/

year of heating at 8 KW/m. Run no. 21
an electrical conductivity ratie (ov
' oil sand) of 1
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thermal efficency as a

runs. Constant power heating of 8 kW per meter was applied

1.

No.

22
21

18
12

19
20

10

NO O aw N -

for one year. Initial re

2. 3.
Run Config- Op
uration

S/m
x10-3

A 0.5

A 1.0

A 2.0

B 2.0

A 5.0

B 5.0

B 10.

Conductivity of
Conductivity of

servoir temperature is 15°C.

4, 5. 6. 7. 8.
Tis Max. Mid Heating Energy

Temp. Temp. in in

S/m "C C 0i1 0il

x10-3 Sand Sand

4 4

0.5 202 101 88 81

1.0 210 85 84 78

2.0 220 67 81 75

2.0 212 65 65 62

5.0 257 50 84 75

5.0 180 66 68 65

10. 177 75 74 69

overlying formation.
underlying formation,

Maximum temperature near the electrodes.

Maximum temperature mid way between the electrodes.

of one year, as
The difference b
conduction.

<

AN Bt e oo -



51

eighty percent of the energy in the oil sand after heating
for one ‘year. When the conductivity ratio is increased to
five, configuration A will retain three quarters of the

energy in the oil sand formation, while “heating with

conf1gurati-3’ -

RS resuit in only sixty five percent of
the energy p) ¥lfn1ng in the 0il sand at the end of the
) -grations most of the en;rgy is lost by
flﬁéugh {and thus heating) the overlying and
'underly1ng format*hns Thermal conduction typically accounts
for the 1loss of five to ten percent of the total energy
input, or ten to forty percent of the total energy lost -to
the surrounding formations.

When heating in configuration A, the conductivity ratio
determines what fraction of the current enters the
surrounding formations. As the conductivity ratio increases
more of the current travels most of the distance between the
electrodes. in the overlying or under lying formations, where
relatively low resistance is encountered. As a resuit the
bulk of the voltage drop and the heating fs in the oil sand
near the electrodes, where the current is travelling ffom
the electrode aimost directly into the surrounding
formations. This leads to a higher electrode temperature and
a lower temperature midway between the electrodes. When
heating in configuration B, a high conductivity ratio
results ih the overlying and underlying formations acting
lwke large extended eleé?iodes Most of the voltage drop is

across the oil sand formation from the overlying formation
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to the underlying formation. However, in configuration B
most of the current must travel some of the distance betﬁeen
the electrodes through the surrounding formations and this'
results in a lower fraction of .the total heating occuring in
the oil sand formation. This explains why, for a
‘conductivity ratio of five, configuration B has a more
~uniform temperature profile in the oil sand, while
configuration A has more of the energy input retained in the
oil sand.
The tota] oil sand volume in both §onfigurations A and
B, per meter thick slice.of the formation, is 1500 m3. The
chemical energy conteht of oil sand is of the order of 1010
Joules/m3, so the total chemical energy in the heated
formation 1is about 1613 Joules. An electrical preheat of 8
KW/m for one year uses about 2.5 X 10! Joules of electrical
energy, which is of the order of one percent of the chemical

energy in place.

4.2 Effects of changing the distance between the electrodes

| Computer runs were carried out with 75 m and 100 m |
spacings . between the elebtrqdes, with the other dimensions
and electrode positions as in configuration A (figure 4.1).
fhe power input was increased to 12 KW/m for the 75 m
spacing and to 16 kW/m for the 100 m spacing, but the
heating time remainedﬁ’at one year. The results of these
funs, and similar ruhs.done with 50 m spacings, are given'ih

/

table 4.2. The temperature contour plots for the end of the

14
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year of heating are given in figures‘4.11 to 4.17.

Even thdugh the power output from the electrodes is
increased iﬁ:Jbroportion to the distance between the
electrodes, the maximum temperature near the electrodes
remained constapt for conductivity ratios of one half and
one. For the runs with different electrical conductivities
for the overlying and under lying formations, the ma x i mum
temperature,near the electrodes increased by fifteen percent
when the distance between the electrodes w;s increased from
S0 m to 100 m. The temperature midway between the electrodes;
decreased with an increase in the distance betygen the
electrodes. A graph of the telhperature midway between the -
electrodes vs. the distance between the electrodes is given
in figure 4.18. The fraction of the total energy input that
is retained in the of1 sand formation at the ‘end of the year

also declines with an increase in the distance between the

electrodes.

desirable’ temperature profiles and thermal efficenéies.
result. A tradeoff must be made between the cost of the
extra electrodes for a closely spaced heating configuration’
and’the'exgggggléctrical énergy and heating time required to
obtain the same temperature profile for a larger spacing.
vThe effect of changing the distance between the electrodes
T -is more pronounced for higher conductivity ratios.’ The
optimal distance between the electrodes will be a function
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- Figure 4.11 Contour plot of temperature in §elsius at the

end of heating for one year at 16 kW/m.
configuration A, with a conductivity ratio
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Figure 4.12 Contour plot of temperature in Celsius at the
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Figure 4.15 Contour plot of temperature in Celsius at the
end of heating for one year at 12 KW/m. Run no. 32,

overburden half as conductive and
conductive as oil

underburden twice as
sand.
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Figure 4.18 Temperature midway between the electrodes vs.
the distance between the electrodes. Electrode positions are
as in configuration A, except for the mixed conductivity
ratio where the electrodes were moved up three meters.
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Table 4.2 Temperature rise and therma] efficency as a
function of distance between the electrodes.

The conductivity of the oil sand is 1.0 X 10-3 S/m for all
runs. Constant power heating of 8 kW per meter in the runs

v “1' th a 50 m spacing, 12 kW per meter in the runs with a 75 m
spacing, and 16 kW per meter in the runs with a 100 m
spacing was apglied for one year. Formation thicknesses and
electrode sizes and positions are as in configuration A
(Fig. 4.1).

1. 2. 3. 4, 5. 6. 7. 8.
Run Spacing Cha Coe Max. Mid Heating Energy
No. m Temp. Temp. in in
S/m S/m ‘C °C 0il 0i1
x10-3 x10-3 Sand Sand
4 p4
22 50 0.5 0.5 202 101 88 81
34 75 0.5 0.5 196 82 79 73
23 100 0.5 0.5 195 72 72 67
21 50 1.0 1.0 210 85 84 78
35 75 1.0 1.0 210 60 71 6€
24 100 1.0 1.0 210 48 62 58
26 50 0.5 2.0 230 90 ‘ 5?5 .79
32 75 0.5 2.0 258. 74 74 68
25 100 0.5 2.0 264 46 65 60

NOANHWN —

Runs were numbered in chronological order.

Distance between the electrodes.

Conductivity of overlying formation.

Conductivity of underlying formation.

Maximum temperature near the electrodes. )

Maximum temperature mid way between the electrodes.
Electrical energy dissipated in the oil sand formation -
as a percentage of the total energy dissipated in the’
oil sand and surrounding formations.

The energy stored in the oil sand formation at the end
of one year, as a percentage of the total energy input.
The difference between columns 7 and 8 is due to thermal
conduction. ' ‘
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of many parameters, with two important factors being the
cost of the weils and electrodes and the relative
conductivities of the surrounding formations to the oil

sand.



N 5. Conclusions
The results of the full scale simulation runs done using the
computer program MEGAERA are encouraging. These results
indicate that, by using less than five percent of the
chemical energy in place in a typical thickness Athabasca
oil sand formation, it is possible to raise the temperature
midway . between the electrodes to 80°C, with higher
temperatures near the electrodes. The viscosity of the
bitumen (Athabasca o;l sand) would be about 1000 cp midway
between the electrodes, and considerably less near the
electrodes. This is low enough to a]low an efficent steam
drive to be conducted. ¢

The comparisons done between the analytic solution and
the computer simulation indicate that the finite difference
scheme used was correct The convergence error due to the
explicit coupling of the electrical and thermal equations
remains, but, if the max im temperature change per timestep
is Kept less than five percent, this error will not be
significant.

The best test of both the mathematical model and the
finite difference scheme }that were used is conducted by
comparing the simulator results with a physical model run.
When this was done the simulator resuits were in agreement
with the mea ed temperatures from the physical model run,
except in tﬁe immediate vicinity of thegele%trodes Thus, at
least for temperatures up to 90°C (above’ which accurate

electrical conductiyity data ° is not available), the

64
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mathematical model used will accurately predict temperatures
and resistance for electrical'heating of solid materials.

There are several items which should be Kept in mind
when interpreting the results of the full scale simulator
runs. First, the electrical and‘thermal properties of oil
sand have not been reported in the liturature for
temperatures above 90°'C. In the simulator the therma
bgcperties were assumed independent of temperature, and the
electrical conductivity .gas assumed to increa jnearly
with tenperature up to 250°C. Second, the conduy of
the oil sand near the electrodes in a field test would be
altered by the injection of brine near the electrode. These
two factors may result in significant error  in the predicted
temperatures near the electrodes Finally, the conductivity
of the 011 sand. was made uniform throughout the formation
for the s1mulat1on runs. This was by choice and not due to
any l1m1tation of the simulator.‘ In an actual otl sand
formation there is probably variations in electrical
conductivity witﬁ§~height in the formation and due to the
presence of shale breaks and clay deposits.

The investigation to date indicates that the electrical.
preheat method may be ceveloped into an economical method of
preparing an 0il sand formation for a steam flood or fire
tlood. Further measurement of the electrical and thermal
properties of oil sqnd-neeq_ tn.'g_s‘e performed at formation
pressures and temperatures in the range of 100°C to 300°'cC.
Tbe computér simulator should be extended to three
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dimensions so that simulation of five spot patterns are
Possible in  addition to the parallel plate electrode (on"
line drive) geometry which was studied in this thesis.
Finally, due to variations in the conductivities of the oil
sand and the surrounding formations no one electrode
cbnfiguration is optimal ‘and each recovery. (ocation will /
have to be investigated individual .y to determine the
6pt1mal electrode size, positioning ar« spacing.
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Appendix I - Listing of the Program MEGAERA

STEPON

b\

N ¥
: v
‘..““.-.t.-...‘....
» . L . *
* MEGAERA =
= wd R -
'\-L“"....“..“‘."‘.. v
\(‘P' R
A SIMULATION OF nscm?& GONDUCT IDN* HEAT ING
B et 1 Y L A
OF OILSAND AND OTHE Tq@{t-q;s.a L
¥ o ‘“"T'Tf"""'i"f' nufj}""J o
‘U : - N ; ﬁf‘ . ;_EFVB}’ ! .’.»
ALLAN HEEBERT.. AUGUST fadiy:
s VRI’.TTMH OLLOWING THE QLYMPUS |
PROGRAMING SYSTEM DEVELQRES AT
A CULHAM ‘LABORITORIES, ENGLAN® + J =
- o ai#
3 ) ‘LI .
" Q
MAIN CONTROL. t;” CLASS O
MAIN- . FORTRAN MAIN PROGRAM ; o
BASIC ﬁruuzs BASIC CONTROL DATA - 0
MOOIFY  MODIFY BASIC DATA IF REQUIRED 0.
COTROL ONTROL THE RUN { 0.
USER PRINT USER, TIME AND DATE TO,DIARY 0.
. ’ PROLOGUE ¢ CLASS 1
. ”~ L4
LABRUN  LABEL THE RUN D
CLEAR CLEAR VARIABLES AND ARRAYS 1
PRESET . SET DEFAULT VALUES - 1
DATA DEFINE DATA “SPECIFIC TO RUN ' 1
.AUXVAL  SET AUXILIARY VALUES 1
INITAL  DEFYNE PHYSICAL INITIAL CONDITIONS 1
RESUME  RESUME FROM PREVIOUS RECORD 1
- START - START OR RESTART THE RUN : 1
EPARAM  CALCULATE ITERATION PARAMETERS FOR A.D.[ P, 1.
TCOEFF  CALCULATE CONSTANTS FOR THE THERMAL EQUATION 1
" . . . .. g ,};
1 o CALCULATION. "ﬁ. g CLASS 2
STEP ON THE CALCULATION' 2.

<0
o

L RNY BT TRV

1
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b

Fws

107

110
111
112
113
114
118
116
117
118
119
120

"€ BUTTAP(1) oUTPUT RUN INPD

2

s, R

&

ELEPOT CALCULATE T™E ELECYRICAL POTENTIAL

ELECQF - CALCULATE COEFFICENTS OF DIFFERENCE EQUATION
THOMAS SOLVE TRIDIAGONAL SYSTEM BY THOMAS ALGORITHM
MAXDIF FIND THE MAXIMUM OIFFERENCE BETWEEN TEM3, TEM1
ECOND ; CALQWLATE THE ELECTRICAL CONDUCTIVITY )
QCALC CALCULAJ’*THE HEATING RATES FOR THE QRID
TCALC SOLVE THE' HEAT of 10N EQUATION

ENGBAL .~ CALCULATE THE BALANCE FOR THE TIMESTEP
LELECUR. . ‘CALCULATE THE CURRENT THROUGH 4 SURFACE |

& K ~.1. . . . .

NNNNNNN”&“—
CevNamagw

o

‘3, - . CLASS 3

T i“%? o
OUTPUT(1) CONT THE g SO
OUTGRD( 1) OuTPUY ONE OF 3
ALINTP(734D0 A LINEAR ] LA TTON::
OUTINT(2) INTERPOLATE. AND PRINT o aobAL VARTABLE
OUTR . QUTPUT A" LABEL AND A REAL V‘“I"L§*§
OUTI OYTPUT A LABEL ,AND ‘AN INTEGER VAR{NBLE
C QUTH OUFPUT A LABEL AND A MOLLERITH VARIABLE
TO MAGNETIC FAPE "

.-‘"'. &

%QOU

onnn‘nnnnnnnnnnnoon
fuwww

'S

5 .

"

C . . EPILOGUE, , B CLQf
c o« ' R ' o
C-TESEND  TEST FOR COMPLETION OF RuN a
C  ENORUN_ I;RuINATE THE RUW _ o™ - 42
c “\ ) - ’ ) N

c - S _ DIAGNOSTICS. - CLASS
< K S ' . -

C RePORT(3) cBirroL The DIAGMOSTICS : -

C CLIST(2) PRINT COMMON VARIABLES o

LS e W ]

1
‘ .2
ARMI¥S (2) PRINT COMMON ARRAYS .3
‘ ' | UTILL] ;ﬁg :  class y.

IN OUTPUT CHARNEL u.
HANNEL - -

c
c

¢

c ) . . -

C  MESAGE(.1) PRINT 48-CHARACTER M|

c p . FETQH NEW PAGE ON OUTPUT v
c B8 S(1) INSERT BLANK LINES. ON OUTPUT CHANNEL u
< 2)  PRINT NAME AND VALUE OF REAL VARIABLE u
C  IVAR(2) _ PRINT NAME ANB VALUE OF INTEGER ' VARIABLE ) u.
C - HVAR(2) OppInt NAME AND VALUE OF HOLLERITH VARIABLE *
C LVAR(2)  PRINT NaME anD VALUE OF LOGICAL VARIABLE @

C RARRAY(3) PRINT NAME AND VALUES OF REAL ARRAY . u.
C IARRAY(3) PRINT NAME AND VALUES OF INTEGER ARRAY ' v.
C  HARRAY(3) PRINT NAME AND VALUES OF MOLLERITH ARRAY U.10
C REPTHD(3) PRINT HEADING FOR DIAGNOSTIC REPORT
C RUNTIM UPDATE CPU TIME AND PRINT IT

c
c
c
c
c
c
c
c
c
c
c
c
c
c

03\‘0!“5@”*

u
U
DAYTIM PRINT DATE AND TIME ‘ u
RESETR(3) RESET REAL ARRAY TO SPECIFIED VALUE v
RESETI(3) RESET INTEGER ARRAY TO SPECIFIED VALUE v
RESETH(3) RESET HOLLERITH ARRA¥ TO SPECIFIED VALUE u
JOBT IM FETCH ALLOCATED JOBTIME : u.
LARRAY(3) PRINT NAME AND VALUES OF LOGICAL ARRAY u.18
RESETL(3) RESET LOGICAL ARRAY TO SPECIFIED VALUE u.
RARAY2 PRINT DOUBLY-SUBSCRIPTED ARRAY u
SCALER(3) SCALE A REAL ARRAY By & REAL VALUE . v
SCALEI(3) SCALE AN INTEGER ARRAY 8Y AN INTEGER vaLuE v

- COPYR(S) COPY ONE REAL MATRIX INTO ANOTHER u
COPYI(S) COPY 'ONE INTEGER MATRIX INTO ANOTHER u
SIGNR(2) CHANGE TME SIGN OF A REAL MATRIX u
SIGNI(2) CHANGE THE SIgn.oF AN INTEGER MATHIX v

DIORA WL

R R o
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. B

A
3

[
-3
3
e R, %7
121 ~ DUMCOM(3) DUMP SELECTED COMMON BLOCKS v u.27
122 : . : ,
123 c
124 cL . c1.1. BASIC SYSTEM PARAMETERS
128 c VERSION 28 14.8.73 KVR/MHM CULHAM
26 ¢ COMMON/COMBAS / ‘ '
127 c
128 c' .
129 C ALTIME TIME ALLOCATED TO JOB, (MINS) R 1.1
130 C CPTIME CPU TIME USED SO FAR ON THIS uoB. {MINS) R 1.1
121 C LABEL1(12) LABEL DESCRIBING THE RUN 1A 1.9
132 C  LABEL2(12) LABEL DESCRIBING THE RUN : JIA 11
133 C LABEL3(12) LABEL DESCRIBING THE RUN IA 1.1
134 C LABEL4(12) LABEL DESCRIBING THE RUN 1A 1.1
138 C LABELS(12) LABEL AVAILABLE TO PROGRAMMER P IA 1.1
136 C LABEL6(12) LABEL AVAILABLE TO PROGRAMMER IA 1.1
137 C .LABEL7(12).LABEL RESERVED FOR‘SYZ!'B)Q § IA 1.9
138 C LABELS(12) LABEL RESERVED FOR SYSTEM IA 1.1
139 C NDIARY CHANNEL FOR OIARY 0. , ..~ W SRS G B
140 C NIN CURRENT INPUT® CHANNEL S - I 1.4
141 C NLEDGE CHANNEL FOR RESTART RE ORDS 1 1.4
142 C NLEND -TRUE. IF RUN TO BE TERMINATED L 1.1
" 143 C NLRES -TRUE. IF RUN TO BE RESTARTED . N L 1.n
144 C NONLIN CHANNEL .FOR ONLEINE INPUT-OUTPUT ' I 1.1
148 © c  wNOUT CURRENT fm-umsn. oo 1 u;:u
14ds C  NPRINT: CHANNEL4FOR PRINTED OUTPUT BEEER )
147 c H CHANNEL FOR CARD GUTPUT (OR EQUIVALENT) S SR
148° C _NrReap ¥ CHANNEL FOR CARD INPUT ) I 1.4
149 C NREC CURRENT RECORD NUMBER .. I 1.1
150 /f’ C /NRESUM BESUME FROM RECORD ON THIS- CHANNEL ’ 1" 1.9
«5}‘ - -C/ NRUN MAXIMUM NUMBER OF STEPS . = R S I
182 - o NsTEP CURRENT STEP NUMBER et I 1.4
183 STIME START TIME, (MINS) R 1
154 =~ £ L :
185 c . 87 -
156 Cmm e el it bl L T LT L
157 e, . w .
158 .c )
159 cL 5 o.s. . DEVELOPMENT AND DIAGNOSTIC PARAMETERS
160 ¢ VERSIONNS 14.8.73 KVR/MHH CULHAM
161 c COMMON/COMDDP / .
162 c ,
163 -c -
164 .c ) .
1650 -+ C _ gaXOUM MAXI -DIMENSION OF DUMP ARRAYS . 1 1.9
168 7~ ¢ mx ACTUAL DIMENSION OF DUMP ARRAYS 1 1.9
167 C NA (M) CODES FOR/ARRAY DuMPS N ~ 1A 1.9
168. C NCLASS « wMpST RECENT CLASS REPORTED - P \e
T 169 C NLCHED -TRUE. IF CLASS O REPORT HEADS REQUIRED L 1.9
170 C NLHEAD(9) .TRUE. IF CLASSES 1-9 -REPORT HEADS REQUIRED LA 1.9
171 C NLOMT1(50) CLASS 1 SUBPRBGRAM SELECTOR e - LA 1.9
172 C NLOMT2(50) CLASS 2 SUBPROGRAM SELECTOR LA 1.9
173 C NLOMTI(30) CLASS 3 SUBPROGRAM SELECTOR . LA 1.9
174 C NLREPT . .TRUE. IF ANY REPORT REQUIRED £ L 1.9
178 C NPODUMP(M) CODES FOR DUMPING POINTS | 1A 1.9 .
176 C NPOINT MOST RECENT POINT REPORTED : I 1.9
177 C Nsus MOST RECENT SUBPROGRAM REPORTED 1 1.9
178 C. NVDUMP(M) CODES FOR DUMPING VARIABLES IA 1.9
179 c - -
180 Commo e Rian bt D DT T, et S,
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181
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nn.nnnnnnnno&o

T T A g g v

c
c 1.2 /COMGLO/ - GLOBAL VARIABLES
c
C DELTAX WIDTHS OF @RID BLOCKS - R 1.2
'#C  DELTAY HEIGHT OF GRID BLOCKS R 1.2
DTIME LENGTH OF TIMESTEP ( DELTA TIME) R 1.2
ELECON ELECTRICAL CONDUCTIVITY R 1.2 .
ELEGED ELECTRICAL GEOMETRY R 1.2
: NEGATIVE -WDOMAIN POINT
ZERO - NOT IN DOMAIN
POSITIVE - EFECTRODE
OTHERM HEAT GENERATED BY ELECTRIC FIELD R 1.2
POTENT ELECTRICAL POTENTIAL R 1.2
TEMP TEMPERATURE . R 1.2
THICK THICKNESS OF TWO DIMENSIONAL SLICE R 1.2
THMGED THERMAL GEOMETRY R 1.2
TIME CURRENT VALUE OF -THE TIME R 1.2
XCOORD X COORDINATES IDPOINT R 1.2
YCOORD Y COORDINATES OF GRIDPOINT - R 1.2
ORIGIN AT LOWER LEFT CORNER OF (1.1) BLOCK
XMIN MINIMUM:X § FOR “INTERPOLATED PRINTOUT - R 1.2
C  XMAX MAXT X ' FO ERPOLATED PRINTOUT R 1.2
C VMIN. NIN Y F ERROLATED PRINTOUT. “ R ¢ .2
Cay YMAX ™  MAXIMUM Y FOR INTERPOLATED PRINTOUT - R 1.2
c ' L L. o . T Yo .
Crmecaw - —--- -;----------——g---‘ -,---&--—-----~-q-----—---i--
c. s . Co .
< 1.3 /COMELE/ - ELECTRICAL COEFFICENTS
«C . , . . ’
C ECXm COEFFICENT OF FINITE DIFFERENCE guou. R 1.3
c -ECXP COEFFICENT IN, POSITIVE X DIRECTIDN .- R 1.3
¢ Egu . "V NEGATIVE v . R 1.3
c O . . * POSITIVE Y DIRECTION R 1.3
€ EXMXP SUM OF THE Two mg;:ecnm COEFFICENTS R 1.3
C EvMYP SUM OF THE TWO Y BIRECTION COEFEICENTS R 1.3
C ERHS RIGHT HAND SIDE OF DIFFERENCE EQU. R 1.3
C ELEvOL VOLTAGES OF DIFFERENT ELECTRODES R 1.3
C ELEALP COEFFICENTS FOR' CONDUCTIVITY - CALC. R 1.3 °
C ELEBET - - T .- R 1.3
C ELEPAR ITERATION PARAMETERS :‘” A/D.1.P. R 1.3
c ePsgite CONVERGENCE CRITERIA FOR POTENTIAL R 1.3
c - .
C-‘-------------J---,-~--—-'* ------------ -‘--‘If ““““““ “ -------
c _ -
c 1.4 /COMTHM/ - THERMA CONDUCTIVITY AND.CAPACITY
c . N .
C  THMCON "THERMAL CONDUCTIVITIE R 1.4 ,
C THMCAP , VOLYUMETRI® HEAT CAPACITY : R 1.4 v
C' THMTEM VECTOR OF CONSTANT TEMPERATURES R 1.4
TCYP COEFFICENT DF THE THERMAL EQU. ( v POS. ) R 1.4
> TCXP . . . . "% (xPOS. ) R 1.4
i L GEM. by o et aa g " ( X NEG. ) R 1.4
Wi e o LT TR L e ) R 1.4
~COTEX s OF X COEFFICENTS R 1.4
€ TCY - ¥ OF Y COEFFICENTS R 1.4
C TCRHS TERMS ON CONSTANT TEMPERATURE BOUNDARY R 1.4
»c-------_--------------------‘-- .......................... - - -—
c . ) :
c 1.5 /COMTEM/ - TEMPERARY ARRAYS. 4
\J

-~
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241
242
243
244
248
246
247
248
249
250
251
282
253
234
288
256
257
258
259

260

261
202

. 263

264
265
266
267
268
269
270
271
272
273
274
278
276
277
278
279
280
281
282
283
284
285
286.

287 =
288 ..

288
291

¢ 292

283
294
295

297
298
299
300 .
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TEM1 TWO DIMENSION ARRAY FOR A.D.I. "‘- . R 1.5
TEM2 'V R 1.5 -
TEM3 : R 1.5
T1 ONE DIMENSION ARRAY FOR THOMAS ALGOR. R 1.5
‘T2 RN R 1.5
T3 . ’ "R 1.%,
T4 1 R 1.8
TS R ‘1.5
..... . ..------_-----_------_-&!--_-_-----.--.4-__----t.--v..-_---- k2
h’ 1.6 /cugom/ = INTEGER COMMON BLOCK
NX ACTUAL NUMBER OF GRID BLOCKS IN X DIR. 1T 1.6
NY ACTUAL NUMBER OF GRID BLOCKS IN Y DIR. 1 1.6
NODX ACTUAL DIMENSION OF ARRAYS . I 1.6
NDY ACTUAL DIMENSION OF ARRAYS . I 1.6
NEQU F EQUATION FOR THOMAS ALQGON. 1 t.s
"NALPMA" . _OF ITERATION PARAMETERS USED. I t.e
MITER ‘.G “'ITERATION COUNTER FOR POTENTIAL I 1.6
MMA X MAX ALLOWED v MITER L 1.1t
NREG NUMBER® OF DIFFERE ONS IN PROBLEM I ‘1.6
NGED O IF'IN VERTICAL . % IN HORIZONTAL I t:6
_NERRDOR ERROR RETURN CODE FROM TIMESTEP ROUTINES 1 +.¢
NTYPE INDICATES TYPE OF nn;?u’ . I 1.6 N
® 1~ CONSTANT VOLTA
2- CONSTANT CURRENT
3- CONSTANT POWER
SwNO HEATING . ‘ .
NSPO NUMBER OF TIME STEPS PER OQUTPUT I 1.6 ‘
NSTO NUMBER OF TIMESTEPS BETWEEN TAPE STORES I 1.6
NPX NUMBER OF X INTERVALS FOR INTERPOLATION I t.6
NPY NUMBER OF Y INTERVALS FOR INTERPOLATION 1 t.e
NIJ INDICATES IF SURFACE OF CURRENT INTEGERAL -
IS PERPENDICULAR TO X OR Y I 1.6
NC1 INDICE OF GRIDLINE WHICH INTEGRAL IS ALONG I 1.¢
. », - ."_/
------ T T e e e e N
. 1.7 /COMCON/ - MEATING CONTROL VARIABLES .
HT IME TOTAL TIME OF HEATING . \ R 1.7
CTIME TOTOL TIME OF COOLING \ R 1.7
. CCUR CONSTANT VALUE OF CURRENT R 1.7 2
cPOW NSTANT VALUE OF CURRENT ™ R t.7-. _ -
DTEMP MAXIMUM- RELATIVE CHANGE IN TEMPERATURE R 1.7 ~
' DELT ACTUAL CHANGE IN TEMPERATURE FOR TIMESTEP . R 1.7 * ~—
CUR CURRENT CALCULATED ‘FORM CURRENT INTEGRAL . R 1.7 .
MOLTS ACTUAL VOLTAGE ACROSE ELECTRODES : R 1.7
cvoL - VOLTAGE USED -,m*g_a EM DEFINITION . R 1.7
RESIST . RESISTANCE :BETWEE ECTRODES : R 1.7
POWER ELECTRICAL POWER INPUT DURING TIMESTEP R 1.7
TINIT INITIAL TEMPERATURE Of FORMATION R 1.7
DEENG ELECTRICAL -ENERGY INPUT FOR THE TIMESTEP R 1.7
TEENG TOTAL ELECTRICAL ENERGY INPUT FOR THE RUN R 1.7
" DQENG HEAT PRODUCED FOR THE TIMESTEP R 1.7
.TQE TOTAL HEAT PRODUCED IN TME RUN ) R 1.7
o VECTOR OF HEATING IN EACH REGION. ‘ R 1.7
~ TTENG R 1.7

ENERGY IN THE TEMPERATURE CHANGE ' -

¢
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3
3,
“
k9

346

348
J49
350
3819
382
353
354
ass
386
357
ass
ase
360

PN

00 nn'onﬁo
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C TENG :  VECTOR OF ENERGY . OF - r:np CHANGE BY REGION R 1.7
“C  SCALE .  SCALE rlc‘!‘bn FOR consnm cunnem AND POWER R 1.7
c . Ed
Crmmmmm e . e e
C &
c _' i . i Y
C 0.0 FORTRAN MAIN PROGRAW - . .
c . N ¥ . . * PR - “
o B ¢
/\mssnr COMBAS BT e o
TIME ALLOCATED To vog .. i - S ' '
CALL uparrﬂ(n,nns) s A =y
st‘r ue me BAﬁIc CONTROL DATA *
CALL usrp - .
ﬁxm mr’ 'AND ne , -
. ¥ CALL PAGE - T v ' T e
.o CALL mvrm T R LT “ 2
c : T v N {
c - comnox. ms ,mm L . ' . - : :
“CALL conm e vy ‘ _ . . :
c 5 .
JS"’OP . . E
END - o X .
[o4 - 4 - - . \ z
c ¥
g SresTessees ittt St - TTT L,
SUBROUTINE BASIC or R f . _ - k
c a - ; )
C 0.1 INITIALIZE BASIC DATA ;
c
c.. '
C/ INSERT COMBAS . '
C/ INSERT COMDDP ‘2 . -
DATA IBLANK/4H - / ) ' ’
cL . 1. GENERAL OLYMPUS DATA
c .
cL 1.1 BASIC SYSTEM PARAMETERS 's
c CPU - TIME USED SO FAR W
c CPTIME=O.0 o ' Aer
C “® CLEAR ALL 8 LABEL ARRAYS -
IL = 8 = 12 ~ 4
‘ < CALL ntsem(uazdg,\n. mmx) ‘ T ' '
.c v O
c INPUT-OUTPUT CHANNELS . - -
NLEDGE = 30 o : ~a— '
NONLIN » 1
NPUNCH=7. ) _
NPRINT.=6 N ’ - g
NREAD=% _ s
NDIARY«NPRINT . .
NINSNREAD ' ) . . :
NOUT =NPRINT _ . ; L4 BN
C  TIMESTEP CONTROL . . ' '
NRUN = 1 :
PR ! e 3 . l



~¢

(I

wa

361

363
364
365
366
367
368

€

v
76
N
..
. vl
A
NSTEP=Q
c .
c RESTART CONTROL : .
NREC = 1 o
. NRESUM = NLEDGE
c . :
c LOGICAL swiTcHEs
NLEND=, PRL8E
NLRES= . FaLSE:
Cc v . ’
cL 1.9 DIAGNOSTIC AND DEVELOPMENT PARAMETERS
MAXDUM = 20
c MAXIMUM DIMENSIONS OF DuMe ARRAYS
MXQUMP = 10 .
RESET DUMP ARRAYS o
CALL nes:rx(hAouuv.naxouu.o) .
CALL RESE (NPDUMP , MAXDUM, 0) N
* CALL RE NVDUMP , MAXDUM, 0) Bl A
c TRACER v
c LOGICAL Sw
NLCHED « .FaLge. = -
NLREPT = _FALSE. ’
c REPORT HEADS FOR CLASSES 1-9
7 CALL RESETL(NLHEAD,9, .FALSE . ) .
c RESET CLASS 1,2.3 SUBPROGRAM SELECTOR ARRAY °
CALL RESETL(NLOMT 1,50, FaLSE.) ~
CALL RESETL(NLOMT2,50, FALSE.)
CALL RESETL(NLOMT3,30, FaLSE.)
c B .
c USER INTERFACE
" CALL mMODIFY
c .
‘ RETURN
END .
g ------------- --.: ........ -
c T .
SUBROUTINE MODIFY
c %ﬁis,npoxrv BASIC DATA IF REQUIRED . )
C- A
C/ INSERT CDMBA§ . : -
C/ INSERT compp : :
c : . ' y ,
' NANELIST/INMOO/NONLIN,NRUN>N*EC.NRESUN.NLRES . .
c - ‘
c " PRINT USER, TIME AND DATE ToO DIARY FILE,
CALL USER, ‘
c c
c SET DEFAULT VALUE FOR NRESUM - v
NRESUM=2
c .
c INPUT NAMELIST TO MODIFY BASIC DATA
READ(NREAD, INMOD )
IF(.NOT.NLRES) NREC=1 * 5 ,
RETURN
END ’ . IR




421
422
423
424
428
426
427
428
429
430
431
432
433
434
438
436
437
438
439
440
441
442
443
444
445

447
448

448
450

. 451

452
453

435
456
457
458
459
460
461
462
463
464
4695
466

468
469
470
471
472
473
474
478
476
477

478

479

4‘0

77

C N
c .................... T e e e e e e e e e —————
c
SUBROUTINE COTROL _ '
c - .v' p
C 0.3 CONTROL THE RUN ‘dﬁp
c ~ ' , -
c VERSION 28 17/12/73 KVR/MHH CULHAM
c !
C/ INSERT COMBAS
C/ INSERT COMODP
cL 1. PROLOGUE
c
IF(NLRES) GO TO 170
c R $
c A. NEW RUN
c
cL 1.1 LABEL THE RUN
110 . CALL LABRUN
c y .
cL 1.2 CLEAR VARIABLES Aaﬁ ARRAYS
120 CALL CLEAR .
c - g
cL 1.3 SET DEFAULT VALUE
130 CALL PRESET |
c . v
cL 1.4 DEFINE DATA SPECIFIC TO RUN
140 CALL DATA
C .
cL 1.5 SET AUXILIARY VALUES g
150 CALL AUXVAL . .
c
cL 1.6 DEFINE PHYSICAL INITIAL CONDITIONS
160 . CALL INITAL R .
GO TO 180 B
c
c B. " RESUME A PREVIOUS RUN . N
C -
cL 1.7 PICK UP RECORD. MODIFY REQUIRED ‘PARAMETERS .
170 [ CONTINUE . 3
c LABEL THE CONTINUATION RUN .
CALL LABRU? :
c "CLEAR VARIABLES AND ARRAYS ,
CALL. CLEAR p , .
c PICR UP RECORD AND PRINT DETAILS ; ‘
CALL RESUME ; ‘
c READ ANY NEW DATA NEEDED e -
. CALL DATA ‘ i
c MODIFY AUXILIARY VARIABLES AS REQUIRED 2N
CALL UXVAL o
c -
o C. PRELIMINARY OPERATIONS
cL - 1.8 START OR RESTART THE RUN
“180.  CALL START.
c INITIAL OUTPUT
CALL OUTPUT(1) <\ o B
Cc A j\,j’—
c \’ - P ?I E [ I
cL g 2. CALCULATION T . 1
[} /
»




- Y i
\E’ fo ﬁ.,\'
. ’ - }4,\)

3 78
Qo .
481 ¢ ' S
482 cL 2.1 STEP ON THE CALCULATION .
483 210 CALL STEPON
484 c
485 cL 3. ouTPUT . T £
\ 2 486 c . ‘
487 cL 3. PERIODIC PRODUCTION OF 'OUTPUT
488 310 CALL OUTPUT(2)
489 c }
490 cL 4. EPILOGUE
491 ¢
L 492 cL 4.1 TEST FOR COMPLETION OF RuUN
493 410 CALL TESEND ‘
494 IF(.NOT.NLEND) GO TO 210
495 c .
496 c FINAL OUTPUT . g : _
487 CALL OUTPUT(3) , ] i
498 ¢ . i
498 cL 4& TERMIN THE RUN o i
800 420 CALL ENDRUN . . oA ‘
301 C ’ . f' - . N
502 RETURN N - S ve, .
503, END. ;3 . Voosy ‘
- - ’ 504 [of . R L h e
) 508 e e e L L R TSN :
506 c o : : A "
807 SUBROUTINE USER :
508 - ¢ : . I
508 € 0.4 LOG USER CSID, TIME AND DATE TO DIARY FILE
510 c ‘
511 INT§gER*4 INAME, ITIME(2), IDATE(3)
512 ALL GUINFO('SIGNONID’, INAME)
. 513 . CALL TIME(4.0,ITIME) ¥ <
514 CALL TIME(S,0,IDATE) i
518 CALL FTNCMD(’ASSIGN 18=HADI :ULOG" , 19) . P
516 WRITE( 18,20) INAnE.rTIuE(1).lrxqs(z)z*;plrs(u).u-1,3) :
517 20 FORMAT ( / nseAeaA'.sx,A4,sx;(p4,sx.a’ . R
s18 RETURN . ~
519 END ‘ _ . y
520 c : ; 1
521 Comme e T e el Tt Rt TR
522 c o
. 523 SUBROUTINE LABRUN : ¥ .
524 ¢ p . . ‘
x25 C 1.1 LABEL THE RUN . )
826 c . . l -
527 C/ INSERT COMBAS ' . L
s28 wa ELIST/LABELS/LABELl.LABELZ.LABELS.LABEL4 ' C
. %30 c READ INCLABELS . - ) ' - -
* 5831 READ (NREAD, LABELS ) ' - A ' )
32 ¢ : ‘ . .
533 ¢ PRINT PROGRAM HEAQING AND' LABELS , ~
534 CALL BLINES(3 AN :
535 WRITE (NPRINT, 20)
- 536 WRITE(NPRINT,21)
- 837 WRITE(NPRINT, 22)
53 CALL BLINES(2)
5 - CALL MESAGE(LABEL1) )
540 CALL MESAGE(LABEL2)
: PN

3



541
542
343
544
545
546

548
549
580
S5
552
353
854
555
-1
557
558
359

561
562
563
564
565
%66
567

569
570
571
572

$73 -

574
8785
576
577
578
sv9
$80
581
582
583

588
586
387
s8s8
389

591
592

594
595
386
597
598

599

600

e
) 79
CALL MESAGE(LABEL2)
CALL MESAGE (LABEL4)
RETURN €
[ . - ..,
c
20 FORMAT (35X , ’P ROGRANM MEGAERA : . ‘
21 FORMAT (38X, * wommmem el DD .
22 FORMAT (0’ , 34X, "ADH’ , 14X, * AUGUST 1980/ )
c v o
END v S
c L
c .......................................
c
SUBROUTINE CLEAR
c
C 1.2 CLEAR VARIABLES AND ARRAYS
c
c : . .
C/ INSERT CONGLO G,
C/ INSERT, COMELE - W .
C/ INSERT COMTHM
C/ INSERT COMTEM N
C/ INSERT COMCON 4
C/ INSERT COMOIM
c
NOX =30
NDY «50 B
- IF(NDY.GT .NDX) NVeNOY g
. NA-NDX‘NDV
c Y
c "CLEAR GLOBAL VARIABLES < g
COILmE * NA + & * NV + 7 o
CALL RESETR(ELECON,IL.0.0 ) * :
c v /
c CLEAR ELECTRICAL COMMON BLOCKS
ILe 7 A+ 3 % 10+ 1 s N
ALL Resern(gcxp'.u.o.@, o s
c . , i
€ . CLEAR THERMAL COMMON BLOCK
A It= 3 * 10 + 7 » Na :
i * 'CALL assern(runcon xL 0. .0)
[of . ) P
c CLEARTEMPERARY ARRAYS .- T
» : ILs 3 * NA + § = Ny .
CALL RESETR(TEM1 IL, o 0)
c. . 2 3
C - CLEAR TINESTEP CONTROL COMMON BLOCK .
IL= 38
CALL RESETR(HTIME, 1L, obo)
c
T c CLEAR INTEGER VARIABLES
, IL« 18
. CALL RESETI(NX,IL.Q)
c
RETURN P
END )
c f \
c ________________ T e e e e e —————
c

£




601

610
€19
‘812
613
€14
618
€16
617
618
€19
620

621

€22
623
624
62s
62¢
627
628
629
. §30

631

€33
€34
“e3s
€3¢
€37
638
639
640
641
642
643
644
648
646
647
648
649
650
651
" 682
653,
684
6585
e8¢
¢s57
¢58
659
660

~

R R \"'«~~«"wz~*r~‘~.""-W»v,-.w;—.up-. TN gy

. ' 80

SUBROUTINE PRESET
¢ )
C 1.3 SET DEFAULT vaLues
c .

C/ INSERT COMDIN

C/ INSERT COMELE ' '
C/ INSERT COMCON ° :
C/ INSERT comaLg ‘ )
c : . : )
¢ THE ELECTRICAL AND ‘THERMAL GEOMETRY DEFAULTS ,JO INSULATORS .
e THIS HAS BEEN PRESET gy SETTING THE ARRAYS ELEGEO anp :
¢ THMGED TO ZERO ( AS pone IN SUBROUTINE CLEAR &) . Ce ‘
NOX =80 - g{. o,
NOY=8Q : ; - . J
EPSELE=1 E+g : < : v :
SCALE=1.0 . L : = .o
THICKH.O T, 4‘%}\; v ) / Lo
NX-QOO : B ‘ "
NSPO= . .
NERROR =0 . . , : - o
NPX 320 ’ s & . -
NPY =20 # ' ol v .
NIJ=1 : - 2
NCI=g T , ‘ ' \
NSTO= 1000 ‘
c ’ . - -
‘ RETURN e CIEN . S : ‘ (;;‘
END T @ .
guﬁ---u‘---~---—-.—s‘.-“--------‘—..--~'b----—‘_-----—_--.-. ‘ .' 3
c , T ‘ . . i
- . SUBROUTINE DATA : . . : ;
C 1.4 DEFINE DATA SPECIFIC TO RUN . o e, T
c . _ . . A
C/ INSERT comaLO , : - v
C/ INSERT COmELf . - : - &
C/ INSERT COMTHM ‘ * : o,
C/ INSERT ™ ' , R : L :
C/ INSERT AS . S
C/ INSERT. cOmMCON oy - : o
DATA HHOR,HVER/‘HORI ', ‘VERT /. HELE HINS/*ELEC ", T
Y] "INSU‘/,NCTE/‘CTEM’/ v ‘
c - : Do
c NAMELISTS -t , TR ey -

NAMELIST /‘:PUT‘U - ‘ o
’ . ' .Nv.DELTAXaoELTAV.THICK.GEMT.NREG
’ NAMELIST /REGION, ‘ .
’. - MINX, xx.nxw.mxu.eum.suan.m.
‘ 2 THURC, TYPE,TTYPE,vOLtS, TEMPER
: . NAMELIST /INPUT2 ’ - R _
’ . xntu.xlux.vnm.vmx.nspo.usro,npx.mv . y .
WNAELIST /INPUY3/ , . s ' oo
. ’TINIT.DTINE.HTIHE.NTYPE.CCUR.cm.CT!M!. ) :
’ o'rEuP.qu.\,Nc!.cvov..spszcz.npx By oo : -,

c - RESUMING AN OLD RUN? _ E 1.
IF(NLRES) QOTO 10 T ‘ S




READ IN FIRST NAMELIST

 GEOWET=HVER

Y READ(NREAD, INPUT1, END=900)
NALPHA gia X (NX . NY )

CALL. OUTWY ' THICKNESS OF zo SLICE (THICK), *, THICK)
CALL. QUTH( ' aSOMETRY Of PRUBLEN * GEOMET)
CALL QUTI( NMUMBER OF REGIONS (NREG) . INREQY
-IF(NR2G.QT.9) m& 9ot . ‘
" NGEQeQ - .

~ » IF(QEOMET . £0. HHOR) NGEO=Y

READ IN Anei, cvenchy OIFFERENT REGIONS /
. ‘D0 1 Ke 1 NREG . 1
READ(NREAD, REQION, nc-ooo) 'Y |

LL BLINES(2) =« & .

LL UTI( RERION MAmER . ‘25

nm eum:m AND THERMAL REGION TYPES -
1ETe-Kk

-' . IFAETYPE.EQ.MELE) IETwK

. - IT(ETYPE.KQ.HINS) IET=0

ITTak .

, IF(TTYPE. £Q.HINS) ITT=0 -
Fe ) xﬂmpt,a HCTE) ITTex o
c ‘% ovzuuv ELECTRICAL mml. azoqmuts b .

0o 2 FoMINI , MaX] ‘ .
. DO 3 usMING,MAXY

. s RELEQEO(I,W)s1ET
. : rmub(x.u)-xtw— '
3 ‘ CONTINUE :
o ~conNTINgE

- STORE £LECTRICAL uc THERMAL Pnomn'tes OF THE REGION
’ v ( ‘ELECTRICAL TYPE 7 E¥EPE)

%( z‘r GE.0) QOTD 4 - Py
L@ ELEALP(K)=gaLPMA - ' -~

© 0 CELERET(K)=EBETA .
: A CALL wfu('rm nvtmmc: or CONDUCTIVITY”,
’ , - RALPHA)

-

CALL OUTR(‘'CONDUCTIVITY AT 24 C!LSX(B ’,.EIETA)A

4 . IF(1ET.GT.0) !LEVOL(K)'VOLT _
g IF(1ET.QT.0) .
’ CALL OUTR('’VOLTAGE. ( BEFORE SCALIM ) ", VALTS)
. CALL OUTH( ‘' THERMAL R!GIW TYPE ',TTYPE)
!F(ITT GE.0) @OTO 8§ )
. ' ON(1 ) = THIK ;
AP (K ) « THRRC T
S CALI. OUPR( THERMAL comuc):nvnv " _ "

CALL OU'"!( THERMAL - HEAT CAPACITY o

, THMRC)
5 : xr(rn GT 61 TW‘PEH(K)-TE!I’!R X

, ‘ JP(1TT aTl0 o .
. . | CALL ouTR(" consuu'r TEHPERAIURE ‘  TEMPER)

¢ . . \ x

1 CONTINUE
XCOORD( 1)'DELTAX( 1 )/2

. ’ | 7‘

CaLL $(2) "

81

A

e




BTN PR M GO S0 1 e - i g

2 -
y 82
§
¥ 121 vedDRO( 1) =DELTAY(1)/2. R T
: 722 DO 6 1=2,NX . .
723 6 XCOORD( I )=XCOORD( I-1)+(DELTAX(1-1)+DELTAX(I))/2.
724 DO 7 us2,NY .
N 728 7 ' YCOORD(J)=YCOORD (U~ 1)+(DELTAY (J-1)+DELTAY () }/2. ,
726 XMIN=XCOORD( t) o ¥
v 727 Sy XMAX=XCOORD (NX ) , ’ '
. 728 J . YMIN=YCOORD( 1) - , o . S
.. i » ) . [
;3:3 . ¥ : mvcoonp ‘ (Nvy) ]
731 c . QUTPUT CONTROL VARIABLES; :
732 . READ(NREAD INPUT2) . o
. 733 : CALL BLINES(2)
- 7384 CALL OUTI('NO. OF STEPS PER PRINTED QUTRUT ' .NSPO)
738 CALL OUTI(‘NO. STEPS PER TAPE STORAGE ‘.NSTQ) -
736 , CALL OUTI(‘NO. OF INTERPOLATION POINTS IN X ° -NPX) p
737 . CALL OUTI(’'ND. OF INTERPOLATION POINTS 'IN Y .NPY) o
738 CALL DUTRC'X MINIMUM FOR INTERPOLATIDN ’ . XMIN) S
739 . CALL OUTR( ‘X MAXINUN FOR INTERPOLATION ’ XMAX) ‘ .
740 : CALL OUTR(‘Y MINIMUM FOR INTERPOLATION - ./ yMIN) =
T4 (D CALL OUTR( ‘Y mAXIMUM FOR SNTERPOLATION “* L YMAX) -
742 ., C - S : , : e - '
743 7 ¢ ‘INPUT HEATING INFORMATION - 34
: 744 10 READ(NREAD, INPUTI) < -
L. 748 ' IF(EPSELE GT. 1.E44) EPSELE=CVOL/1.E48 9
146 . DELT=DTENP 4 i ' S v
T4y S ‘ IF(NC] .£0.0) GOTO- 902 . . T
) Ta8 o - CALL BLINBS(D) | ia , .-
749 CALL:GUTR{'INITIAL TEMPERATURE IN CELSIUS ', TINIT)
7%0 CALL OUTR!'TOTAL HEATING TIME IN SECONDS .’ .HTIME)
7514 © CALL OUTR(’INITIAL TIMESTEP SIZE' IN SECONDS ‘' ,DFIME
- 782 X "CALL OUTI(’GRIDLINE~FOR CURRENT xvneaﬁut".n;n
. & 753 ‘ ‘ IF(NTYPE. EQ.1) v : S : .
o ‘ 754 s, CALL OUTR(’CONSTANT VOLTAG N ,CVoL)
. : 788 g('mmt;zo.z) o Y N
: S {7 . " SBLL OUTR(’'CONSTANT CUNRENT ( AMPERES ) * ,CCUR) o
787 . IF(NTYPE _£Q.3) R o ' g
758 | 4. ¥ CALL OUTR(‘CONSTANT POWER ( WATTS ) . ',CPOW)
« w9 N CALL OUTR(!CHANGE IN TEMPERATURE / /TIMESTEP «.DTEMP)
) 760 ' CALL OUTI('MAXIMUM NO. OF ITERATIONS (MMAX)’ MMAX) = .
. 181 i .. CALL OUTR( ELECTRICAL CONVERGENCE /CRITERIA ' €EP ELE) - 1
: - 762 ‘ Co CALL OUTI('NUMBER OF ITERATION PARANETERS ‘ NALPHA)
763 " RETURN ‘ ) , - o ‘ o,
‘764 c ’ i [ .
765 c ERROR MESSAGES ° » A ,
166 900 CALLMESAGE(4BH " *»» NAMELIST WAS NQT FOUND DURING DATA INPUT -)
767 L "CALL ENDRUN ‘ g ,
< 768 : . .Y sSTOP _ !
769 ‘901, CALLMESAGE(48H *»= ONLY NINE REGIONS MAY BE SPECIFIED ) °
. 770 o CALL ENDRUN . P i
771 \ . STOP . L e _ po N
772 902 CALLMESAGE(48H *=* NO SURFACE FOR CURRENT, INTEGRAL 1S, GIVEN )
773 . ' CALL ENDRUN . pooThe o :
774 ‘ . STOP LT ) . .o
778 K~ S R
776t c. o f ¥ ) g
777 Comerbfonnn vt oL EEE ERLELSI DT TEEEEE RPN —mm———— :
778 ¢ . ooy, -
179 . _ SUBROUTINE AUXVAL PR
780 ¢ - ; ' .



T kg Y e

781
782
783
784
78%
786
787
788
788
790

792
793
794
78%
796
797
798
799

801
802
803
804
805
806
807
808
809
810

812
813
814
81%
816

818

820
821
822
823
824
82%
826
827

829
830
831
832
833
834
835
836
837

839
84C

(g Mg}

c/
c/
c/
c/
c/
c/
c

c

2

[Ty

1.5 SET AUXILIARY VALUES

CALL EPARAM
CALL TCOEFF

RETURN

SUBROUTINE INITAL
1.6 DEFINE PHYSICAL INITIAL CONOITIONS

INSERT COMGLD
INSERT COMDIM
INSERT COMCON
INSERT COMTHM ~ .

SET INTIAL TEMPERATURE
DO 1 J=1 NY
DO 1t I=4,NX
TEMP(TI,J)=TINIT
K=THMGEO(I ,J)
IF(K.GT.0) TEMP(I ,J)=THMTEM(K)
CONTINUE

RETURN

SUBROUTINE RESUME
1.7 RESUME FROM PREVIOUS RECORD

INSERT COMBAS
INSERT COMGLO

INSERT COMELE

INSERT COMTHM —
INSERT COMCON \\\;
INSERT COMDIM

SET DEFAULT VALUE"
NOX=30
NDY =50
SCALE=1.0O
NERROR=0O -

INPUT RECNRD OF RUN GEOMETRY AND MATERIAL PROPERTY DATA

READ(NRF <M END=900)ELEGED, THMGEO .DELTAX ,DELTAY, THICK,
XCOORD ., YCOORD , XMIN, XMAX , YMIN, K YMAX , ELEVOL,
ELEALP  ELEBET ,EPSELE, THMCON, THMCAP THMTEM,
TINIT,NX,NY NALPHA MMAX NREG,NGEO,NSPO,
NSTO,NPX NPY NIJ,NCI

® ™ x x

y ;
READ UNTIL SPECIFIED RECORD IS INPUT .
READ(NRESUM END=900)NSTEP, TIME ,POTENT ,QTHERM, TEMP , TEENG, TENG,

” TQENG.QENG.NR.DTIME

IF(NR.LT.NREC) GOTO 2

83



841
842
843
844
845
846
847
848
849
880
851
8%2
853
854
855
836
857
858

859"

860
861
862
863
864
865
866
867
868
869
870
871
‘872
873
874
87s
876
877
878
879
880
881
882
883
884
885
886

888
889

890

891
892
893
894
89s

897
898
899
900

C
C

[aNeNe]

[eNeNeXe]

OO0

c
C
(o
C

C
C

o}
C
C
C
(o}

IF(NR .GT NREC) GOTO 900 s,
RETURN o

RECORD NOT FOUND

900 CALLMESAGE(48H bl SPECIFIED RECORD NOT FOUND IN RESUME

CALL ENDRUN
STOP
END

SUBROUTINE START

1.8 START OR RESTART THE RUN

RETURN
END

SUBROUT INE EPABAM

1.9 CALCULATE ITERATION PARAMETERS FOR ELECTRICAL A.D.I.P.

/ INSERT COMELE
/ INSERT COMDIM

DO 3 K=1,NALPHA
ELEPAR(K)=(SIN(K*3 141528/(2.*NALPHA)

3 CONT INUE

RETURN
END

SUBROUTINE TCODEFF

1.10 LCULA THE COEFFICENTS FOR THE HEAT EQUATION
/ INSERT COMGLO

/ INSERT COMDIM
/ INSERT COMTHM

COVER THE GRID
DO 1 J=1,NY
JP=J+1
JM= - o
DY=DELTAY(J)
. DO 2 I=1,NX
IPul+y
IM=T -1

CHECK IF THE BLOCK IS .IN THE THERMAL DOMAIN
K=THMGEQ(I ,uU)
IF(K.GE.O) GOTO 2

FIND THE THERMAL CONDUCTIVITY AND CLEAR VAR
TC=THMCON( -K )

))**2

IABLES

)
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901
902
903
904
905

807
208
909
910
911
912
913
914
915
916
917
918
918
920
921
922
323
924
928
926

928
829
930
931
932
933
834
935
936
937
938
839
940
941
942
943
944
945
846
847
948
849
950
951
952
953
954
9ss
856

958
959
960

OO0

DX=DELTAX(1)
TCRHS(1,U)=0.
TCX(1,JU)=0.
TCY(1.U)=0.

FIND COEFFICENTS IN THE X DIRECTION
CHECK SURROUNDING BLOCKS N

KP=0

IF(I.LT.NX) KP=THMGED(IP,J)

KM=0

IF(I.GT.1) KM=THMGEO(IM,J)

TCP=TC

IF(KP.LT.O) TCP=THMCON(-KP)

TCM=TC

IF(KM.LT.0) TCM=THMCON( -KM)

RP=TC/TCP

RM=TC/TCM . .
DECIDE WHICH CASE THIS GRID BLOCK IS -

1. NORMAL BLOCK SURROUNDED BY DOMAIN
IF(KP .GE.OQ.OR.KM.GE.O) GOTO 3
H=(DX+DELTAX(IP))/2.
HM= (DX+DELTAX(IM))/2. .
TCXP(I,U)=(TC+TCP)/(H* (H+HM) )
TCXM(I,J)=(TC+TCM)/(HM* (H+HM) )
CHECK FOR CONDUCTIVITY DISCONTINUITIES '
1F(KP.NE.K)
v TCXP(1.U)=TC/(.25*(H+HM)*(DX+RP*DELTAX(IP.))
" IF(KM.NE.K)
» TCXM(I.J)'TC/(‘25‘(H+HM)‘(DX+RN'DELTAX(IM)))
TCX(I,J)=TCXM(I,U)+TCXP(1,J)
GOTO 10

2. CONSTANT TEMPERATURE BOUNDARY IN ONE DIRECTION
IF(KP.EQ.0.OR.KM.EQ.Q) GOTO 4

He (DX+DELTAX(IP))/2.
HM=(DX+DELTAX(IM))/2.
IF(KP.GT.0) H=DX/2.
IF(KM_GT.0) HM=DX/2.
TCXP(I,J)=(TC+TCP)/{H*(H+HM)) 1
TCXM(I,J)=(TC+TCM)/(HM* (H+HM))
TCX(I,J)=TCXP(I,J)+TCXM(I,J)
1F(KP.GT.0} TCRHS(I,J)=TCRHS(I,u)+

” . . TCXP(I.J)*THMTEM(KP)
IF(KP.GT.0) TCXP(1,U)=0. ~
IF(KM.GT.Q) TCRHS(I.J)=TCRHS(I,u)+

s . TCXM(I,J)*THMTEM(KM)
IF(KM.GT.0) TCXM(I,u)=0.
GOTO 10 .

-

3. BOUNDARY IN ONE DIRECTION .
IF(KP.GE.O.AND.KM.GE.O) GOTO 900
TCXM(I,4)=0. ‘

TCXP(1,J)=0" v
IF(KP.LT.0) TCXP(1,U)=
y’ (TC+TCP)/(.5*((DX+DELTAX(IP))**2))
s IF(KM.LT.0) TCXM(I. J)=

I’} (TC+TCM)/(.5*((DX+DELTAX(IM))**2))
TCX(I.d)'TCXM(I.d)‘TCXP(I.d) :



1010 -

1012
1013
1014
1015
1016
1017
1018
1019
1020

o000

O

aoo

- N

.CALCULATE COEFFICENTS IN Y DIRECTION
KP=0 | .
IF(U.LT.NY) KP=THMGEO(T, UP)
KM=0O ,
IF(J.GT. 1) KM=THMGEO(I,JM)
-TCP=TC
: IF(KP.LT.0) TCP=TMMCON(-KP)
. TCM=TC i
IF(KM:LT.0) TCM=THMCON(-KM)
RP=TC/TCP
RM=TE/TCM

DECIDE WHICH CASE THIS GRID BLOCK IS °
t. NORMAL BLOCK SURROUNDED BY DOMAIN
IF(KP.GE.O.OR.KM.GE.O) GOTO 5 .

H=(DY+DELTAY(UP))/2.
HM= (DY+DELTAY(UM))/2.
TCYP(I.d)'(TC*TCP)/(H‘(H*Hﬂ))

. ) TCYM(I,JU)=(TC+TCM)/ (HM*(H+HM))

CHECK FOR CONDUCTIVITY DISCONTINUITIES

IF(KP.NE .K)

» TCYP(I.J)-TC/(.25‘(H*HN)‘(DV*DELTAV(JP)‘RPT)
IF(KM.NE .K)

” TCVN(I.J)-TC/(.25‘(H+HM)‘(DY+DELTAY(JN)‘RM))

TCY(I.J)-TCYH(I.d)*TCYP(I.d)
GOTO 2

2. CONSTANT TEMPERATURE BOUNDARY
JF(KP.EQ.0.OR.KM.EQ.0) GOTO &

H=(DY+DELTAY(UP))/2.
HM= (DY+DELTAY(uM))/2.
IF(KP.GT.0) H=DY/2.
IF(KM.GT.0) HM=DY/2.
TCYP(I.J)=(TC+TCP)/ (H*(H+HM))
TCYM(T,J)=(TC+TCM)/ (HM* (H+HM) )
TCY(I.J)=TCYM(I,JU)+TCYP(1,d) -

. IF(KP.GT.0) TCRHS(I,U)=TCRHS(I,y)+ :

I} TCYP(I,J)*THMTEM(KP)
IF(KP.GT.0) TCYP(I,U)=0.
IF(KM.GT.0) TCRHS(I,U)aTCRHS(I.U)+ -

¥ : : ’ TCYM(I,J)*THMTEM(KM)
IF(KM.GT.0) TCYM(I.U)=0.
GOTO 2 -

3. BOUNDARY IN ONE DIRECTION
IF(KP.GE.O.AND .KM.GE.0) GOTO 900
TCYP(1.J)=0.
TCYM(I,J)=0.
IF(KP.LT.0) TCYP(I.J)=

%

’ . (TC+TCP)/(.5*((DY+DELTAY(UP))**2))

IF(KM.LT.0) TCYM(I,J)=

» (TC*TCM)/(.5‘((DV*DELTAY(JH))“2))

TCY(I.q)-TCYM(I.d)*TCYP(I.J)

CONT INUE
CONTINUE )
RETURN

ERROR RETURN
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1021 ‘900 CALLMESAGE(48H #s= ERROR RETURN FROM ROUTINE TCOE®
1022 CALL ENDRUN °
1023 RETURN
1024 ENOD
1028 c .
1026 Commmmce e T T T e e
1027 _ ¢ )
1028 *  SUBROUTINE STEPON
1029 c » ) .
1030 C 2.1 STEP ON THE CALCULATION
1031 c ‘
1032 C/ INSERT COMBAS
1033 C/ INSERT COMGLO
1034 C/ INSERT COMCON .
1035 C/ INSERT COMDIM
1036 - NSTEP=NSTEP+1
1037 c .
1038 c
1039 c IF END OF HEATING PERIOD, RESET ELECTRICAL VARIABLES
1040 IF(ABS(TIME-HTIME).GT.1.) GOTQ 1 -
104 NTYPE=4 : o
1042 - CALL RESETR(POTENT,NDX*NDY,0.0) T
1043 CALL RESETR(QTHERM,NDX*ND¥;0.0) ‘
1044 VOLTS=0. - .
1045 POWER=Q, .
1046 ) CUR =0. -
1047 RESIST=Q.
1048 c -\
1049 c IF NO HEATING, SKIP E-FIELD AND Q CALCULATIONS
1050 1 IF(NTYPE.EQ.4) GOTO 14 .
1051 c
1052 C CALCULATE" ELECTRICAL CONDUCTIVITY
1053 CALL ECOND
1054 IF(NERROR.NE.O) RETURN
1055 c .
1056 c DESCALE POTENTIAL AND FIND NEW POTENTIAL .
1057 ) S=1./SCALE
1058 CALL SCALER(POTENT,NDX*NDY,S) -
1059 CALL ELEPOT
1060 IF(NERROR .NE .0) RETURN
1061 C
1062 c SCALE THE POTENTIAL IF CONSTANT CURRENT OR POWER
1063 CALL ELECUR
1064 RESIST=CVOL/CUR
1065 . GOTO ,(10.11,12) .NTYPE
1066 c ,
1067 C CONSTANT ‘VOLTAGE
1068 10 vOLB$=CVOL
1069 , POWER=VOLTS *CUR /
1070 GOTO 13 .
10714 c . ,
1072 c CONSTANT CURRENT
1073 11 SCALE=CCUR/CUR
1074 VOLTS=CVOL*SCALE
1075 CALL SCALER(POTENT ,NDX*NDY,SCALE)
1076 ) POWER=CCUR*VOLTS
1077 CUR=CCUR
1078 GOTO 13
1079 c

1080 C CONSTANT POWER



1081
1082
1083
1084
1088
1086
1087
1088
1089

1090

1091
1092

1093

- 1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1108
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140

000 (e Ne} (e Ne]

00000

12

1 L]

SCALE=SQRT(CPOW/(CUR*CVOL))
VOLTS=SCALE*CVOL

POWER=CPOW

CUR=CUR*SCALE

CALL SCALER(POTENT.NDX‘NDY.SCA%E)

CALCULATE THE HEATING RATES -

CALL QcALC .
IF (NERROR .NE.0) RETURN

FIND THE TIMESTEP SIZE FOR THE NEXT HEATING STEP
DTIME=DTIME*OTEMP/DELT
. IF(NTVPE.LE.3.AND.(DTINE*TIME).GT.(HTIME-i.E°2))

DTIMEsHTIME-TIME.

IF(NTYPE.EO.A,AND.(DTIHE*TIME).GT.(HTIME*CTIME))

DTIME=HTIME+CTIME-TIME

FIND THE NEW TEMPERATURE
" CALL TCALC

IF(NERROR.NE .O) RETURN

CHECK THE ENERGY BALANCE
CALL ENGBAL
TIME=TIME+DTIME .
RETURN

SUBROUTINE ELEPOT p
CALCULATE THE ELECTRICAL POTENTIAL FROM THE
FINITE DIFFERENCE EQUATION, USING THE
ALTERNATING DIRECTION IMPLICIT PROCEDURE.

- C/ INSERT COMGLO ,

C/ INSERT COMELE
C/ INSERT COMTEM
C/ INSERT COMDIM

C
Cc

[N 9]

a0

CHECK IF THE MAXIMUM NUMBER OF ITERATIONS IS REACHED
_IF(MITER.GT .MMAX) GOTO 900

FIRST. CALCULATE THE COEFFICENTS FOR THIS TIME STEP
CALL ELECOF ’

IF (NERROR .NE .0) RETURN

- i

USE THE POTENTIAL OF THE LAST STEP AS THE FIRST GUESS
CALL COPYR(POTENT,1,TEMI1, 1 NDX*NDY)

'‘RESET THE ITERATION COUNTER
MITER=O

START OF ITERATION LOOP FOR A.D.I.P. *#s»
MITER=MITER+{

CHOOSE THE ITERATION, PARAMETER

: L=MITER-(MITER/NALPHA ) *NALPHA
IF(L.EQ.O) L=NALPHA
ALPHA=ELEPAR(L)
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C FIRST STAGE, IMPLICIT IN x.

DO 2 J=1,NY
UM=y-
IF(J.EQ. 1) UM=1
JP =Y+
IF(J.EQ.NY) JP=NY
NEQU=O
DO 3 I=1,NX .

IF THE BLOCK IS AN ELECTRODE, OR NOT IN THE DOMAIN,
SKIP TO THE NEXT BLOCK.
K=ELEGEODO(I.,J)
IF(K.GE.O) GOTO 3

[oNeNe!

C CALCULATE AND ASSIGN TRIDIAGONAL COEFFICENTS
NEQU=NEQU+ 1
ECSUM-EXMXP(I.J)*EYMYP(I.d)
T1{NEQU)=ECXM(I,u)
T2(NEOU)"(EXMXP(I.d)*ALPHA‘ECSUN)
T3(NEQU)=ECXP(I.u)

89

Td(NEOU)'-(ECYM(I.d)‘TEM1(I.dN)*ECYP(I,d)‘TENi(I.JP))

” #(EYMVP(I.d)-ALPHA‘ECSUM)'TEM1(I.d)
# -ERHS(I.4)
3 CONTINUE

o0

SbLVE THE TRIDIAGONAL SYSTEM
CALL THOMAS

ao

PLACE RESULTS IN TEM2
NEOW=0
.00 5 Be1, Nx
" TEM2(I,J)=Q.
' K*ELEGEO(I.u)
IF(K.GE.Q) GOTO 5
NEQU=NEQU+ 1
TEM2(1,J)=T5(NEQU)
5 CONTINUE

2 CONTINUE

c START OF SECOND STAGE
DO 6 I=1,NX

IM=]-{
"IF(I.EQ.1) IM=I
IP=I+1
IF(1.EQ.NX) IP=1
NEQU=0
DO, 7 J=1,Nv

c IF NOT IN DOMAIN, EKIP TO NEXT POINT
K*ELEGEO(1,y)
IF(K.GE.O) GOTO 7

’

(o CALCULATE AND ASSIGN TRIDIAGONAL COEFFICENTS
NEQU=NE QU+ {
Ecsuu-Exnxp(x,u)+Evan(I.J)
T1(NEQU)=ECYM(T, y)
Tz(NEQU)-—(EYuYP(I.u)+ALPHA-Ecsun)
TI(NEQU)=ECYP(1,y)

ceatae® AR e e e



1201 TA(NEOU)--(ECXN(I.d)‘TEM?(IM.U)*ECXP(I,d)‘TEN2(IP.d))

1202 v +(EXMXP(1,U)-ALPHA*ECSUM)*TEM2(I.Y)
1203 » . -ERHS(1.y)

1204 - 7 CONT INUE

120% c

1206 c SOLVE TRIDIAGONAL SYSTEM

1207 CALL THOMAS

1208 c

1209 c PLACE RESULTS IN TEM3

1210 NEQU=0

1211 DO 9 u=1 NY

1212 TEM3(1,J)=0.

1213 KeELEGEO(I,J)

1214 IF(K.GT . O) TEM3(I, J)=ELEVOL(K)

121% / IF(K.GE.O) GOTO 9

1216 NEQU=NEQU+1

1217 TEM3(1.J)=TS(NEQU) .
1218 9 CONT INUE

1219 c

1220 6 * CONT INUE

12219 C

1222 C CHECK FOR CONVERGENCE

1223 CALL MAXDIF( 1, EPS)

1224 IF(EPS.LT.EPSELE) GOTO 10

1225 c

1226 C NO CONVERGENCE, TRANSFERE TEM3 TO TEM1

1227 CALL COPYR(TEM3,1,TEM1, 1 NDX*NDY) .
1228 o

1229 c LOOP BACK TO START NEXT ITERATION

1230 GoTq 1

1231 c , X

1232 C *** END OF ITERATION LOQOP ===

1233 c

1234 c TRANSFERE FINAL SOLUTION TO POTENT

1235 10 CALL COPYR(TEM3, 1 ,POTENT, { NDX*NOY)

1236 RETURN

1237 c

1238 c ERROR MESSAGE - SOLUTION FAILED TO CONVERGE

1239 900 NERROR= 1

1240 CALL COPYR(TEM3.! ,POTENT. 1 NOX*NDY)

1241 RETURN

1242 END i

1243 c

1244 (R T T itk e T RO gy R
1245 c

1246 SUBROUTINE ELECOF

1247 c

1248 € 2.3 CALCULATION OF COEFFICENTS OF ELECTRICAL DIFFERENCE EQU.
1249 C -

12%0 C/ INSERT COMGLO -

1251 C/ INSERT COMELE \\

1252 C/ INSERT COMDIM )

1253 C ‘

1254 c FOR EACH GRID BLOCK, CALCULATE THE FOUR COEFFICENTS
1255 DO 1 J=1 NY

1236 OY=DELTAY(J)

12%7 DO 2 I=1,NX N

1258 c IF BLOCK NOT IN DOMAIN, THEN SKIP TO NEXT BLOCK
12%9 K=ELEGEO(,J)

1260 IF(K.GE.O) GOTO 2
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1302
1303
1304
1305

1307
1308
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1310
1311
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1313
1314
131%
131
13
1318
1319
1320

[eNeNe!

[eNeNe]

ERHS(I ,U)=0.
EXMXP(I.U)'O.
EYMYP(I,U)=0.
DX=DELTAX(1)
S=ELECON(I,dJ)

CALCULATE COEFFICENTS FOR X DIRECTION
CHECK SURROUNDING BLOCKS

KP=Q
IF(1.LT.NX) KP=ELEGED(I1+1,U)
KM=0Q ~

IF(I.GT. 1) XM=ELEGEO(I-1.J)
SP=S .

IF(KP.LT.0) SP=ELECON(I+1.y)
SM=S '
IF(KM.LT.0) SM=ELECON(I-1.4J) '
RP=S/SP

RM=S/SM

DECIDE WHICH CASE THIS GRID BLOCK IS
1. NORMAL BLOCK SURROUNDED BY DOMAIN
_IF(KP.GE.O.0OR.KM.GE.O)} GOTO 3 '
H= (DX+DELTAX(I+1))/2.
HM= (DX+DELTAX(I-1))/2.
~ECXP(I1.U)=(S+SP)/(H*(H+HM)) R
ECXM(I,J)=(S+SM)/(HM* (H+HM) )
CHECK FOR CONDUCTIVITY DISCONTINUITIES
IF(KP.NE .K)

v : ECXP(I,J)'S/(.25‘(H4HN)‘(DX*RP‘DELTAX(1*1)))
IF(KM.NE.K) .

v ECXM(I,J)=S/(.25*(H+HM)*(DX+RM*DELTAX(I-1)))
EXMXP(I,J)=ECXM(I,JU)+ECXP(I.,J)
GOTO 10

2. ELECTRODE IN ONE DIRECTION
IF(KP.EQ.O.OR.KM.EQ.0) GOTO 4

H=(DX+DELTAX(I+1))/2.
HM= (DX+DELTAX(1-1))/2.
IF(KP.GT.0O) H=DX/2.
IF(KM.GT.0) HM=DX/2.
ECXP(I.J)=(S+SP)/(H*(H+HM))
ECXM(I,J)=(S+SM)/(HM*(H+HM) )

EXMXP(I.d)-ECXM(I.d)*ECXP(I.d) ‘
IF(KP.GT.0) ERHS(I.J)=ERHS(I.U)+
” ECXP(I,J)*ELEVOL(KP)

IF(KP.GT.0) EGCXP(I.J)=0.
: IF(KM.GT.0) ERHS(I,J)=ERHS(I.U)+
V] ECXM(I,J)*ELEVOL (KM)
’ IF(KM.GT.0) ECXM(I,u)=0.
GOTO 10

3. BOUNDARY IN ONE DIRECTION
IF(KP.GE.O.AND.KM.GE.O) GOTO 900
ECXM(1I,J)=0.
ECXP(1l.u)=0.
IF(KP.LT.0) ECXP(I.u)= -

” (S+SP)/(.5*( (DX+DELTAX(I+1))**2))
IF(KM.LT.0) ECXM(I, J)=
” (S+SM)/(.5*((DX+DELTAX(I-1))*+2))
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1344
1348
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1387
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1368
1370
1371
1372
1373
1374
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1377
1378
1379
1380

C
C
10

[eReNe]

. N .
CALCULATE COEFFICENTS IN THE v DIRECTION

92

. ‘t%‘ \ﬁt
EXMXP(I.J)=ECXM(I, ) +ECXP(T,y)

4

KP =0

IF(J.LT.NY) -KP=ELEGEQ(I.u+1)
. KM=0

IF(J.GT. 1) KM=ELEGEO(I,JU-1)

SPas’

IF(KP LT .0O) SP=ELECON(I.J+1)

SM=s :

IF(KM_ LT O) SM=ELECON(I.J-1)

RP=5 /5P

RM=S/SM

DECIDE WHICH CASE THIS GRID BLOCK IS
1. NORMAL BLOCK SURROUNDED BY DOMA IN
IF(KP.GE.0.0R.KM.GE.O) GOT0 5

CHECK FOR cO

He (DY+DELTAY(J+1))/2.
HM=(DY+DELTAY(uU-1))/2.
ECYP(I,JU)=(S+SP)/(H*(H+HM))
ECYM(I.d)-(S+SM)/(HM‘(H+HN))
NOUCTIVITY DISCONTINUITIES
IF(KP .NE .K) .
ECYP(I.U)'S/(.25‘(”*“")‘(DY*RP‘DELTAY(d*1)))
IF (KM, NE .K)
ECYM(I.J)'S/(.25‘(H*HN)‘(DY#RN‘DELTAV(J~1)))
EYMYP(1,U)=ECYM(I,JU)+ECYP(I.y)
GOTO 2 .

2. ELECTRODE IN ONE DIRECTION
IF(KP.EQ.0.OR.KM.EQ.0) GOTOD 6

H=(DY+DELTAY(u+1)Y/2.

HM=(DY+DELTAY(uU-1))/2.

1F(KP.GT.0) H=DY/2.

IF(KM.GT.0) HMaDY/2. .

ECYP(I,U)=(S+SP)/(H*(H+HM))

ECYM(I, U)=(S+SM)/(HM* (H+HM))

EYNYP(I.d)-ECYN(I.J)*ECYP(I.d)

IF(KP.GT.0) ERHS(I,U)®ERHS(I, y)+
ECYP(I.U)*ELEVOL(KP)

IF(KP.GT.0) ECYP(I,y)=0.

IF(KM.GY.0) ERHS(I.U)=ERHS(I.u)+
ECYM(I,JU)*ELEVOL(KM) -

IF(KM.GT.0) ECYM(I.u)=0.

GOTO 2

3. BOUNDARY IN ONE DIRECTION .
IF(KP.GE.O.AND.KM.GE.O) GOTO 900

ECYM(I,J)=0.

ECYP(I,J)=0.

IF(KP.LT.O) ECYP(I,U)= v
(S*SP)/(-5'((DY‘DELTAY(J*1))"2))

IF(KM.LT.0) ECYM(I,y)=
(S*SN)/(.5‘((DY+DELTAV(U-1))“2))

EYMVP(I,J)-ECYN(I.J)*ECVP(I.J)

.

CONTINUE

CONT INUE
RETURN



1381 C
1382 c ERROR RETURN

1383 900 NERROR=4

1384 RETURN

1388 END

1386 (of

1387 L e T T IRy
1388 c .
1389 SUBROUTINE THOMAS

1390 c

1391 C 2.4 SOLVE A TRIDIAGONAL SYSTEM BY THOMAS'S ALGORITHM
1392 - c

1393 C/ INSERT COMTEM

1394 C/ INSERT COMOIM

1398 c

1396 DIMENSION wW(50),G(50)

1397 c

1398 W(1)=T3(1)/T2(1)

1399 G(1)=T4(1)/T2(1)

1400 c . »
1401 DO t 1=2,NEQU

1402 IM=]-1

1403 DENOM=T2(I)-T1(1)*Ww(IM)

1404 W(1)=T3(1)/DENOM

140% G(I)=(TA(1)-T1(I)*G(IM))/DENOM

1406 1 CONTINUE »

1407 c

1408 TS(NEQU)=G(NEQU)

1409 DO 2 I=2,NEQU -

1410 I1=NEQU+1-1

1411 IP=144+1

1412 TS(XI1)=G(I1)-W(I1)*TS(IP)

1413 2 CONT INUE :

1414 c

1419 RETURN P

1416 END Y'

1447 c

1418 Comcmmmmee e B il E e RO
1419 c :

1420 SUBROUTINE MAXDIF(ICODE.EPS)

1429 c :

1422 C 2.5 FIND THE MAXIMUM DIFFERENCE BETWEEN TEM3, TEM{
1423 c

1424 C/ INSERY COMTEM

1428 C/ INSERT COMDIM

1426 C/ INSERT COMGLO

1427 c

1428 c

1429 EPS=0. )

1430 DO 1 u=1,NY

1431 DO 2 I=1,NX

1432 IF(1CODE .EQ. 1) K=ELEGEO(I.J)

1433 IF(ICODE.EQ.2) K=THMGEO(I.U)

1434 1IF(X.GE.O) GOTO 2

143% DIF=ABS(TEM3(I . U)-TEM1(I,J)

1436 IF(1CODE.EQ.2) :

1437 - ’ DIF=DIF/ABS(TEM1(1.J)) )
1438 EPS=AMAX1(DIF EPS)

1439 2 CONT INUE

1440 1 CONTINUE’
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1468
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1472
1473
1474
1478
1476
1477
1478
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1480
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1488
1489
1490
1491
1492
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(2 Mg Xe!

000000000 O

ria

RETURN

SUBROUTINE ECOND

2.6 CALCULATE THE ELECTRICAL CONDUCTIVITY

“

THE ELECTRICAL CONOUCTIVITY IS ASSUMED TO BE TEMPERATURE

DEPENDEN]J ., ACCORDING TO THE FORMULA; B

SIGMA(T)=BETA( 1+ALPHA(T-24))

WHERE T IS IN DEGREES CELGIUS.

C/ INSERT COMGLO
C/ INSERT COMELE
C/ INSERT COMOIM

Cc
o]

oo

(e NeNy]

c
C
C

2.

7

DO 1 U=1 NY
DO 2 I=1 ,NXx
K=ELEGEO(I.u)
IF(K.GE.0) GOTO 2

FIND THE COEFFICENTS FOR THE CONDUCTIVITY
6 K -K

ALPHA=ELEALP(K)

BETA=ELEBET(K)

T=TEMP(1.J)

ELECON(I JU)=BETA*(1.+ALPHA*(T-24.))
CONTINUE -
CONTINUE

RETURN
END

SUBROUTINE QCALC

CALCULATE TME HEATING RATE AT EACH GRIDPOINT.

C/ INSERT COMOIM
C/ INSERT COMGLO
c

c

FOR EACH GRID POINT
DO B8O uU=1,NY !
JP=Y+ 1
JM= -1
DO B1 I=1 NX
IM=] -
IP=]+1
QTHERM(I ,J)=0.

CHECK IF THIS GRIDBLOCK IS IN THE DOMAIN
K=ELEGEO(I.J)
IF(K.GE.O) GOTO 81

———_
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1557
1558
1559
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. '
<
. .
-
~ ' § '
, .
CHECK BLOCKS IN THE X DIRECTIDN % : .

KP =0 K
TF(1.LT.Nx) kpeeLEGedh 1P, g) ;
KM=0 = -

S TF(1.GT. 1) KM=ELEGEO(IM. J)

CALCULATION WHEN SURROUNDING BLOCKS ARE DOMAIN BLocks } . _
TF(KP.EQ.O.OR.XM.EQ.O.OR. (KP.NE.K.AND.KM.EG.K AND &
-KP.LT.0).OR.(KM.NE.K.AND.XP.EQ.K.AND.XKM.LT.0))GOTO 2
He=(DELTAX(I)+DELTAX(IP))/2.
HM=(DELTAX(I)+*DELTAX(IM))/2.
x{(Kp.cr.o) HeDELTAX(1)/2~ , .
IF(KM_.GT .0) HM=DELTAX(1)/2. ‘ '/
HS.H.-: - t
HMS =1-M* = 2
EX=(POTENT(IP,J)*HMS+ (HS-HMS ) *POTENT(I.J)
~POTENT (IM,J) *HS )/ (HoHM* (H++M)
GOTO 3 . .
SPECIAL CASES
IF(KP.GE.O.AND.KM.GE.O) GOTO 900
IF((XP 4EQ.O.AND.KM.LT .0).OR.KM.EQ.K)
EX=(2./(DELTA (I)+DELTAX(IM)))*(POTENT(I,J)-POTENT(IM,.J))
IF((KP.LT.0.AND.KM.EQ.O).OR.KP.EQ.K)

EX=(2./(DELTAX(I)+DELTAX(IP)))*(POTENT(IP,J)-POTENT(I,u))
' CONT INUE ‘ : ‘
CHECK BLOCKS IN THE Y DIRECTION v Y -
T?;S.LT.NY) KP=ELEGEO(].uP) .
KM=0

IF(U.GT.1) KM=ELEGEO(I, uM)

CALCULATION WHEN SURROUNDED BY DOMAIN BLOCKS » . :
IF(KP . EQ.O.OR.XKM.EQ.O. OR. (KP.NE.K.AND.KM_EQ . K.AND

-KP.LT.0).O0R. (KM.NE.K.AND. KP EO.K.AND.KM.LT.0})GOTO 4 N

H=(DELTAY(J)+DELTAY(UP))/2.

HM=(DELTAY(J)+DELTAY(UM))/2. _ -

IF(KP.GT.O) H=DELTAY(U)/2.®

IF(KM.GT.0) HM=DELTAY(U)/2.

HS=He*2

HMS = M= » 2

EY-(POTENT(I.JP)'HNS*(HS—HNS)‘POTENT(I.d)

“POTENT(I,UM)*HS)/(H*HM* (H+HM)) ,

GOTO 5

SPECIAL CASES ’ .
IF(KP.GE.O.AND .KM.GE.O) GOTO 900 .
IF((KP.EQ.O.AND.KM.LT.O).0OR.KM.EQ.K) -

Ev-(z./(DELTAv(q)+DELTAv(JM)))'(POTENT(I,J)—PQTENT(I.un))
IF((KP.LT.O.AND.KM.EQ.O) .OR.KP.£Q.K)
EY-(Z./(DELIAV(J)*DELTAY(UP)))‘(POTENT(I.JP)-POTENT(I.d))

CONT INUE
CALCULATE HEATING

¢ g N
OTHERM(I,U)=ELECON(I,J)*(EX**2+EY**2)
N vy
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1602
1603
1604
1605
1606
1607
1608
1609
1610

1611

1612
1613
1614
1615
1616
1617
1618
1619
1620

81
80

CONTINUE
CONT INUE
RETURN

ERROR RETURN

NERROR=2
RETURN

SUBROUTINE TCALC

2.8 SOLVE THE TEMPERATURE EQUATION .

INSERT COMGLO
INSERT COMTHM /
INSERT COMTEN/
INSERT COMCON
INSERT COMDIM

COPY THE TEMPERATU#E INTO TEM1{
CALL COPYR(TEMP,1 ,TEM1,1,NDX*NDY)
M=0Q
M=M+ 1

START OF FIRST STAGE
DO 1 Jy=1 ,NY
Y LIRS

IF(J.EQ.1) JM=y
JP= Y+
IF(J.EQ * )P =NY
NEQU=0
DO 2 I=: NX

IF BLOCK IS YOT IN DOMAIN, SKIP TO NEXT BLOCK
‘ K="HMGEO(1 yJ)
IF{¥ 3£.0) GOTO 2
FisTHMCAP! -K)/(DTIME/2.)

ASSIGN TRIDIAGONAL COEFFICENTS

NEQU=NEQU+{

T1(NEQU)=TCXM(I,J)

T2(NEQU)=-(TCX(I,J)+F1)

TI(NEQU)=TCXP(I,J)

TA(NEQU)==(TCYM(I,J)*TEMI(I,UM)+TCYP(I,U)*TEMI(I UP})
v +(TCY(I1,J)-F1)*TEMI(I,J)~-TCRHS(I.J)
” ~QTHERM(I . J)

CONT INUE

SOLVE TRIDIAGONAL SYSTEM
CALL THOMAS

PLACE RESULTS IN TEM2
NEQU=0
D0 3 I=1,NX
TEM2(I.J)=0.
© KsTHMGEO(1,4)
IF(X.GE.O) GOTO 3

86
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00

NEQU=NEQU+ 1
TEM2(I.J)=TS5(NEQU)
3 . CONTINUE

1t CONTINUE

(o START OF SECOND STAGE

D0 4 I={ NX
IPul+1
IF(I.EQ.NX) IP=NX
IM=]I -1
IF(I.EQ. 1) IM=I
NEQU=0
DO S U=1;NY

c IF BLOCK NOT IN DOMAIN. SKIP TO NEXT BLOCK
K=THMGEO(I,J)
IF(K.GE.Q) GOTO 5

ASSIGN TRIDIAGONAL COEFFICENTS
F 1=THMCAP ( K)/(DTIME/2 )
NEQU=NEQU+ 1
T1(NEQU)=TCYM(1,J)
T2(NEQU)=-(TCY(I,J)+F1)
T3(NEQU)=TCYP(1,J)
TA4(NEQU)=-(TCXM(I,J)*TEM2(IM,U)+TCXP(I,J)*TEM2(IP,J))

Vo +(TCX(I,U)~-F1)*TEM2(I,U)-TCRHS(1. u)

” ~QTHERM(I ,J)

5 CONT INUE ‘

C
[ SOLVE THE TRIDIAGONAL SYSTEM

2 CALL THOMAS
Yy .

c PLACE THE RESULTS IN TEM3

NEQU=0

DO 6 J=1,.NY
TEM3(1,J)=0.
K=THMGED(1,J)
IF(K.GT.0) TEM3(1I. u)-THuTEM(K)
IF(K.GE.O) GOTO 6
NEQU=NEQU+ 1
TEHS(I.J)-TS(NEOU)

6 . CONTINUE

a CONTINYE_

c FIND THE MAXIMUM RELATIVE CHANGE IN TEMPERATURE
CALL MAXDIF(2,.DELT)

C IF CHANGE LESS THEN TOLERANCE EXIT OUT

IF(DELT.LE.DTEMP) GOTO 7

c CHANGE TOO BIG, CHANGE DTIME
IF(M.GT.5) GOTO 800
DTIME=DTIME*DTEMP/DELT
DTIME=DTIME-DTIME* .O1
GOTO 8

C COPY NEW TEMPERATURE TO TEMP
7 CALL COPYR(TEM3,1,TEMP, 1 ,NDX*NDY)
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168 1
1682
1683
1684
1685
1686
1687
. 1688
1689
1690
1691
1692
1693
1694
1695
1696
1697
1698
1699
1700
1701
1702
1703
1704
1705
1706
1707
1708
1709
1710
1711
1712
1713
1714
171s
1716
1717
1718
1719
1720
<721
1722
1723
1724
1725
1726
1727
1728
1728
1730
1731
1732
1733
1734
1735
1736
1737
1738
1739
1740

)
ke
RETURN
C
o ERROR RETU
900 NERROR=3
RETURN
END
SUBRO
c
C 2.9 CALCULAT
c
C THREE METH
c 1.
c 2.
o 3.
c
c
c

C/ INSERT COMGLO
C/ INSERT COMTHM
C/ INSERT COMCON
C/ INSERT COMDIM
c

C CALCULATE
DEENG
TEENG
C
Cc CALCULATE
DQENG
TTENG
Do 114
111
DO t J=1,N
DY=DE
DO 2
C
Cc CHECK IF B
C
C CALCULATE
[ TEMPERATUR
o
3
14
4

RN

UTINE ENGBAL

E THE ENERGY BALANCE FOR THE TIMESTEP

0DS ARE USED TO CALCULATE THE ENERGY INPUT<¥
ELECTRICAL POWER * TIME

HEATING RATE * VOLUME * TIME - HEAT FLOW OUT
TEMPERATURE RISE * VOLUME * HEAT CAPACITY

ELECTRICAL ENERGY
=POWER * DTIME
=TEENG + DEENG

HEATING ENERGY AND TEMPERATURE RISE ENERGY
=0.
=0,
1 K=1,10
TENG(K)=0.
Y
LTAY(J)
I=1,NX
V=DY*DELTAX(I)*THICK

LOCK IN TEMPERATURE DOMAIN
K=THMGEO(I.J)
IF(K.GE.Q) GOTO 2

HEAT PRODUCED MINUS HEAT FLOW OUT TO CONSTANT
E BOUNDARIES.
DQ=QTHERM(I,J)*V*DTIME
IF(I1.EQ.NX) GOTO 3
KP=THMGEO(I+1,J)V
IF(KP.LE.O) GOTO 3
DQ1=(TEMP(I,J)~-THMTEM(KP ) )*THMCON(K)*DTIME*
2.*DY*THICK/DELTAX(1)
DQ=DQ-DQ1
IF(1.EQ.1) GOTO 4
KM=THMGEO(I-1,yJ)
IF(KM.LE.O) GOTO 4
DO1=(TEMP(I,J)~THMTEM(KM))*THMCON(K )*DTIME*
2.*DY*THICK/DELTAX(I)
DQ=DQ-DQ1
IF(J.EQ.NY) GDTO 5

THE LAST TWO METHODS ARE CALCULATED SEPERATELY FOR EACH REGION.

‘
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17414
1742
1743
1744
174S
1746
1747
1748
1748
1750
1751
1752
1753
1754
1755
1756
1757
1758
1789
1760
1761
1762
1763
1764
1765
1766
1767
1768
1769
1770
1771
1772
1773
1774
1775
1776
1777
1778
1779
1780
1781
1782
1783
1784
1785
‘1786
1787
1788
1789
1790
1791
1792
1793
1794
1798
1796
1797
1798
1799

1800

(2N eNeNe Yo NoNoNoNe)

KP-THMGEO(I Ur1)
IF(KP.LE.O) GOTO S
oo1-(r€np(x J)- TH“TEM(KP))‘THNCDN(K)‘DTINE‘
w 2. *DELTAX(I)*THICK/DY N
DQ*DQ-DQ1

5 » " IF(J.EQ.1) GOTO 6

KM=THMGEO(1.J-1)
IF(KM.LE.O) GOTO 6
DQ1-(TEMP(I,d)-THMTEM(KM))‘THHCON(K)‘DTINE‘

4 2. *DELTAX(I)*THICK/DY
DQ=DQ-0Q1
6 CONT INUE
DQENG=DQENG+DQ
QENG(-K)=QENG(-K)+D0Q
CALCULATE ENERGY INDICATED BY TEMPERATURE RISE.
OT=(TEMP(I,J)-TINIT)*V*THMCAP(-K)
TTENG=TTENG+DT
TENG( -K)=TENG(-K)+DT
2 CONTINUE
1 CONT INUE
TQENG=TQENG+DQENG
RETURN
/ END
r‘a'lJB'li’OUTINE ELECUR
2.10 FIND THE CURRENT THROUGH A SURFACE PERPENDICULAR TO
THE X OR Y DIRECTION
IF NIJU=1,  THE SURFACE IS PERPENDICULAR TO X ALONG THE
GRIDLINE I=NCI. .
OTHERWISE, THE INTEGRAL IS PERPENDICULAR TO Y, ALONG THE
GRIDLINE uU=NCI .

C/ INSERT COMGLO
C/ INSERT COMDIM .
C/ INSERT COMCON

c

c

C
C

CHECK ORIENTATION OF INTEGRAL.
IF(NIU.NE. 1) GOTO 10

PERPENDICULAR TO X
H=(DELTAX(NCI)+DELTAX(NCI+1))/2.
HM-(DELTAX(NCI)*DELTAX(NCI-1))/2

b HS=H**2
HMS =M+ « 2
CUR=Q.

DO 1 J=1 NY
S=ELECON(NCI.J)
E= (HNS‘POTENT(NCI+1 J) + (HS-HMS)*POTENT(NCI.U)

’ - HS‘POTENT(NCX—1 J))/ (H*HM* (H+HM) )
. CUR=CUR+E*S*DELTAY(J)
1. CONT INUE
CUR=ABS(CUR*THICK)
RETURN

ol



—

1801
1802
1803
1804
1805
18Q6
1807
1808
1809
1810
1811
1812
1813
1814
1815
1816
1817
1818
1819
1820
1821
1822
1823
1824
1825
1826

1827

1828
1829
1830
1831
1832
1833
1834
183%
1836
1837
1838
1839
1840
1841
1842

.1843

1844
1845
1846
1847
1848
1849
1850
1851
1852
1853
1854
1855
1856
1857
1858
1859
1860

C
10

c-_

c
c 3
c
c/
c/
c/
c/
(o
c

C
C

PERPENDICULAR TO v .
H-(DELTAY(NCI)*DELTAY(NCI*i))/2.
Hn-(DELTAV(ch)+DELTAV(NC1—1))/2.

HSaH*«)

HMS = HM» * 2

CUR=0.

DQ 2 I=1,NX
S=ELECON(I,NCI) 4
E=( HMS*POTENT(I,NCI+1) + (HS-HMS ) *POTENT (1,NCI)

’ M - HS‘POTENT(I.NCI-!))/(H'HN‘(H*HN))

CUR=CUR+E*S*DELTAX(T)

CONT INUE

CUR=ABS(CUR*THICK)

RETURN

SUBROUTINE OUTPUT(1CODE )
.1 CONTROL THE ourpgr

INSERT COMBAS
INSERT COMDIM
INSERT coMGLO
INSERT COMCON

t
BRANCH TO INITIAL, MIDDLE, AND FINAL OUPUT ROUTINES
GOTO (1.2,3),1CODE

INITIAL ouTPUT
IF(NLRES) RETURN
CALL PAGE
OUTPUT ELECTRICAL GRID STRUCTURE
CALL OUTGRD( 1)
~»CALL PAGE .
OUTPUT THERMAL GRID STRUCTURE R
CALL OUTGRD(2) .
IF TAPE STORAGE IS REQUESTED, STORE GRID ETC. ON TAPE
IF(NSTO.LT.200) cALL ouUTTAP(1)
RETURN

. !
* PERIODIC OUTRUT

CHECK IF PRINYED OUTPUT THIS TIMESTEP
F(MOD(NSTEP.NSPO).NE.O.AND.NSTEP.NE.1) GOTO 5

CALL PAGE
CALL OUTI(’'TIMESTEP NUMBER : " NSTEP)
IF(NSTO.LE.200)
L4 CALL OUTI(’CURRENT RECORD NUMS " +NREC)
CALL BLINES(1)
CALL QUTR(’TIME AT END OF EP " TIME)
ny CALL QUTR('SIZE OF TIMESTEP *.DTIME)

CALL BLINES(1)

‘IF(NTYPE:EO.d) GOTO 6
CALL OUTI('NO. OFf ITERATIONS OF A.D.1.p. " MITER)
CALL OUTR('VOLTAGE BETWEEN ELECTRODES ",VOLTS)
CALL OUTR(’'POWER INPUT TO DOMAIN ' .POWER)
CALL OUTR( ‘CURRENT BETWEEN ELECTRODES ' CUR)
CALL OUTR(‘'RESISTANCE BEJWEEN ELECTRODES " RESIST)
CALL BLINES(1)

100



oa
e

»
@

ol

o

186t

1862

1863
1864
1865
1866
1867
1868
1869
1870
1871
1872
1873
1874
1875
1876
1877
1878
1879
1880
1881
1882
1883
1884
1885
1886
1887
1888
1889
1890
1891
1892
1883
1894
189S5
1896
1897
1898
1899
1900
1901

' 1902

1903
1904
1805
1906
1907
1908
1909
1910
1911
1912
1913
1914

1915

1816
1917
1918
1919
1920

[ 2%

6 WRITE(NPRINT.20)
WRITE(NPRINT,22) DEENG,DQENG
WRITE(NPRINT,21) TEENG, TQENG. TTENG
DO 100 K=1,NREG

. WRITE(NPRINT,23) K,QENG(K), TENG(K)

100 CONTINUE
CALL BLINES(1)

IF(NTYPE.EQ.4) GOTO 7
CALL OQUTINT(4,1)
IF((25+NPY) .GT.45) CALL PAGE
CALL OUTINT(S,.1)
IF((25+2*NPY) . GT.%50) CALL PAGE
7 CALL OUTINT(3.1)

C PERIODIC TAPE OUTPUT

5 IF(NSTO.LE.200.AND. (MOD(NSTEP ,NSTO
¥ ’ CALL OUTTAP(2)

RETURN

20 FORMAT (4X, 'ENERGY BARLANCE

( JOULES )')

).EQ.0.OR.ICODE.EQ.3))

21 FORMAT(4X, "CUMULATIVE: ELECTRICAL ENERGY =’ 1PE12.4,
4 5X.'HEAT GENERATED =’ . 1PE12.4,5X,
# ‘TEMP. RI

22 FORMAT (4X, ‘TIMESTEP

SE ENERGY =’ {1PE12.4)
ELECTRICAL ENERGY =',

4 "HEAT PRODUCED =‘,1PE12.4)
23 FORMAT(8X, 'REGION =’ 13, 5X. 'HEAT GENERATED =~
” "TEMP. RISE ENERGY = 1PE12.4)

c FINAL OUTPUT

1PE12.4,5X,

., 1PE12.4,5X,

3 IF(MOD(NSTEP.NSPO).NE.O.AND.NSTEP.NE.1) GOTOo 4
IF(MOD(NSTEP ,NSTO) .NE.O) GOTO 5

RETURN
END

(s NeNe]

SUBROUTINE OUTGRO(ICODE)

3.2 oUTPUT dNE OF THE GLOBAL VARIABLE ARRAYS

\ ICODE INDICATES WHICH ARRAY IS TO Bt ouTPUT

00000000000
s wN

C/ INSERT COMBAS
C/ INSERT COMDIM
C/ INSERT COMGLO
C

Cc PRINT OUT HEADING

IF(I1CODE.
IF(ICODE.
IF(1CODE.
IF(ICODE.
IF(ICODE.
IF(ICODE.

EQ.1)
£Q.2)
£0.3)
EQ.4)
EQ.5)
EQ.6)

1 - ELEGEDO, THE ELECTRICAL GEOMETRY

- THMGEO, THE THERMAL GEOMETRY 4
- TERP |
- POTENT,
- QTHERM,
- ELECON,

THE TEMPERATURE

THE ELECTRICAL POTENTIAL
THE HEATING

THE ELECTRICAL CONDUCTIVITY

WRITE(NPRINT, 20)
WRITE(NPRINT,21)
WRITE(NPRINT,22)
WRITE(NPRINT,23)
WRITE(NPRINT, 24)
WRITE(NPRINT,25)
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1921
1822
1923
1824
1925
1926
1927
1928
1929
1930
1931
1932
1933
1934
1935
1936

1937.

1938
1939
1940
1941
1942
1943
1944
194%
1846
1847
1848
1949
1850
1951
1952
1983
1954
1955
1956
1857
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
870
1971
1972
1973
1874
1978
1976

1978
1978
1880

\ f " .
—~ 102

IF(ICODE.LT.3) GOTO 4

FORMAT STATEMENTS

20 FORMAT (0, 10X, 'ELECTRICAL REGIONS OF THE GRID' (NOT TO SCALE)’)
21 FORMAT( ‘O, 10X, ' THERMAL REGIONS OF THE GRID (NOT TO SCALE)’)
22 FORMAT('0O’, 10X, 'TEMPERATURE IN DEGREES CELSIUS*)
23 FORMAT(‘0’, 10X, "ELECTRICAL POTENTIAL IN VOLTS ‘)
24 FORMAT( 'O’ , 10X, "HEATING RATE IN JOULES/SECOND-METER**3 ")
25 FORMAT (0’ , 10X, ‘ELECTRICAL CONDUCTIVITY IN MHOS/METER’)
26 FORMAT( ‘0 COLUMN ‘  10(8X.I2))
27 FORMAT( - X ‘. 10(3X,F7.3))
28 FORMAT (' ROW Y ") ~
29 FORMAT(’ . I3,1X,F7.3,10(3X.F7.2))
30 FORMAT(’ ,13,1X,F7.3,10(3X.F7.0))
31 FORMAT(’ . I3,1X,F7.3,10(3X.F7.4))
32 FORMAT(‘0’)
33 FORMAT(' . 12.%X,50(12))
34 -~ FORMAT ( 'OCOLUMN ‘ 50(12))
3s FORMAT( ' OROW ‘)
DO 1 If=1,NX,10 .

IT=MINO(I1+9,NX)
DO 2 Jy2=1,NY,50
JI=MINO(J2+49 NY)
PRINT PAGE HEADING
WRITE(NPRINT.26) (I.I=I4,IT)
WRITE(NPRINT,27) (XCOORD(I).I=I1,IT)
WRITE (NPRINT,28)

PRINT EACH ROW

1

DO 3 uM=y2,yI

JaNY+1-gM
IF(ICODE.EQ.3)
P WRITE(NPRINT 29) J.YCOORD(J), (TEMP(I,y),I=I1,1T)
IF(ICODE.EQ.4)
” WRITE(NPRINT,29) J.YCOORD(J), (POTENT(I,J),I=11,1IT)
IF(ICODE.EQ.5)
¥ WRITE(NPRINT,30) u.vcoono(d).(OTHERu(I.u).I-It.IT)
& IF(ICODE.EQ.6)
” WRITE(NPRINT,31) J.YCOORD(J), (ELECON(1,U) . I=I1,1T)
3 CONT INUE T
WRITE(NPRINT, 32)
2 CONTINUE
1 L6 wyE
RETURN
OUTPUT THE GEG¥ - DEFINING ARRAYS
a WRITE(NE" . 35)
DO 5 U=t 4
JMENY -
IF(icOoDE 3. 1)
Yy WRITE( «~FINT - JM, (ELEGEO(I, JUM) I=1 NX)
: IF(ICODE.EC >
y WRITEENP .~ . JM, (THMGEO(I,UM), I=1,NX)
5 CONT INUE
WRITE(NPRINT 34, "I [=- Nx,
RETURN .
END



1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999

2001

2002

2003
2004
- 2005

2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032
2033
2034
2038
2036
2037
2038
2039
2040

OO0

O000000

FUNCTION ALINTP(X,Y,Z.2%,22,M,N)

DIMENSION 2(50,50),21(50),22(50)

c
c
c
c
c THE
c S
I=1
IF(
C um=
1 CON
3
c
(o
c
J=dJ
IF(
C -
2 CON
4
c
c
c
»
RET
END
c
c
c
j
IcOo
IP
C/ INSERT
C/ INSERT
C/ INSERT
C/ INSERT
C/ INSERT
C/ INSERT
c
c

DO 1 II=2.,M
1-1
X-Z1(11))3,1,1
SEEWESTEREE®

T INUE
XL=X-21(1)
XR=Z1(I+1)-X
XBASE=XR+XL

DO 2 JU*2,N
J-1
Y-22(ud))4.2.,2
TINUE |
YL=Y-22(J)
YRYZ2(uU+1)-Y
YBASE=YR+YL

ALINTP=(YL*(XR*Z(I,d+1)+XL*Z(I+1,U+1))
+YR*(XR*Z(I,J)+XL*Z(I+1,J)))/(XBASE*YBASE)

URN

SUBROUTINE OUTINT(ICODE,IP)

DE - DETERMINES WHICH VARIABLE IS INTERPOLATED ( SEE OUTG
= {, IF PRINTING DESIRED.
RESULTS OF ITERPOLATION STORED IN TEM3

COMGLO
COMTEM
COMDIM
COMBAS
COMELE
COMTHM

TX=XMAX-XMIN
TYsYMAX-YMIN

SX=TX/{(NPX-1.)
SYsTY/(NPY-1.)

3.3 INTERPQOLATE VALUES FROM GRID

FIND FIRSY X CO-ORDINATE NOT LESS THAN X

FIND FIRST Y CO-ORDINATE NOT LESS THAN Y

BILINEAR INTERPOLATION

3.4 INTERPOLATE ONE OF THE GLOBAL VARIABLES

I
|

THIS FUNCTION INTERPOLATES A VALUE AT THE POINT (X,Y) FROM
MATRIX 2. THE INTERPOLATION IS LINEAR.

&

RO )
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2041
2042
2043
2044
20483
2046
2047
2048
2049
2050
2051
2052
2053
2054
2058
2056
2057
2058

2089

2060
2061
2062
2063
2064
2065

2066

2067
2068
2069
2070
2071
2072
2073
2074
2075
2076
2077
2078
2079
2080
2081
2082
2083
2084
2085
2086
2087
2088
2089
2080
2091
2092
2093
2094
2095
2096
2097
2098
2099
2100

owm,

C COPY APPROPRIATE A

IF(ICODE.EQ.3) CALL COPYR(TEMP 1 TEM1,
) CALL COPYR(POTENT . 1, TEM1, 1, NOX*NDY)
) CALL COPYR(QTHERM, 1 . TEM1, 1 NDX*NOY)
} CALL COPYR(ELECON, 1, TEM1, 1 NOX*NDY)

IF(ICODE EQ. 4
IF(ICODE .EQ.5
IF(ICODE .EQ.6

DO INTERPOLATION

RESULTS STORED IN
DO t JU=1,NPY

Y=YMIN+(J-1)*
T2(d) =Yy

DO 2 I=1,NPX

X=XMIN+(

TH(1)=Xx

o000

TEM3(1,J)=ALINTP(X,Y,TEM1,XCOOR

2 CONTINUE
1 CONT INUE

c IF NO PRINTING IS
IF(IP.NE. 1)

PRINT OUT ARRAY
PRINT OUT HEADING
IF(ICODE.EQ.3)
IF(1CODE.EQ.4)
IF(ICODE.EQ.S)
IF(ICODE.EQ.6)

OO0

C FORMAT STATEMENTS

RRAY TO TEM1

v

1, NDX*NDY)

104

TEM3, X COORDIN&‘ES IN T1, Y COORDINATES IN T2

SY

I-1)*sSXx

DESIRED., RETURN
RETURN )

WRITE(NPRINT,22)
‘WRITE(NPRINT,23)
WRITE(NPRINT, 24)
WRITE(NPRINT, 25)

D, YCODRD,NX,NY)

22 FORMAT( ‘O’ , 10X, 'TEMPERATURE IN DEGREES CELSIUéi)
23 FORMAT( 0O’ , 10X, 'ELECTRICAL POTENTIAL IN VOLTS~’

24 FORMAT(’0‘. 10X, ‘HEATING RATE IN JOULES/SECOND-METER**3" )
25 FORMAT( 0O’ , 10X, "ELECTRICAL CONDUCTIVITY IN MHOS/METER’)

26 FORMAT( ‘O co
27 FORMAT( ‘0O

28 FORMAT( ‘ Y (M
29 FORMAT(’ ' F7.3

DO 6 Ii=t NI
IT=MINO
DO

C PRINT PAGE HEADING

WRITE(NPRINT, 27) (T1(1).I=I1,1T)

WRITE(N
C .PRINT EACH ROV‘

LUMN ‘', 10(8X,I2))

X (M)’ 10(3X.F7.3))
))

.BX,10(2X,FB.1))

PX, 10
(I1+9,NPX)

7 J2=1,NPY, 50
JI=MINO(J2+49 ,NPY)

PRINT, 28)

DO 8 uUM=y2, Ul
J=NPY+{-Um

WRITE(NPRINT,29) T2(J) . (TEM3(I,U),1=11,IT)

CONT
CONTINU

(LIRS N )

SUBROUTINE OU

CONT INUE
INUE
E

TR(A,B)



2101
2102
2103
2104
2108
2106
2107
2108
2109
2110
2119
2112
2113
2114
2115
2116
2117
2118
2119
2120
2121
2122
.2123
2124
2128
2126
2127
2128
2129
2130
2131
2132
2133
2134
213%
2136
2137
2138
2139
2140
2141
2142
2143
2144
2145
2146
2147
2148
2149
2150
2151
2152
2153
2154
2185
2156
2157
2158
2159
2160

105

C 3.5 OUTPUT A REAL VARIABLE WITH A LABEL
c
C/ INSERT COMBAS

REAL A(B).B

WRITE(NPRINT,20) (A(1),I=1.8).8

20 FORMAT(4X,844, =’ {1PE12.4)
RETURN
END X
c
€ m e e
c
SUBROUTINE OUTI(A.B)
c
C 3.6 OUTPUT A LABEL AND AN INTEGER VARIABLE
c
C/ INSERT COMBAS
REAL A(8)
INTEGER B8 .
. WRITE(NPRINT, 20) (A(I1).1=1.8).8 .
20 FORMAT(4X,8A4, =/ 112) hnt
RETURN -

ENO
Cc
C ______________________________________________________________
Cc
SUBROUTINE OQUTH(A,B)

o)

C 3.7 OUTPUT A LABEL AND A HOLLERITH VARABLE.
c .

C

¥
/ INSERT COMBAS
REAL A(B)
REAL B ,
WRITE(NPRINT,20) (A(1),I=1,8),8 -
20 FORMAT (4X ,BA4, ' =’ 8X, A4)
RETURN
END
c
G e e e e e .
c
SUBROUTINE QUTYTAP(ICODE)
c .
C 3.8 OUTPUT RUN INFORMATION TO MAGNETIC TAPE
c

C/ INSERT COMBAS
C/ INSERT COMGLO
C/ INSERT COMELE .
C/ INSERT COMTHM
C/ INSERT COMCON
C/ INSERT COMDIM

C
GOTO (1.2) ., ICODE
C
C INITIAL STORAGE
1 WRITE(NONLIN) ELEGEO.THMGEO.DELTAX,DELTAY,THICK,

XCOORD,YCOORD.XMIN,XMAX,VMIN.YMAX,ELEVOL.
ELEALP.ELEBET.EPSELE.THNCON,THNCAP,THNTEN.
TINIT,NX.NY.NALPHA,MMAX.NREG.NGEO,NSPO,
NSTO ,NPX ,NPY NIJ,NCI

T ®xx

NREC=NREC+ 1
RETURN



2161
2162
2163
2164
2165
2166
2167
2168
2169
2170
2171
2172
2173
2174
217S
2176
2177
2178
2179
2180
2181
2182
2183
2184
2185
2186
2187
2188
2189
2190

2191

2192
2193
2194
2195
2196
2197
2198
2199
2200
2201
2202
2203
2204
2205
2206
2207
2208
2209
2210
2211
2212
2213
2214
2215
2216
2217
2218
2219
2220

[of
c PERIODIC STORAGE . ' ,

2 WRITE(NONLIN) NSTEP TIME.POTENT,QTHERM, TEMP , TEENG. TENG,

] TOENG, QENG .NREC . DT IME
NREC=NREC+ 1
RETURN
END
c
C _____________________________________________________________
c
SUBROUTINE TESEND

C

.
i

C 4.1 TEST FOR COMPLETION OF RUN-

C

C/ INSERT COMBAS
C/ INSERT COMGLO
C/ INSERT COMCON
C/ INSERT COMDIM

C
IF(NERROR.NE.O) CALL ENDRUN
IF(NSTEP .GE .NRUN) NLEND = .TRUE.
IF(TIME.GE. (HTIME+CTIME)) NLEND = . TRUE .

RETURN
END

c

o i PP

c

SUBROUTINE ENDRUN

c

C 4.2 TERMINATE THE RUN

C/ INSERT COMBAS
C/ INSERT COMDDP
C/ INSERT COMDIM
c

[of CHECK IF A NORMAL TERMINATION
IF(.NOT.NLEND) GO TO 100

CALL BLINES(2)
CALLMESAGE(48H 4
WRITE(18,20)

-2 TERMINATE THE RUN

20 FORMAT( “+' 50X, ' *** NORMAL EXIT')

. CALL BLINES(2)
" CALL DAYTIM
CALL RUNTIM
CALL PAGE
STOP
c

C ERROR WAS FOUND SOMEWHERE, ABNORMAL TERMINATION

100 CONTINUE
CALL BLINES(3)

CALLMESAGE(48H 4.2 ABNORMAL EXIT

IF(NERROR.EQ. 1)
# CALLMESAGE(48H s*==
IF(NERROR.EQ.2)
# CALLMESAGE(48H *»+
IF(NERROR.EQ.3)
# CALLMESAGE(48H »»»
IF(NERROR .EQ.4)
CALLMESAGE (48H e
CALL OUTGRD(4)

x

SOLUTION FAILED TO CONVERGE IN ELEPOT

)

GEOMETRIC ERROR DETECTED IN ROUTINE QCALC)

ERROR RETURN FROM ROUTINE TCALC

ERROR RETURN FROM SUBROUTINE ELECOF

)
)
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2221
2222
2223
2224
2228
2226
2227
2228
2229
2230
2231
2232
2233
2234
2238
2236
2237
2238

2239

2240
2241
2242
2243
2244
224S%
2246
2247
2248
2249
22%0
2251
2252
2253
2254
2255
2256
2237
2238
22%9
2260
2261
2262
2263
2264
2265
2266
2267
2268
2269
2270
2271
2272
2273
2274
227%
2276
2277
2278
2279
2280

00

an

U.1

(2] [t X NeNe]

u.2

(2R e Xe BENs Wolol

O 000

9900

(2N e N el

ao

u.3

222 NeNeXa)

100

9800

CALL OUTGRD(S)
CALL 0OUTGRNP(3)

PRINT THE FINAL TIMES
CALL BLINES(2)
CALL DAYTIM
CALL RUNTIM

CALL PAGE
STOP 2230
END

SUBROUTINE MESAGE (KMESS )

107

PRINT 48-CHARACTER MESSAGE ON OUuTPUT CHANNE L

VERSION 1B 17/12/73

/ INSERT COMBAS

DIMENSION KMESS( 12)

WRITE(NOUT, 9900) (KMESS(U), u=1,

TURN
FO T(4X, 1244)
END

SUBROUTINE PAGE
FETCH NEW PAGE ON OUTPUT CHANNEL

VERSION 18 : 17412/73
/

/ INSERT COMBAS

WRITE (NOUT,9900) °

RETURN
FORMAT ( 1H1)
END

SUBROUTINE BLINES(K)

VERSION tB 17/12/713

/ INSERT COMBAS

D0 100 uU=1.k
WRITE(NOUT, 9900)

RETURN
FORMAT (1M )
END

KVR /M

12)

KVR / M-+

INSERT BLANK LINES ON OUTPUT CHANNEL

KVR/MHH

CULHAM

CULHAM

CULHAM



2281
2282
2283
2284
2288
2286
2287
2288
2289
2290
2291
2292
2293
2294
2295
2296
2297
2298
2299
3300
2301
2302
2303
2304
2308
2306
2307
2308

2310
23114
2312
2313
2314
2315
2316
2317
2318
2318
2320
2321
2322
2323
2324
2328
2326
2327

328

329
2330
2331
2332
2333
23234
233%
2336
2337
2338
23389
2340
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[sNeNe]

NDO0DOO0OOOO

/ INSERT COMBAS
TIME 1S AN MTS LIBRARY ROUTINE WHICH RETURNS THE DATE ANO TIME

O00O00

[g]

.........................

SUBROUTINE RUNTIM
U.12 UPDATE CPU TEME (MINS) AND PRINY IT
VERSION 28 . 17/12/713 xvéruuu ‘ CULMAM

~ ' e

/ INSERT COMBAS %\ .
\

TIME(1,0,ICPUT) IS A MTS LIBRARY FUNCTID# GIVING THE CPU-TIME

USED SO FAR (ICPUT IN MSECS) Y
CALL TIME(1.0,1CPYT) \\\ - ~

ISEC = ICPUT/1000 N .

MIN = ISEC/60 ~. \
ISEC = ISEC - 6O*MIN TN !
SEC = ISEC N

CPTIME = MIN + SEC/GO
WRITE(NOUT, 8900) MIN, ISEC

RETURN

9900 FORMAT (8X,22HCPU TIME USED 50 FAR = 14 SH MINS, 14, %4 SECS)

END
SUBROUTINE DAYTIM
U.13 PRINT DATE AND TIME
VERSION 2B 17/12/713 KVR/ M

DIMENSION DATE(4) ,TIIME(2)
CALL TIME(21.0, DATE)
CALL TIME(4,0,TIIME)

WRITE(NOUT,9900) DATE. TIIME
RETURN

9900 FORMAT (5X.4A4,5X, 2A4)
END

T o T o o o e o T ¥ e e e v A o A . . - A o o

SUBROUTINE RESETR(PA,KDIM,PVALUEY

U.14 RESET REAL ARRAY TOQ SPECIFIED VALUE

VERSION 1B 17/12/73 KVR /M4 CULHAM

DIMENS ION PA(KDIM)

DO 100 J=1 ,KDIM
PA(J) = PVALUE
100 CONT INUE

RETURN
END
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‘ ¢
2341 c
2342 o m e e e
2343 c
2344 SUBROUTINE RESETI(KA,KDIM.KVALUE)
4 2348 c . . g
2346 C Uy 15 RESET INTEGER ARRAY TO SPECIFIED VALUE
2347 c
2348 VERSION 1B 17/12/73 KVR/MHH CULHAM
2349 c :
23%0 DIMENSION  KA(KDIM)
2359 DO 100 J=1,KDIM
J 2352 KA(J) = KVALUE ‘
23%3 100 CONT INUE
23%4 c ’
2388 RETURN
23%6 END
cey c .
- IN8 Crmmmmcm e T T T e e e e e e e e m
2389 c
2360 SUBROUTINE RESETH(KA,KDIM,KVALUE)
2361 c
2362 C U.16 RESET HOLLERITH ARRAY TO SPECIFIED VALUE
2363 ¢ .
2364 c VERSION 18 17/12/73 KVR/MHH CULHAM
2365 ¢
2366 « DIMENSION  KA(KDIM), KVALUE(1) ' -
2367 e
2368 DO 100 J=1,KDIM
2369 KA(J) = KVALUE(1)
2370 100 CONTINUE
2371 c
2372 RETURN : .
2373 END .
2374 c
2378 o e e e
2376 ¢ .
2377 SUBROUTINE JOBTIM(PTIME)
2378’ c .
2379 C'U.17 FETCH ALLOCATED JOBTIME (MINS)
2380 c
2381 ¢ VERSION 2B 17/12/73 KVR /MHH CULHAM
2382 c
2383 ¢ SET CPU TIME COUNTER TO O.
2384 CALL TIME(O,0, JUNK) :
2385% ¢ ,
2386 c GUINFO(78,INFO1) IS AN MTS LIBRARY FUNCTION WHICH GIVES THE GLOBAL
2387 C TIME REMAINING
2388 c GUINFO(B6, INFO2) IS AN MTS LIBRARY FUNCTION WHICH GIVES THE LOCAL
2389 c " TIME REMAINING
2380 c INFO1 AND INFO2 ARE IN CPU TIME UNITS. ONE TIME UNIT
2391 c EQUALS 13.0208333333 MICROSECS. CPTIME IS IN MINS.
2392 CALL GUINFO(78,INFO1) : .
2393 CALL GUINFO(86,INFO2) :
2394 INFO = MINO(INFO1, INFO2)
2395 . PTIME = 2.1701388+INFO
2396 c
2397 - RETURN
2398 END
2399 c

2400 St

L



e
—_— -_’/‘/.
2401 c
2402 SUBROUTINE RESETL(KLA.KDIM, KLVAL)
2403 c
2404 C U.19 RESET LOGICAL ARRAY TO SPECIFIED VALUE
2405 c
2406 c VERSION 1B 17/12/73 KVR /MHH CULHAM
2407 c , ,
2408 LOGICAL KLA, KLVAL
2409 DIMENSION KLA(KDIM)
2410 D0 100 J=1,KDIM
2411 KLA(J) = KLVAL
2412 100 CONT INUE
2413 c
2414 RETURN
2418 END
2416 c
2417 [ et e et EE L e
2418 c : ,
2419 SUBROUTINE SCALER(PA,KDIM,PC)
2420 c . o
2421 C U.21 SCALE A REAL ARRAY BY A REAL VALUE .
2422 c .
2423 [ VERSION 1B 17/12/73 KVR/MHH CULHAM
2424 c
242% DIMENSION PA(KDIM)
2426 c
2427 DO 100 U=1 ,KDIM
2428 PA(J) = PA(J) * PC
2429 100" CONTINUE ¢
2430 c
2431 RETURN
2432 - END
2433 c
2434 [ et ettt e T T
2435 c
2436 SUBROUTINE COPYR(PA1 ,K1,PA2,K2,KDIM)
2437 c
2438 C U.23 COPY ONE «REAL ARRAY INTO ANOTHER .
2439 c
2440 c VERSION 1B 17/12/73 KVR/MHH CULHAM
24419 c
2442 DIMENSION PA1(KDIM) ,PA2(KDIM)
2443 c :
2444 DO 100 JU=1,KDIM
2445 It = Kt + J - |
2446 12 = K2 + J - 1
2447 PA2(I2) = PAI(I1)
2448 100 -CONTINUE
2449 c .
2480 RETURN
24514 END

END OF FILE

1 C/ MODULE COMBAS

2 c

3 c 1.1 ] BASIC SYSTEM PARAMETERS

4 COMMON /COMBAS/

5 R ALTIME, CPTIME, STIME,

6 1 LABEL1, LABEL2, LABEL3, ‘LABEL4,
7 b LABELS, LABELSE, LABEL7, LABELS,
8 1 NDIARY, NIN, NLEDGE, NONLIN,
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I

NOUT, NPRINT ., NPUNCH, NREAD,
NREC, NRESUM, NRUN, NSTEP,
NLEND, NLRES

LOGICAL NLEND,NLRES

INTEGER*4 LABEL1(12),LABEL2(12),LABEL3(12).LABELA4(12),

LABELS(12).LABEL6(12),LABEL7(12),LABELS(12)

C/ MODULE COMDDP

C
C

C

c

1.9
I
1
L
L

L

COMMON /

DEVELOPMENT AND DIAGNOSTIC PARAMETERS
COMDDP/

MAXDUM, MXDUMP , NADUMP , NCLASS,

NPD
NLC
NLO

LOGICAL

INTEGER*

UMP , NPOINT, NSUB, NVDUMP
HED, NLHEAD, NLOMT 1, NLOMT 2,
MT3, NLREPT

NLCHED ,NLHEAD(9) .NLOMT 1(50) ,NLOMT2(50) ,NLOMT3(50) ,
NLREPT

4 NADUMP (20) ,NPDUMP(20) ,NVDUMP(20)

C/ MODULE COMGLO

(o
C

O

1.2

* kX

*x

»

GLOBAL
COMM

REAL

INTE

VARIABLES
ON /COMGLO/
ELECON,.QTHERM,POTENT , TEMP,
DELTAX,DELTAY,THICK .DTIME, TIME,
XCOORD ., YCOORD , XMIN XMAX , YMIN,K YMAX ,
ELEGEO, THMGED

ELECON(50,5%5" QTHERM(S50,50) ,DELTAX(50),

POTENT(50,50). TEMP(50,50) ,DELTAY(50),

XCOORD(50), YCDORD(%0) -
GER*4 ELEGED(50,50), THMGEQ(S0,50)

C/ MODULE COMELE

c.

c

1.3

4
4

4

ELECTR

ICAL CONDUCTIVITY AND DIFFERENCE EQU. COEFFICENTS

COMMON /COMELE/

REAL

»
C/ MODULE COMT

ECXP ,ECXM,ECYP,ECYM, ERHS.EXMXP , EYMYP,
ELEVOL ,ELEALP,ELEBET ELEPAR,EPSELE

ECXP(50,50),ECXM(50,50).ECYP(50,50),.ECYM(50,50).
ELEVOL(10),ELEALP(10) .ELEBET( 10),ELEPAR(50).
ERMS(50,50) , EXMXP(50,50) ,EYMYP (50, 50)

HM
c .
C 1.4 THERMAL CONDUCTIVITY AND HEAT CAPACITY
COMMON /COMTHM/
’ THMCON, THMCAP , THMTEM, TCXP, TCXM, TCYP, TCYM,
¥ TCX,TCY,TCRHS
c "
REAL THMCON(10).THMCAP(10), THMTEM{ 10)
REAL TCXP(S50,50),TCXM(50N50), TCYP(50,50), TCYM(%O0.,50)
REAL TCX(50,50),TCY(50.50):TCRHS(50,50)" .._ )
C/ MODULE COMTEM S AN
c : AN :
C 1.5 TEMPERARY ARRAYS . ‘*\
COMMON /COMTEM/ N .
¥ TEM1,TEM2,TEM3,T1.T2.73,T4,TS ~ v
c . |



i s SEL T VR

END OF FILE

”
C/ MODULE COMDIM

(o
C

I e -
- AERL SR S . . . [P N e e

REAL TEM1(50,50),TEM2(50,%0),TEM3I(50,.50),T1(5%0),
T2{%0).T3(50),T4(50).TS5(50)

1.6 ODIMENSION AND COUNTER VARIABLES

’
L4

COMMON /COMDIM/
NX,NY ,NEQU,NALPHA ,MITER ,MMAX ,NREG,NGED , NERROR ,NTYPE ,
NSPO,NPX ,NPY NIJ,NCI NDX,NOY ,NSTO

INTEGER*4 NX,NY,NDX,NDY,NEQU,NALPHA MITER, MMAX
INTEGER*4 NREG,NGEO,NERROR.NTYPE NSPO,NPX NPY
INTEGER*4 NIUJU,NCI,NSTO

C/ MODULE COMCON .

C
C

c

1.7 CONTROL THE HEATING

”
N
”

COMMON /COMCON/
HTIME ,CTIME,CCUR,CPOW,DTEMP ,DELT,CUR,
VOLTS ,RESIST,POWER,CVOL, TINIT ,DEENG, TEENG,
DQENG, QENG, TQENG, TTENG, TENG, SCALE

REAL QENG(10),TENG(10)
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Appendix Il - Sample Output from MEGAERA

&INMOD NRUN=100 &END
8LABELS
LABEL 1= ‘MEGAERA RUN NO. 38 PARALLEL ELECTRODES’,
LABEL2='OVERBURDEN CONDUCTIVITY RATIO D0S/O0B = 1.0,
LABEL4='GEOMETRY SET UP AND ENTERED BY ALLAN HIEBERT ',
8END
&INPUTH NX=50,NY =50,
DELTAX=S50*1.5,DELTAY=8%%5.0,2.5,3+2.0,1.5,25%1 . 2. y
1.5,.3%2.0,2.5,6%5.0, 10.0,NREG=S,
&END
8REGION  MINI=1,MAXI=50,MINU~14, MAXJ=38,
ETYPE=’DOMA’ , EALPHA=2 . 29E-2, EBETA=1.E-3,
TTYPE="COND ‘. THMRC=1.6EG, THMK= 1.8,
&END
S&REGION  MINI=1,MAXI=50,MINJ=1, K MAXJ=13,
ETYPE='DOMA’  EALPHA=2.29E-2,EBETA=1.0E-3,
TTYPE=/COND’, THMRC=1.6E6. THMK=1.8,
8END .
S8REGION  MINI=1{,MAXI=S50,MINJ%39,KMAXJ=50,
ETYPE~'DOMA’ ,EALPHA=2.29E-2 ,EBETA=1.0E-3,
TTYPE=‘COND’, THMRC=1.6E6, THMK=1.8,
&END .
8REGION  MINI=1,MAXI=1,MINU=24, MAXJ=29, .
ETYPE=’ELEC’,VOLTS=1000.
TTYPE='COND’, THMRC=1_.E6, THMK=3 0.
&END
S8REGION  MINI=50,MAXI=50,MINJ=24,MAXU=29,
ETYPE=“ELEC’,VOLTS=0.,
TTYPE=/COND’, THMRC=1.E6, THMK=3 .0,
8END
&INPUT2
NSPO=10,XMIN=1.0, XMAX=49.0,NPX=17, °
YMIN=40, YMAX=85 NPY= 10,
&END
&INPUT3 ,
TINIT=15. DTIME=1.ES,HTIME=3. 1S4E7 ,NTYPE=3,
CPOW=12_.E3,CVOL=1000 . ,DTEMP=_ 05 .NC1 =20,
MMAX =350, EPSELE=.02,

SEND .
S INPLOT
LABEL 1='PARALLEL PLATE RUN NO. 35 80/11/25’ ,NLAB1=38,

LABEL2="CONDUCTIVITY RATIO 0B/0S = 1.0/ 1.0’ ,NLAB2=38,
NCPLTS={ ,CPTIME=3. 15E7,NCCODE=3,
CXMIN=1.0,CXMAX=74.0,CYMIN=30. ,CYMAX=100.
NPPLTS=1,PPTIME=3. 15€7, NPCODE-7
PXMIN=1.0,PXMAX=99.0,PYMIN=1{5 +PYMAX=115 |

&ENO
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