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1. Abstract

The Complex Variable Boundary Element Method or CVBEM is used to develop a computer model (CVBFRL) for estimating
the location of the freezing front in soil-water phase change problems. Because the numerical technique is a boundary
integral approach, the control volume thermal regime js modeled with respect to the boundary values and, therefore, the
CVBFR1 data entry requirements are significantly less than that usually required of domain methods such as finite-

differences or finite-elements.

Soil-water phase change along the freezing front is modeled as a simple balance between

computed heat flux and the evolution of soil-water volumetric latent heat of fusion.
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3. Overview

3.0 Introduction

e CompTex Yariable Boundary tlement lethod or CVBEM
is used to develop a compuier model for estimating the
location of the freezing front in soil-water phase change
problems. This computer program, CVBFR1, is based on the
foilowing major assumptions:

a) the problem is two-dimensional,

b} the entire soil system is homogeneous and
isotropic,

c¢) the problem thermal boundary conditions are con-
stant values of temperature (or stream function),

d) soil-water flow effects are neglected (the pro-
blem is strictly geothermal),

e} all heat flow from the freezing front is within
the control volume, there is no heat flux
associated with the freezing front from exterior
af the control voiume,

f} the freezing front movement is sufficiently slow
such that heat flux along the moving boundary can
be determined by assuming steady state heat flow
conditions for small durations of time (i.e.,
timesteps).

The CVYBEM is used to model the thermal regime of the
s0i] system. The theory and development of the CVBEM is
given in Hromadka (1984}{1]. Because the numerical tech-
nigque is a boundary integral appreach, the contrel volume
regime is medeled with respect to the boundary values and,
therefore, the CVBFR data entry requirements are signi-
ficantly less than that usually regquired of domain methods
such as finite-differences or finite-elements.

Soil-water phase change along the freezing front is
modeled as a simple balance between computed heat fTux and
the evolution of soil-water volumetric latent heat of
fusion, To model the displacement of the freezing front,
program CVBFR] provides two options:

a) displace the freezing front coordinates with
respect to changes in the y-coordinate only,

b} displace the freezing front coordinates with
respect to a vector normal to the freezing front
boundary.

4, Modeling Approach

4.0 Introduction

The use of the Complex Variable Boundary Element
Method to model soil-water phase change effects is a new
numerical approach to this class of problems. In previous
work, Hromadka and Guymon (1982)(2] applied the complex
variable boundary element method {CVBEM) to the problem of
predicting freezing fronts in two-dimensional soil systems.
Hromadka et al. (1983)[3] subsequently compare the CVBEM
solution to a domain selution method and prototype data
for the Deadhorse Airport runway at Prudhoe Bay, Alaska.
In another work, the model is further extended to include
an approximation of soil-water flow (Hromadka and Guymen,
(1984a)[41. In contrast to the CVBEM approach, an example
in the use of real variable boundary element methods
(Brebbia, 1978}(5] in the approximaztion of such moving
boundary phase change problems and a review of the perti-
nent Titerature is given in 0'Niell (1983)[6].

Hromadka and Guymon {1984b)([7] develop an error esti-
mation scheme which exactly evaluates the error distribu-
tion on the problem boundary that results from the CVBEM
approximator matching the known boundary conditions. This
error determination is used to add or delete boundary nodes
to improve accuracy. Thus, the CVBEM permits a direct and
immediate determination of the approximation errar fnvolved
in solution of an assumed Laplacian system. The modeling
accuracy is evaluated by the model-user in the determina-
tion of an approximative boundary upon which the CVBEM
praovides an exact solution. Although inhomogeneity {and
anisotropy) can be included in the CVBEM model, the re-
sulting fully-populated matrix system quickly becomes large.
Therefore in this work, the domain is assumed homogeneous
and isotropic except for differences in frozen and thawed
conduction parameters for freezing and thawing problems,
respectively,

A major bengfit in the use of the CVBEM over other
numerical methods {including real variable boundary element
methods and domain methods such as finite-differences and
finite-elements) is the accurate and easy-to-use "approxi-
mative boundary" error evaluation technigque. Other numeri-
cal methods can be evaluated for modeling error (where
exact mathematical solutions do not exist) by increasing
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nodal point densities and comparing the resulting changes
in predicted nodal values of the governing equation's
state variable. In contrast, the CYBEM approximative
boundary error evaluation technique s simply the process
of locating the (x,y) points where the CVBEM approximative
function meets the specified boundary condition values
{the approximative boundary), and comparing the resulting
plot to the true problem boundary,

A major benefit for using the CVBEM error evaluation
technique {is that highly accurate solutions for two-
dimensiona) potential problems can be ‘obtained. Often, the
CYBEM approximation analysis is temminated when the approx-
imative boundary differs from the true problem boundary te
within the construction tolerance of the project, resulting
in an exact CVBEM model of a probable constructed version
of the engineered plan drawings. Consequently the CVBEM
approach can be used directly in engineering applications,
or used to provide a wide range of highly accurate approxi-
mations for two-dimensional phase change problems {where
the freezing front movement fs slow; see section 4.2) for
checking modeling results produced by other numerical
methods.

4.1 Heat Flow Model

For & wide range of soil freezing (or thawing) pro-
blems, the freezing front movement is sufficiently slow
such that the governing heat flow equation can be modeled
using a timestepped steady state heat flow approximation.
That ts for small durations of time, the heat flux along
the freezing front can be computed assuming the temperature
distribution within the frozen {or thawed) regions are
potential functions (f.e., the Laplace equation appiies}.
Figure 4.1 illustrates a typlcal two-phase problem defini-
tion where the heat flow model solves for heat flux along
the freezin? front by solving the Laplace equation {by use
of ;;otentia functions) fn both the frozen and thawed
regions.

FROZEN S0IL

FREEIMNG FROWT

THAWED SO0

‘Figure 4.1 Typical Two-Phase Problem Definition

To develop mathematical models of the Laplace equation
in each regfon, a CVBEM appronimator is generated which
matches specified boundary conditions of either temperature
or flux at nodal point Vocations on the problem boundary
and freezing front. The CYBEM approximator exactly satis-
fies the Laplace equation; consequently there is no model-
ing error in solving the governing Laplace equation (heat
flow model), there is only error in matching the boundary
conditions continuously. Figure 4,2 shows &n example
roadway problem where the freezing front fs initially
located some known distance below the surface. Boundavy
conditions for the example probiem and a nodal point place-
ment scheme are shown in Fig. 4.3.

The heat fiow model in {VBFRY develops a CVBEW poten-
tial function which satisfies the Laplace equation within
the boundary of Fig. 4,3, Hromadka {1984)(1) provides the
necessary background material for the CVBEM development
and the approximative boundary technique. ‘

UNFROZEN SOL
T 0*C) {Te +Q.1%C}

Figure 4,2

Typical Roadway Embankment Problem

Te 10"

TENG HEAT
FLUX

Figure 4.3

Nodal Point Placement and Boundary
Conditions for Fig. 4.2 Problem

The usua! modeling procedure is to use the approximative
boundary technique to analyze the initial condition CVBEM
model. After the analyst is satisfied with the CVBIM ap-
proximator and its associated leve) of accuracy then the
CYBFRL program 15 executed to model the freezing fromt
evolution.

4,2 Phase Change Model

for each timestep, a CVBEM approximator is generated
by program CYBFR1 based on the problem gecmetry and boun-
dary conditions. Heat flux is computed along the freezing
front using the CVBEM approximation stream function values.
The heat flux estimates are assumed to directly equate to
the rate of freezing (or thawing) of a volume of soil at
the freezing front. Consequently, a freezing process for
the example of Fig. 4.3 results in a downward migration of
the freezing front such that the product of the timestep
and heat flux equals the latent heat evclved by the change
in freezing front coordinates.

Two freezing front displacement models are available
in program CYBFRi:

{a) A1l displacement occurs in the vertical direction
This simplified model is generally appropriate
for many roadway problems.

(b} Displacement computed based on an outward normal
fector. This model is the most accurate, but
requires additional computational effort than
the vertical displacement mode}. Figure 4.4
shows the nodal point displacement in 2 direction
which balances the angles to go between the
normal vector and boundary elements.

FROZEN 30IL

. CIRECTION
Normal Vector Coordinate Displacement Model
(note balanced angles for each normal vector)

Figure 4.4
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4,3 Program CVBFR] Characteristics

(a) Class_of Problems Modeled

Program CVBFRL may be used to model soil-water freez-
ing (or thawing) in two-dimensional, homageneous, isotropic
domains, As illustrated by the exampie problem in Figs.
4.2 and 4.3, only one region is modeled {i.e., either
entirely frozen or entirely thawed] and the freezing front
forms part of the control volume's boundary. For example,
program CYBFR1 may be uysed to study the freezing front
advancement into a soil system where the soil system is
initially close to the freezing poing depression tempera-
ture, and negligible heat flow to the freezing front is
contributed from the underlying soil system. A schematic
of the problem domain and boundary conditions used in
CVBFR1 are iTlustrated in Fig.-4.5. Another characteristic
of CVBFR]1 is that the boundary conditions of the problem
dre held constant for the entire simulation., Additionally,
the initial conditions of the problem are assumed to be
near steady state with the freezing front specified some
distance below the top of the control volume boundary
{control surface).

TaT,

PROBLEM  DOMAN

'5'}“: L v'teo 'g"‘L."

TeTy
(e.q.,0"¢)

Figure 4.5  Program CVBFR1 Boundary Condition

Characteristics

(b}). The {VBFR1 Modeling Procedure

The modeling procedure used in the CVBFR1 program is
shown schematically in Fig. 4.6 for the case of a soil
Freezing problem. It is assumed in Fig. 4.6 that the
analyst has developed a good CVBEM approximator for the
initial conditions fo the problem by using the approxima-
tive boundary technigue to locate nodal points on the
problem boundary. Typically, the most difficult modeling
probiem cccurs when the freezing front is closest to the
top of the problem boundary such as shown in Fig. 4.3.
Consequently, the CVBEM nodal placement should be con-
cluded based on the problem‘s smallest anticipated distance
to the freezing front. For example, the roadway problem
shown in Fig. 4.3 spans a width of 5Dm; the corresponding
distance to the freezing front for initial conditions
(freezing problem) is assumed to be 0.25m,

5. Program CVBFRL
5.0 Introduction

CVBFRL is a CVBEM program with the capability to
estimate the moving position of a slow-moving freezing
front in soils. The CVBFR1 program uses either subroutine
FRT1 or FRTZ to estimate the displacement of the freezing
front where subroutine FRTL is based upon a vertical
shifting and FRT2 uses the outer normal direction to cal-
culate the change in nodal point coordinates.

5.1 Problem Set-up

The problem domain is assumed to be a homogeneous
isotropic soil mixture enclosed by the problem boundary.

T=-lon
Develop a CVBEM approximator
based on boundary coordinates
and boundary conditions

Ts0"C

Calculate heat flux values
along the freezing front

Gisplace nodal coordinates
along freezing front based

on heat evelved, and
volumetric latent heat of
fusion for seil-water mixture

Figure 4.6 CYBFR1 Modeling Procedure

Nodal points are located on the problem boundary and are
numbered in sequence in a counterclockwise direction from
1 to NNOD.

Nodal points are generally placed closer together
near angle points of the problem boundary, or where bound-
ary condition values (or types of boundary conditions)
change, This increase in nodal density reduces the error
in integrating a trial function {straight line interpola-
tion functions are used in {VBFR1) which becomes inaccur-
ate near singularities of the potential function, temper-
ature,

The product of the latent heat of fusion for soil-
water and the uniform soil porosity value is used as the
volumetric latent heat of fusion for the soil-water {or
soil-ice) mixture, The thermal conductivity value is used
to estimate the normal heat flux values along the freezing
front,

5.2 Input Data
Input data for program CYBFRL is as foliows:

VARIABLE DATA FILE LINE
KODE Line 1

NNOC, NFRS, NFRE Line 2

COND, XLAT, POR Line 3

DELT, SIMuL, OUT, 1D Line 4

#{I), Y{I}, KTYPE{T}, VALUE(I); Line 5

1=1 to KNOD .

X{NNOD), Y{NNOD}, XTYPE{NNOD}, Line NNOD + 4
VALUE(NNCD) ;

(END OF FILE)
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where:
VARIABLE

KODE = 1, For vertical displacement of freezing
front coordinates

Ny
-

Use cutward normal vector to estimate
nodal point displacements

RNOD = Total number of nodes on boundary

NFRS = First node number of the freezing front
contour

NFRE = Last node number of the freezing front
contour

COND = Thermal conductivity of a homogeneous

isotropic soil mixture

KLAT = Latent heat of fusion for soil-water

POR = Porosity of soil

DELT = Increment for time advancement model

SIMUL = Total simulation time

ouT = Qutput period

10 = 0, Detailed output (see Example 1)
1, Summary output {see Example)

XE[). =

Y(1)

(x,y) coorindates of node 1 in first
quadrant
KTYPE({1} = 1, Prescribed temperature value
2, Prescribed stream function value
3, Prescribed flux value

Prescribed value according to KTYPE({I).
For efflux, VALUE(I) = efflux/conductivity

VALUE(I) =

Note: The unfits of XLAT, COND, DELT, SIMUL, and OUT
should be consistent,

5.3 Application

Example & Computing the Freezing Front location
in _a Roadway Embaniment

A roadway embankment (Fig. 5.1) problem is used to
issutrate the applicatin of program CVBFRl. The input
data and program output {in English units) for the example
problem is provided in the following: (note that the
first line is a "1" or "2" for using subroutines FRT1 and
FRT2, respectively):,

“ - el It T

& < i

| |
! o }

Figure 5.1a Example Problem Roadway Embankment
Discretized into Finite Elements
{Several node numbers are Shown)

Example 2: Nodal Density and Timestep Size
Sensitivity Analysis

A sensitivity analysis is prepared examining different

time increments and nodal point densities and the result-
ing effects on CVBFRL modeling results. Figure 5.1 shows
the different noda) densities and Fig. 5.2 shows the

g 8 {és

Figure 5.1b

el 4

|
i

Nodal Point Number for 4 CVBEM Nodal

Densities
Section .
[ o0 f Node:
| Tiessted M i o Sodes
Ghrs| 10486 b 1.4ea5 | 1.2594 | 1.3466 ]
{1.3459) | (ioasen} | (1.2632) | {1.3459)
12 13489 | 1.4683 resoa | 1.8 ™
(1.3482) | (1.4658) | (t.2e41) | (1.3482)
1 13537 | T.azes | ovo2s | 1351 ]
th,3830) | (1.erz0r | (3.2680 | (1.3529)
[ e | orseea ] o1.z687 §.3508 b}
(1.3609) | (1.amz9) | {1.2708) | (1.3609)
tion vt
rm Ak (X - po | (hurs)
] tuss | dLass | 1,25 1.3456 ]
[.458) | (r.eseh | (0.283% ]| (1.3459
[ ek | vams [ o1.25: | vk [
0.359) | 0.4880 | 0.2632 | @.3459 .
2 16 | 15023 | t.2eer | 1.6 [
f1.2608) | fa2e | D.270m | 13609
“ 1.0661 | 1464 1 r29M 1. 34867 ]
0.454) 1 .00 | 02630 | 0.3459
“ 1.0 | 1.saee | 1.26e5 | 1.3 ']
n.3m) | o438 | 0.2708 | 03690
[ 1,345 | tazer | 1236 | 1.3468 %
0.5} [ 0.4778 | 0268 | (.3460
] 1.5493 | .61 §. 2382 1.3599 6
(.3608) | D.408% | 0.2073 | 0.3690

1,3466: Results from Yertical Displacesnt Model
{1.3459}: Results from Roraal Vector Displacesent Model

Comparison of CVBEM Model Results in
Predicting Freezing Front Location
(Stefan Solution at 60 hrs, is 1.344 ft.depth)

Figure 5.2

results fram the several CVBEM models. From the analysis,
it appears that a small timestep (6-hours) is preferred,
but a large timestep such as 60 hours results- in an error
with respect to the one-dimensional Stefan solution of only
2-percent. Additionally, a relatively sparse nodal density
of only 30 nodes results in a satisfactory condition.

Example 3: Comparison to Two-Dimensional Domain
Modeling Results

The CVBFR1 modeling results for the previous example
are compared to results from a Nodal Domain Integration
{NDI) two-dimensional phase change model in Fig. 5.3. The
NDI model is based upon an isothermal soil-water phase
change approximation, and uses an apparent heat capacity
approach to model the freezing front evolution in the fixed
grid domain model,
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o}
Figure 5.3a Initia) Conditions and

Cross Section Locations

7 o)
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Figure 5.3b Comparison of CYBEM and
NDI Modeling Results
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PROGRAM CVBFR1 Data input

{Example Problem)

KODE = 1 or 2 {see text}
301 15
10 80 .4
4 120 120 0
01020
2% 12 1 0
49 101 ¢
A4%.9 10 1 ¢
s 101 0
50.1 9.95 1 0
51 9.5 10

120 4 L -10

LATENT HEAT =
POROSITY = $,4000

%5 11 ~19
111 -10
70.1 11 =10
70 1 1 ~10

£%.9 1.05 1 ~10
A% 1.5 1 -190

50 & 1 ~10

51 10.%5 1 -1¢
30.1 10.95 1 -10
S0 11 L -10

4%.% 11 1 -i0

4% 111 -10

25 11 1 -1o

o 15 1 -10

The computer model Ing results using FRT) (KODE = 1) are as follows:

TIME INCREMENT = 4.0000

TOTAL SIMULATION TIME = 120.0000
CONDUCTIVITY = 10,0000

80.0000

HODE X¢I} ¥ KTYPE(T) VALUE ANGLEC])
NO. L=SVt2=tF
I=EFFLUX
1 0.00000 1000000 2 6.00000 70.00
2 25.00000 10.06000 t . 0h00s 180,00
k1 49.00000  10.00000 1 0, 0000t 180,00
A AP 70000 10, 00000 1 0, BORUG 180.00
3 50.00000 19.00004 1 3 (M0 0OG 204.57
& $C. 10000 9.95000 1 0. 00000 180. 066
7 31.00000 #.50000 1 0. 00000 180,006
[ 4£0.00000 5.00000 i 0. 00000 1899.60
9 £9.00000  0.50800 1 0, GO0600 180,00
1) 69 FUO00 0. 43000 1 . QO000 180.00
1% 70.00000  0.0G000 L . 00000 133,43
12 70.10000 000000 1 [N e 180.00
13 7100000 0. 00060 1 O 00000 180.00
14 $5,00000  0.00000 L 006000 180.00
13 120.00000 L 00000 1 0, 00000 FO.00
14 120.00000 100000 1 ~10.04000 0,00
L7 93.00000 1000300 1 =10,00000 180,00
18 71.00000  1,00006 1 10, 00006 180,00
19 Z0.10000  1.00000 1 ~10. 00000 180,00
20 70, 0004 1. 06000 1 =10 GOO0O0 204.57
21 4%, 20000 1.035000 1 =10, QOGO 180,00
22 49 . 00000 1.5000¢ 1 =14k, D000 180.00
23 &0, 00000 4.00008 1 =10, (6000 180.00
24 51.00000 10.50000 1 10, DOO0G 184,00
23 50.10000 10.93000 1 =54.00000 180,060
24 30.00000 11.00000 i ~10.00000 153.43
27 A49.90000 1L1.00000 1 ~1G.0000¢ 180.00
28 49,00000  11.,006000 i =10. 00006 1680.00
29 2%, 00000 1100000 i =10, GGOO0 18¢.00
30 6, 00000 11, 060000 1 =30, 00006 90,00
Cauchy Program Results
TIHE = 120.0000
NOTE STATE STREAN
NUMBER VARTABLE FUNCTION
1 -0.0645 €.0000
2 0.0000 184.8884
3 0.0008 344.0428
+ 0. 5000 373.0393
S 0.0000 373.7319
[ OLO000 374.4342
7 0.0000 392,46803
8 0. 0000 442.3811
b4 0, OO0 S42.940%
10 0. 0000 50,4897
11 00000 551.2713
12 0.0000G 552.0007
13 0.0000 550.4281
14 ©.0000 739.2386
13 D.000¢ $27.1421
14 «10.0000 927.1481
17 =10, 0 73,2394
18 -10.,0000 53683462
19 -10.0000 $30.7608
20 ~10 OO0OG 54,4932
21 -19.0000 548.0743
22 =10, 0000 339, 4200
23 =16, 0000 4%9.015%
24 =10 0000 37%.2508
23 -10.0000 372. 4201
26 -10.,000¢ 3722.0%577
g -10,0000 371,705
28 -10.0000 J6%. 7584
29 =10, 0000 194.8909
30 10,0000 0.0024
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CYBEM Approximation Function Modal Yalues: & The output [sumsary) data wsing FRYZ (XQOE » 2) consists of:
TINE INCREMENT =  6.0000
NODE STATE STREAM TOTAL SIMULATION TIME = 120.0000
NOMBER  VARIABLE FUNCTION CONDUCTIVITY » 10,0000
1 -0.0382 -0.0034 LATENT HEAT = §0.0000
2 ~0.0123 186 .8887 POROSITY » O.4000
3 ~0.0574 35641034
4 -0.1032 373.1109 NODE XL} Y1) KITPECL)  valUE ANGLECT Y
5 0.0292 373.7366 0. a5V 2=5F
[ ~0.1064 374.3457 3=EFFLUX
? ~0.0449 392.6476 1 Q.00000 10, 30000 2 0.00000 70.00
8 -0.0043 442.56815 2 23.00000 10.00000 1 0. 00000 180.00
9 0.0311 542,918 3 49.00000  10.00000 1 0.00000 180.00
10 0.0745 S50.438¢ 4 49.90000  £0.00000 1 0.,00006 180.00
11 -0.0335 391 ,2729 3 50.0000¢  [6.00000 1 0.00000 206.57
12 0.0356 5352.0399 I3 30,10000  9.93000 1 0. 00000 180,00
13 Qa.0402 538. 4709 k4 51,00000  ¥.350000 1 ©.00000 180 .00
14 -0.0026 739.2393 [:] §0.00000  5.00000 1 0.00000 180.00
13 0-0013 9271403 ¢ 59.00000  0.50000 1 0.00000 180.00
14 -10.0028 Q27.1437 16 49. %0000 °. 05000 I 0. 00000 180.00
17 -10.0214 739.2404 1t 70.00000  0.00000 1 0. 00000 153.43
18 -9.9418 5968.3270 12 70. (0000  0.00000 1 3.00000 180.00
1¥ -9.9189 5%0.724S 13 71-00000 0. 0000 i 0. 00000 180.00
20 -9. 8942 A0 4889 14 #3.00000  0.00000 i 4. 00000 180.0¢
2t -9.9198 S48.1329 15 120.00006  0.00000 i 0.00000 90,00
22 -2.9432 539, 4473 16 120.900000  1.00000 1 -16.00000 ?0.00
23 -5 .,9978 459.0158 17 23.00006  1.00000 1 -10.00900 180.00
24 -10.0409 379.2012 ie 71.00000  1.00000 i -10. 00000 180.00
fr] ~10.0v44 372, 4863 19 70.10006  1.00000 1 ~10.00000 180.00
26 «10.0453 372.0409 20 FU. 0000 1.00000 1 -10. 00000 206.57
27 ~10.0004 371.6943 2t 69.90000  1.05000 1 +~10. 00000 180.00
28 -10.0310 343.9033 22 59 . 00000 L. 50000 i - 141. 00000 180,00
29 -9. 9580 194.89146 23 &0 . 00000 5. 00000 i -10.00000 180.00
30 -2.9981 -0.0011 24 51.00000 14.50000 [l -10. 00000 LB, 0O
as S0.10000 10.93000 ] -10.00G00 180.0¢
24 50.00000 11.00600 i ~10.00000 153.43
. 27 49, 90000  1§.00000 1 -10.00000 180,00
Moda] Point Relative Ervor Values: 28 49.0000¢ 11.00000 | -10.00000  180.60
1 ~0.0043 0,0034 29 25.00006  11.00000 1 -10. 00000 180.00
2 ¢.0123 ~0. 0004 30 0.00000 11,00000 [ -10.00000 90.00
3 0.0574 -0.060% L e et e =
4 ©.1052 -0.0717
L] -0.0292 -9.0034
$ e Pt slew Coordinates of the Freezing Front
a 0.0043 3. 0004
k4 -0.0311 a.022% Time = 120.0000
10 -0.074% 0.051&
it 0.0335 -9.0016 Node X-Coord, Y=Coord.
12 -0.0554 -0.03%2
13 -0.0402 -0.,0420 1 0.0000 9.6542
14 0.0024 ~-0.0007 4 25.0000 9.48%42
13 -0.0013 0.00186 3 A9. 0000 ?.63469
14 0.0028 0.0043 4 49,9000 v.5486
17 0.0216 ~0.0010 -1 500000 #.5203
18 ~-0.0382 0.0392 4 5. 1000 ?.5124
19 ~0.0811 0.0563 ? 51.0000 ?.110%
20 =-G.1038 -9.0037 [:] 40,0000 4.4188
2 -0.0802 -0, 0564 9 67,0000 0.1376
22 -4, 0368 -0.0273 10 69.9000 -0.2377
23 -0,0122 -0. 0003 11 20,0000 ~0.236%
24 0.0409 ~0.0304 12 70,1000 ~0.2807
25 0.0944 -0.0444 13 71.0000 -0.3338
24 0.0453 -a.0031 14 5.0000 -0, 34T
27 0.0804 0.0360 1% 120.0000 -0, 3464
26 0.0510 0.08204 = eemmesssse—seeecooooaresssosee
29 -0.0426 ~0,0007
30 -0.6019 0.0035
New Coordinates of the freering Froat 7. Appendix A
Node X-Coord. Y-Loord. [4
. o. ?.6342 g AAIN FROGRAN
2 24,9999 9.46343 € THIS CAUCHY PROGRAM ¢ FREEZING OF THAUING FSONT ADUARCERENT @
3 48.9923 ?.86353 € USES SUSROUTINES CAUCHI - CAUCH2,CAUCHT,CAUCHA,CAUCHS rHON ¢ ANG ¢ FRONT
4 49,0143 %.5782 £
- 49.8734 ¥.3383 € BASED OM THE AFPROKIRATION FUNCTION
& 49.94673 9.5380 c
7 50.08324 ?.13534 < INPLICEIY DOUBLE PRECISIONIA-M-0-I%
P <9.83%22 4.46440 CONRON/BLE L/X(500)
H 50,8432 o.1781 COMMOMABLE 2770100
10 49.8043 -0.273 CONMON/BLE J/KTYPECLOOY
11 49 . 7444 -0.2389 CORAOM/BLE 4/UALUEL100)
_ VIRTYAL P100 100}
12 70.0648 0.2013 CONNON/BLK 6/5(100}
(221 ] ~0.3342 . ’ \
13 70. COMMOM/BLE P /ANGLEL1ONY
14 ¥3.0000 -0.3469 COMROM/BLE B/HATE 134
13 120, 0000 —0.3468 PIMENSION PEX(100) rREYILODY
. DIMENGION HIYL100)

C
£ OFEM DATA FILES
Ly

WEhw]
NyT=l
APENIIHET «MED HAME =" CAUFRT . DAT  » TYRE= QLR
DFENCUNIT=MUT » NARE S CAUCHY . ANE "+ TYPE=“NER"}
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READ DATA

o NOTE: NDDE HURBER FLUS NUWBER OF EFFLUX D.C.
{NNODP=NNODHNNAT) CAN NCT EXCEED "100*
READ (NRDP» ¥ }KDDE
READ(NRD  #)NNODNFR3»NFRE
PEAD CNRD> SICOND r XLAT POR
READ(NPD r 8 DELT e SIMUL OUT, ID
WRITE(MUTsS0NIDELTSTMUL »COND e XLAT /POR

LR

401 FORMAT(// /¢ &Xr’ TINE INCREMENT = *+FB . 4:/7+6%¢"TOTAL SINULATION':

17 TIME = "+F@, 4979 8X, "CONDUCTIVITY = “sFB,4s/r6Xs "LATENT '
2° HEAT = “rF@.4¢/r5Xe "POROSITY = “+Fé. 4, /)
C.. UALYE OF EFFLUX B.C * EFFLUX/CONDUCTIVETY
DO 7 Ie=i:NNOD
? READINRD ¥} CXCI3 YD) o KTYPECT Y r VALUECDY Y
CALL ANG(NNOD)
WRITEINWT210)
10 FORBATCAXs *NODE " v X5 " XTI "o 8Ne "YAI3  +AXs “KTYPECID* o IXp *YALUE*
UK "ARGLECL) “ o 79 7Xv "NO. " r ZAXr ' 1mI0$205F 7 /+ JTAy * IREFFLUX )
BD ¥ Tul.NMOD
URITECMMT oYL XCX)» Y AN} o KTYPECIY »VALUELT N rANOLE LTS
8 FORMAT{ X2 IS, SNe2FL0. 5, 153X FLO.S+F10, 2
14 CONT INVE
. WRITE(NMT 4025
502 FORMATIIZ2{ -7}

£
£ CHECK NATURAL OR £FFLUX BOUNDARY CONDITIOM
1
NNAT=0
DO 3 IstsNNOD
NCII=NLT)
YeIymyen
IF(KTYPESL) ,NE, 3200 TO 3
NNAT=HNAT ¢
NNODP=NHOD4MNAT
WAT(I)eNNODS
COMTINUE
IFCMHAT . ED( 0) NNODP=NNOD

3
[
T PREPAPE SLOPAL MATRICES
C
C

v ZERD ARRAYS
ITERIFIXCSIMUL/DELT)
TOUT=IFIX¢QUT/DELTY
KOUT=0
DO 9999 I1Il=1.IYER
KQUTaKOUT+1
0D 3 1=1+NNODP

L Si11=0.
PO & I=1+MRODF
DO & II=1+NNORP
+ Pel-12)a,
PO 1000 Je=i NNOD
€. ACCONODATE DIAGONAL NODE
1= 4-1
IFC1.EQ.0)I=NNOD
K= i4l
IF{K.BT.NNOR}Ka§
TALL CAUCHIC el rksArRe el
Ad=A
BISANOLE{J} /160, 47141573
CALL CAUCHZ2(JrTeKrArBel DrAdeR)eP?
C.s ACCOMDDATE REMAINING CONTOUP NODAL POINTS
NELE=NNOD-2
BC 300 Kmi HELE
LSl s
IF (M. GT . MNOD)IM=-NACD
NeMil
TFCN.ET.NNODIHaN-NHOD
CALL CAUCHICHReRsArBrCoD2
CALL CAUCHZ! JrMrN:+ABrCeDrArBIP)
500 CONTINUE
100¢ CONTINUE

<
C PREFARE RELATIVE ERRDPR ANALYE1®
€

CALL CAUCHIINNDDP -WWT.P)

TIME=DELTSFLOATCITRIY
TFAKOUT EQ. I0UTICALL CAUCHATMNCDNWT,TIME,ID?

c
€ ASSIGN ROUNDARY NBDAL FOINT UALUES
[

D0 054 1=1.NNGD
IF(KTYPECT).EQ.2)G0 TO 7012
IFCKTYPELI) (ER. 3100 TO 701¢
REXI)=yaLUE(T>
REYC(I}=S(])
GOT0 Fo10
1015 REX{1)=S(DI)
REY(I)=VALUE L
ooTe 7010
7014 1I=NAT(I)
REX(1)uSCI)
REY(I)»Se 11>
7010 CONTINUE

CALCULATE RELATIVE ERROR VALUES
CALL HOWIREX+REY  HNOD NWT)KOUT IOQUT HIY - ID?

UPBATE THE NEW INTERMAL ANGLES AND POSITIONS
OF THE FREEZING OR THAWING FRONT

Aonn man

CALL FRONT INMODrNFES+NFREsCONDsYLAT (POR-DELTH1Y +KODED

[
€ OUTPUT THE NEN FOSITFIONS OF THE FREEZING OR FHAWING FRONT
[

IFIKQUT NE. IOUTMEQ YO ooff
JECID (ME. OIMRIVE(NUT40T}TINE
&0% FORMATIFo 8o "TIME = *yF@,24/)
WFITE(NET, 407}
&n3 FORMAT! /s &Xr "NEW LOORDINATES OF THE FREEZING OF THAWING FRONT*
e 0120 ‘NOBE" ¢ 2% "X =COORD: * » =¥ *Y-COOFRD, "¢ /)
10 £00 I=MFRS:NFRE
YA=NLIY
YhA=Y{I)
WEITE(HUT r 04 Yo XAr YA
(1) FORRATEI1X+TBo5X+FO. 48X FH. 4}
400 CONTINUE
WREITE (NWT 402}
xOuT=0
9898  CONTINUE
ELOSE/{UNIT=NRDY
CLOSECUNIT=NWT)
STO0f
END

r
C  SUPROUTIME EAUCK!
C

SURRQUTINE ClUCHlCJleHrA-va-D)
c IAPLICIY DOUBLE PRECISIONIA=-H 0-2)
COMMON/BLE 1/¥8100)
COMMON/BLE 2/Y (164}
COMMON/BLK F/KTYPE{100)
COMHON/PLK 7/ANBLEZ105}

[
€ SUBROUTINE TO DETERNINE POUNDARY ELEMENT SECMETRIC VALYUES
c
€

2+ CALCULATE VECTOR LENBTHS

FLNSORT Y (NI =Y () POFZHININI=ACII RN
XLH=SORT LY AMI-Y{ PR+ XL =X LS IT02)
X¥Y=ELNSNLN
AALDG{XNX?

c A=DLOG{ XLN/XLN>Y

C.. . DETERHINE ANGLE ARITHMETIC
IMA= XM =XL DI I/ XNLA
ZMYmiYEMI-YC DD SNLA
INXm (X M) =Xt J) 3 /XL
TIHYALY (NI-YL )/ XLM
CALL CAUCHI{ZNXrINYrANGLEN?
CALL CAUCHI(ZMX»IMY+ANBLEM)
B=ANGLEN-ANGLEN

€. «ACCONODATE CENTRAL AMGLE DETERMINAYION PNEINE BACKVARDS
IF{N.EQ.¢{J-1) .OF, N.EQ., (13060 TO %0

€. ALCONDDATE BRANCH-CUT EFFECTY
IF(R. LY =¥, 24157 F=R 44, 287E0T]
1F{B.6%: F,14159)0=0-6.28318353
a0TD %%

bl ] CONTINUE
F=ANGLET D

oy CONTINUE

C
C. . COMPLEX VARIABLE AKITHHETIC
c

Fud XN -XIMIVRE2HLYINI=TIMIITNZ
C=ARIX NI =Y (M} )=DRIY{NI=TiND)
Dabr (XIHI=XEMPIFARCYINI=YIND)
C«C/F

n=0/sF

RETURN

END

c-
SUBROUTINE CAUCH2(JsMNrAsBCsI0ALsFI-F)
[ IAPLICIT DOUBLE PRECISIONTA-H.0-1)
COMMONABLE 1/X01000
COMMOM/BLR 2/Y 11401
CONMON/BLE F/KTYPEC100!
COMMON/BLN 4/VALUVE 1990
VIRTUAL P1100-100)
COMHON/ELK &/841000
COMMON/HLY 2 /ANGLE 100
CONMON/ELA B/%ATL100)

[
€ SURSOUINE TO ASSEMBLE BOUNDARY ELEMENTS
€ INTO GLOBAL MATRIX "F" WITH VECTOR OF CONGTANTS "8
[
5
€  SUBROUINE Y0 ASSEMELE EBOUNDARY ELEMENTS
C INTO GLOBAL MATRIE *FP' WITH VECTOR OF CONSTANTE."§°
C
FeaJunJ4BoNR
A2=-AJIF
BIm-BJSF
Ji=3-1
IFC(H.EQ. HJYEETO 100
EELNCS

IF(N.EQ.JJIGOTD 10D

C..-ELENENT BOES NOT CONTALH MORE °t*

mEXE )X imIISL =LY L B - SYOMIIEDHL.
C’I(V"‘-I‘H))lb#fViJ! YiM}YRL
L3Imixsy LLARL LE RS AN Y | +3
Cam(KiNN=XANIYFDLY L -YINIIOC
CCi=CLiWAZ-PINC2
CC2=CLYR24C29AT
CC3=CIRAZ-CAVRL
CCanCARAZ+RINCY
Ci=CCy
C2=Ce2
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crefC3

C

.. AESIGN COEFFICIENTS 70 UNKNOWN HARNONIC YARIARLE
) IFIETYPEL ) EQ. 1360 TO S
£, DIAGONAL MODAL UNKRDOMN HAKBONIC IS THE STATE VARIAMLE
.. USE REAL EQUATIOM

gi=-C3

B2=Ca

a3=C1

Gax-C2

80 TO @
€.+ PLAGONAL UNKNDUN HARRONIC IS THE STREAM FUNCTION
LeaUSE IHAGINARY EQUATION
5 G1==L4

g2=-C3

fi=C2

GasCt
a IF{KTYFELM) EQ, 2}E0TO 10

IF(KTYRELH) .ED-3'G0TO 13
£...STATE VARIABLE SPECIFIED FOR NODE *M*

SrUYaS )~ (G1YPVALUE (H)

PlleMimPL i, M)I$EB2Y

60 TO T4
£.. EFFLUX SPELIFIED FOFE NORE 'n*
1T E01=Ee 1y
LY SELUNEE SRS ]
HERNAT (MY
LEEY AL EINEY LR o3
GO 10 50
.. 8TREAM FUNCTIONM SPECIFIED FOE NDDE *M!
10 SRS - (G2 IVALUEI N

LA T RELUREY LRI B

=0 IFIRTYPECNY EQ.2X00TD 42
IFIRTYPESMY EQ-21E0YH 4%

C...STATE VARIAELE SPECIFIED FOR BDDE "N*
FL e DB UALLELNY
FLINYRP O HY HAGA)
€0 7O 2%0

t.. EFFLUX SFECIFIED FOR NOPE ‘N

L] Sep=sa
POANPsPe 1N 463
NF=HATIN}

PrU NFIPe s NFI4EA
oe 1o 2%0

£,..STREAN FUMCTICN SPECIFIED FOE NODE “N*

&0 S B M- (GAIRVALLELN)
FLA-N'mPLIsH2$4ET)

6o TO 230

FOUNDARY ELEMENT CDNTAINS NODE *J°

A A

Ay IFAKTYPES 1Y EQ+2 (OR, ®XYYCES DY, EQ-T)G0 VO 110
41 ETATE VARIABLE SPECIFIED FOF MODE
Cav:USE 1MAGINARY EQUATION
IFCKTYPECHM) JEQ.IMPL Lo NP () rNY4AT
IFIKYYPE (NI (EQ LS00 uGt 1) -BIFUALVEIN?
IFLKYYPEINY JER. 2P Lo NP LI MY$RE
TFCKTYPE(N)Y (ER.2YS( N =S I-ATFYALUE (M)
IFCKTYPEINY NE: 3360 TO 113
C...EFFLUX SFECIFIED FOR NODE *N*
S{ eSS
144 ELAPIL ALY }4
ME=RATINY
PO HF YaF L NF Y AT
t1T  IFCKTYPECR) (ER,2Y50T0 11%
IFCKTYFE(MY EQ, JMBOTO 114
S NeSLIERIVVALUE (MY
FLIHIEPE 1 NI-AZ
G0 TO 200
115 SLAymSt JA4AZEVALUE M}
PLleMI=FLasM} ]2
20 TO 200
€. EFFLUN SPECIFIED FOE NQDE °M*
14 SCAymSL Y
PLIsHInPC I MI-B2
MFENATINY :
PLOrAF Y aP L ) WF)-A2
GO TG 200
€...STREAM FUNCTION SPECIFIED FOR MODE “J*
110 IFCETYPEANY (NE 1380TQ 120
S eSO -AZYVALUEINY
POJeNYmPl N} -8
60 TO 130
129 IFCKTYPECNY (HE: 2080 TO 111
C...EFFLUY SFECIFIED FOP MODE *M*
Srar=Si
P{eNIRPL e HILATZ
NF=NAY N}
FOIrHF P ) NFY-FY
G0 YO LIP
11 S mSi SV FETYVALLE MY
P daNYaR e NI HAT
13¢ IFINTYFE{M) ,NE L }GD 70 L4
S aEC NSATRUALUE(#)Y
PitsMiwP{ Sy MIFET
€0 10 240
140 IFAMTYRELM) NE TOED TD 132
C...EFFLUY SPECIFIED FOR NOME "M
|- LR LS LN
PO eMI=P i JrMI-AT
NEWHAT (WY
PelsnFhapd JrAFHEEZ
B0 YO 290
112 $10eS{ 1) -BZWVALUECM?
Pl M)aP L) HI=AT
200 TFOKIYPEL S (EQ.T}G0 TD 130

LASEF L SN LR ES IY
60 To 2%0

Ty EFFLUX SPECIFICED FORE MODE * 0%

150

L LT

i

1¢

113
100
120

JFuNATE N

MF=RAT (N
PEI=CRIIY-XIMIIROZILYE DY
DIZ=SORT(IITY

CLIF =Sl IF ) -VALUE: 129022
PLIFs JFhml,

e

LIF CKTYFESMY NE 2P L IF s m-],
TFCKTYPEIMS ED. JYPCIF +mFYIn—],
P{e HNePidr N1,

CONTINUE

RETURN

END

'TIME CAUCH?

SUPROQUTIME CAUCHILNNOD KUT P
IAPLICIT POURPLE PRECISIONC&-H,0-2)

THIS EUBROUTINE SOLUVES 4 MMNOP:NNOD NATRIN SYSTEN.
CAUSSIAN ELININATION METHDD USED.

YIRTURL Fr50Hy100)
CERMOM/BELE &/S0100)
MImNNOR-t

PR EO0 ¥X=]1.M1

K1uE+1

CaP(XeK)
IF/ARTICH - 0ODDHLEY10,10.7D
D@ 20 J=K1lsNNOH
IFCANSEF 4p K2 0- DOODGIN20-2001F
I 14 L=K,NMOD

CxPixeL}

P(KsL}nPO I, L

PiarLy=l

CaSi{K)}

b-18 o L LI

SIa1eC

CapixsK)

G0 Y0 7o

CONTTINUE

WEITE/NWT 1K
FORMAT{1Xs >330S INGULARITY IN FDW- rIZ}
GO 70 300

CxPINsK)

DD 80 =K1 NNOD

PR JI=F K I3 rC
S(KI=S(K)/C

PO *0 l=K1.NNOD

Copilvne

D0 #° JxKi.NNOD

Pels =P e ¥ =COPIE )

ST ST} -COSLK)

CONTINUE
IFCAESCPANRDD  NNCD I -, B00001130,304120
S(NNODI =S ENNODY /P LNNOD  NNGD )
D0 200 L=1+¢¥1

KuMNDP-L

KinK+l

BO 200 JeKirNNOP
SOO=30=FIK JOGE 3)

CONT INUE

RETURN

At

2

SUPROUTIME CAUCHSTNNGD: HUT  TINE ID)
IAPLICIT POUELE FRECISIONZA-HsO-IY
COMMON/BLE F/KTYFE{ 100D

COMMOM/ELK 4 /VALUEZ 109}

COMMOMN/BLK &750100)

COMRON/BLK B/7HATE1D9)

SURROUTINE FOR DUTEUT

IF4ID .NE. 9} RETURM
WEITE(NNTr10Y TIME

FORMATL /2771 ADX *CAUCHY PROGRAN RESULTS' ¢/ 2&XKy "TIME = *»FE. 42

MELTECNET 12}

FORMATC/réXs "HODE" 1 6Xr "ETATE 114X "STREAN' 5 725X ' HUKDER "+
CIX s VARIARLE  r12¥ s "FUNCTEON )

PO F0 Isl.NNOD

IFCETYPELLY (NE. T)}GO TD 20

1I=NAT I

WRITE{NWT  Z521 50135011

IFCKTYPECLS . EQ. IDNERTECNWT - 553 1/ WALUEL N FeSE 1
IF(KTYPECID) ER.2IWRITE/NHT 353125010 ) VALUES T
FORMAT(IX r [5¢SXeFL10, 400X F10 42

CONTINUE

RETURN

ENE

SUBRQUTINE CAUCHI (X, Y« AMGLE
INPLICIT DOUBLE PRECISIONIA-H:D-Z)

THIS SUERRDUYINE DETEERINES THE FOSITIVE ANELE
OF COHFLEY. FOINF X&iy w1TH RESFECT T0 THE OFISIN

FI=ACOE(=1.)
IF(X.EQ.D., AND. Y. ET.0.1ANGLE=.59F}
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IF4X.EQ.G: (AMD. Y. LT, G, 2ANGLEYL, JFFL
IFeX,6T.D: AND. Y-EE.fH:'ANGLE=aYANIY/X}
IFEX LT 0. (AND., Y.0E.0,VANGLE=PI-RATANI-Y X
TFe, LT 8, AND. Y.LT 0 JANGLESFTHATANLY/X)
IFex . 6T.¢. (AND. Y.LT 0. 'ANGLE=D ¥FI-ATANI-Y2¥)
FETUEN

SUBROQUTINE NOMIREXrEEY NNOB: NUT  KOUT« SOUT HLIY- [ D)
£ IAFLICIT POUBLE PRECISIONCA-H,0-2)
T
€ THES SUBROUTINE CALCULATES THE LIMITENG NOBAL FOLNT CALUES
C OF THE AMALYTIC H1 AFFROXINATION FUNCTIOM
c

COMRON/BLE L/XL109)

COMMOM/BLY 27¥(100)

COHMDN/ELY D /ANGLEL1O0)

PIMENSEON HIN/LOOMHIYI108)

DIMENSIGN FEX( 100X REVC [}

MAIN LDOF

LR

KPsRiyY
IFLIG  NE. 9rHOUT«0ORg
D0 208 =1, MNOD
HiXE)ymn,
20 H1YL =D,
IFCKDUT EQ, IOUT)WRITECN®T, 2
22 FORMAT (/20200 'CUREN RPPROYTINATION FUNETION NDDAL VALLEST ', 7.
CaXs "HODE» 8%y *STATE" - 14X "STREAN ¢ 7+ $X, "NUNBER* » I+ “VARTAFLE* r
C12%s "FUNCTION-
DO 1000 J=1rNHOD
[
g»....CllEULd?E POUNDARY ELEMENT LONTRIBUTIONS

010 500 Ka1rNNOD

KK=K41

IF(RK. OT . NNOD)IKK=1
IFCK.ER. J ORKX.ER. 1)GOFD 500

CAM.L CAUCMI{ K KK ArByCalr)

CL=REX (KK TUXL XKD J-REY KK DAY LI =T 1k
C-REXCKISIXC I X (RKI IFREYAKIFIYC JI-YIKK) }
C2mREX{KKIFIY L =YK p4PEYIERKI N IR II~NCEDY
CoREXIKIPLYLDI=VIKK) P -REVIKIFINL J3-XIKN2?
MY P =HIX(IE3CIRC-C20D

H1YL I mHLY ¢TI 4CIRDSC2YE

300 CONTLNUE

T
€10 0a  CALCULATE PRINCIPLE VALUE [ONTRIBUTIGNS
[

Ka jay
IF (K. LY. 1}k wMNOD
KEs J4§
IF{KK.GT . NNOB KK=}
LN ORTOUT KK - Y LI UM ZHIXIKK =R JIIPNTY
XLM=RORTCOYLE) =YL D) DR (XKD -XC I IRNZY
XXKeXLN/XLA
AJ=ALOG (XXX
[ ASSDLOGLXLN/XLNT
D= (350, -ANGLEL J)) /100,833,141
HIXCJPeHIXL I SREXCIIORI-REY( ) ¥B)
HIY () aHIY COAREXC D VB IHREY (1D 0A Y

o
c DIVIDE BY 2¢P[¥d
C

TENP=HIX' J)

HIXL ) =HIY () /4.2BT710

Hi1¥{ rm«TENP/5,28318

IF(KGUT EQ: JQUTSWRITE/NWT 4503 1y HINS JI+HETC DS
456 FORPAT(3¥ s I3+SKrFEQ. 2410 F10. 42
1900 TONTINUE

C
< CALLULATE NODAL FOINT RELATIVE ERROR
c
IFCKOUT LNE., IOUTIGO TD 290
WEITEINWT 530
350 FORBAT(///+10X, "NODAL FDINY RELATIVE ERROR VALYES!®)
DO 2000 I=1sNNOT
PASREXCIY=HIX(I2
DF=REYLII=HIY(I)
WRITE(MWT ) 430 [ BArDE
2000 CONTINUE
20% IF(ROUT LEQ. 999)KCUT=KP
RETURN
END

[
4
[utmmrr——ataem——— e ————— ————— —.————— -——————— - ——— m—————
[

SUBRQUTINE AMBLNNDD)
c

COMMDN/BLE 1/X{100)

COMMON/BLE 2/Y{100}

COMNON/BLK 7-ANGLEZ 124

[
C  THIS SUBROUTINE CALCULATES THE ANULE PFETWEEN EACH NCDAL FOINT
C

FloACOE .

DG 160 I«feNNDD
Imi-1

Jjel 41
IFLJL.ED, 9 ImNNOD
IFL 1. 0T.NNOD) =]
XJeXtjp-Xif?
LEALS TN NAES 48 8]

TIuTeFr=-¥eI)

YId=Y (=¥l

CALL CAUCHIIX):Y1 )bl

CALL CAUCHS(XJ,YJrAl)

ANGLEC )= CAJ«pl I 18D, /P

IFCANGLECT) LT 0y JANDLECL ' »ANGLE (13 £3580,
109 CONYINUE

RETURN

END

SUBRQUTINE FROMT (NNCD HFRS e NFRE:CONDrXLAT  POR,DELT (H1Y  KODDY

"€ THIS SUBRDUTINE CALCUALTES THE MEY IMTERNAL ANGLES ANE MEW POSITIONS

C OF THE FREEZING OR THAWING FRONT AFTER EACH TIME INCREMENY BY
€ SHIFTING THME PDSITIONS UERTICALLY DR NORMALLY.
C

COMMON/ELK 1/X{100}
CORBON/BLK 2/¥1{100)
CONMON/FLE 7/ANGLEL1D0)
DYRENSION 0¢30) hXP(30) YR (50D
DIRENSIBN H1Y{1Q0)
C
IO 50 I=1:30
S0 acfisg,
L. AFPROXIMATE THE EFFLUX RLONE THE FREEZIME FRONT
J=0
0O 160 Y=NFRS,NFRE-1
JEdkl
XEmXSLE4Y-X0La
YY=YCI#L}-YLT)
B1S=SORT(XXEXX4TVIIT)
FLUX= S9CONDYCHLIY (T#1=HIYIL)}/PIS
O¢1dmgi IV 4FLUX
QUSHE = JE LS FFLUX
100 TONTINUE

c
€ UPDATE THE HEW FREEZING FRONT
C

Jup
DO 204 JIsMFRS,NFRE
-

C.+BETERMINE THE NORMAL DIRECTION
LFCIPL BT, NNGDIIPI=L

IFCIML LT, 1)IM3=NNOb
PIwACDS!-1.)
LATETINE 13 §)
YARYCLHEL-Y(L}

CALL CAUCHS(XJs¥ JeAJ)
C...CALCULATE THE NEW FREEZING FRONT
BELS=0( J)#DELT/ (XLATSPOR)

1F(I.EQ.MFRS .OR. I.EQ.NFRE)GO T0 250
ANGL=, 51 (340=ANBLECT 1 ISP/ 180, 44
IFCKDDE .EQ, 2300 TO 220
Xpoliaxcl)
YPLI) mYC13-DELS
80 T0 200

220 XP(I}=X{I}$DELSTCOSIANDLY
YP(I)=Y{I}4+DELBKEIN(ANGL )Y
0 10 200

256 YP(I)s¥{13-DELSE2,
XPU1dex(l)

200 CONTINUE
BO 300 IeHFKS,NFRE
XCIyaxpi1}
Y{1>=YPLI}

360  CONTINUE

C.. CALCULATE THE WEW INTERNAL ANBELS
CALL ANG{NNDD}
RETURN
END
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