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SOLA — ANUMERICAL SOLUTION ALGORITHM

FOR TRANSIENT FLUID FLOWS

by
C. W. Hirt

B. D. Nichols
N. C. Romero

ABSTRACT

- NOTCE

This report was prepared as an account of work
sponsored by the United States Government. Neither
the United States nor the United States Energy
Res.earch and Development Administration, nor any of
their employees, nor any of their contractors,
subcositractors, or their employees, makes any
warranty, express or jmplied, or assumes any legal
liability or responsibility for the accuracy, completeness
ar \merulqcss of any information, apparatus, product or
process disclosed, or represents that its use would not
infringe privately owned rights.

A finite difference iechmnique is presented for solving the Navier-
Stokes eguations for an incompressible fluid. The technique, bas-
ed on the Marker-and-Cell method, is simplified to facilitate its use
by persons with little or no experience in numerical fluid dynamics.
Section I of the report describes the basic algorithm, SOLA, for
confined flows; Sec. Il describes modifications necessary for free or
curved rigid surface boundaries. Each includes a flow chart and a
FORTRAN listing. Sample problems show how to incorporate sim-
ple modifications into the basic code to adapt it to a variety of

problems.

INTRODUCTION

Numerical techniques have been used to solve
time-dependent incompressible fluid flow problems
for well over a decade.! One of the best known
techniques, the Marker-and-Cell (MAC) method,>
uses an Eulerian finite-difference formulation with
pressure and velocity as the primary dependent
variables. This method, originally developed
specifically for problems involving ifree surfaces, is
equally capable of treating flows in confined regions.
The basic MAC technique, which has been improved
and extended,”® has been used by researchers
around the world for many different applications.
The essential ideas of the MAC solution procedure
are summarized here so that this report may be used
as a self-contained guide. The best description of a
sophisticated MAC code, including a flow chart and
a FORTRAN computer listing, is given in Ref. 7.

This report describes a highly simplified MAC
code, SOLA, that does not use marker particles and
does not have built-in setups for internal obstacles or
other complicating refinements. SOLA is designed

for persons with little or no experience in numerical
fluid dynamics. In addition to serving as an instruc-
tional tool, its purpose is to demonstrate that many
useful and difficult problems can be solved without
large, complicated computer programs. SOLA also
provides a basis for developing many new numerical
capabilities.

The basic solution technique tn SOLA, for incom-
pressible fluid flows without free surfaces., is
presented in Sec. I of this report. The equations solv-
ed are the Navier-Stokes equations in two-
dimensional plane or axisymmetric coordinates.
Boundaries of the rectangular computing region can
be chosen (1) as rigid walls with free-slip or no-slip
tangential velocities, (2) as specified inflow or out-
flow boundaries, {3) as continuative outflow boun-
daries, or (4) as periodic boundaries. Internal walls
and obstacles or sources and sinks can be added by
inserting additional boundary conditions in a special
section of the code reserved for this purpose.

Section II describes a simple extension of the
SCOLA code that permits a free surface or curved
rigid boundary (free-slip) to be located across the top

HASTR
s",.;.H ‘:‘! ~ kB

SO NN PN TE N S

{1



or bottom of the fluid region. These surfaces are
defined in terms of their height, H{x,t) for the top
surface and HB(x,t) for the bottom surface, with
respect to the bottom of the computational mesh.
Although the surface must be single-valued func-
tions of the horizontal coordinate x, many useful and
interesting problems can be studied by using them
in different combinations.

The basic solution algorithm contained in the
SOLA code also serves as a good foundation for
developing new codes with other capabilities. For ex-
ample, a scalar transport equation for density (or
temperature) can be easily added to investigate
buovancy-driven flows and flows of stratified fluids.
With some modifications of the basic equations, the
SOLA solutio. algorithm has been adapted to
saturated or unsaturated tlow in porous media. to
three-dimensional shallow water motions, to a drift
flux approximation for two-phase flow. and to
almost three-dimensional flow of air or water over
variable terrain for pollution dispersal models.®
Fully three-dimensional, time-dependent
calculations have also been make with a straight-
forward extension of the SOLA code persented here.

For persons interested in performing their own
calculations, Sec. I contains a simple flow chart, a
descriptive list of input parameters, a FORTRAN
computer listing for the basic SOLA code, and out-
put from a sample test problem. Section Il has a
similar flow e¢hart and FORTRAN computer listing
for the code version, SOLA - SURF, which contains
the curved surface options.

1. SOLA — BASIC SOLUTION ALGORITHM
FOR CONFINED FLOWS

A. Equations of Motion

The differential equations to be solved are written
in terms of Cartesian coordinates (x,y). For cylin-
drical (axisymmetric) coordinates, x is the radial
coordinate, y the axial coordinate, and several ad-
ditional terms must be added to the basic equations.
In the following equations, these are included witha
coefficient £, such that §{ = 0 corresponds to plane
geometry and £ =1 corresponds to cylindrical
geometry. The SOLA code uses the input parameter
CYL instead of £.

The mass continuity equation is

.g%+—g;!+g%=0. 1)

The equations of motion are the Navier-Stokes
equations:
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The velocity components (u.v) are in the coordinate
directions (x,y), p is the ratio of pressure to constant
density, and (gx. gy ) are body accelerations. The
kinematic viscosity coefficient is denoted by the con-
stant v.

B. Finite Difference Considerations

The finite difference mesh used for numerically
solving the above equations consists of rectangular
cells of width éx and height dy. The mesh region con-
taining fluid is composed of IBAR cells in the x-
direction, labeled with the inde.x i, and JBAR cells in
the y-direction, labeled with the index j. The fluid
region is surrounded by a single layer of fictitious
cells (or phantom or bouridary celis) so that the cells
in the compleie mesh total IMAX = IBAR + 2 by
JMAX = JBAR + 2 (see Fig. 1). Fluid velocities
and pressures are located at cell positions as shown

JMAX e
AR+ ] i
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IBAR+! IMAX
Axis of Symmetry when cyl=1

Fig. 1.
General mesh arrangement, Fictitious boun-
darv cells are shaded.



in Fig. 2. u-velocity at the middle of the vertical
sides of a cell. v-velocity at the middle of the
horizontal sides, and pressure at the cell center.

The finite difference notation used in this report
Is:

p?,j = pressure at center of cell (i,j) at time level n
o . = x-direction velocity at middle of right side
i,i . .. .
- of cell (i,j) at time level n
'; = y-direction velocity at middle of top side of

cell (i,j) at time level n.
Subscripts are used for the cell location and
superscripts for the time level at which quantities
are evaluated such that t = nét, where 6t is the time
increment. In most MAC reports fractional indexes
were used to represent guantities located at cell
edges, e.g., Uis172.j to denote the x-direction velocity
on the right-hand side of cell (i,j). In a FORTRAN
program, however, fractional indexes are not allow-
ed. Therefore, for consistency, all difference
equations are written here as they appear in the ac-

tual code. . )
The difference approximation representing the

continuity equation, Eq. (1), for a typical cell (i,j) is

Vi,
it~

t

Ui-1,; Pi,} T vii

-—&
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Fig. 2.
Arrangement of finite difference variables in a
tvpical cell.
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The difference equations approximating the
Navier-Stokes equations, Eq. (2}, are,
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where the convective and viscous fluxes are defined
as
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All quantities in the above convective and viscous
fluxes are to be evaluated at time ndt. The coef-
fictent « in these expressions gives the desired
amount of upstream {donor cell) differencing; that
is, when « is zero these difference equations are
centered in space and correspond to the original
MAC formulation.? The centered equations,
however. are numerically unscable® and generally
require some viscosity v to remain stable. When a is
equal to unity the equations reduce to the full up-
stream or donor cell form, which is stable provided

the fluid is not permitted to cross more than one cell
in one time step. In general, o should be chosen
slightly larger than the maximum value of

occurring in the mesh.

The velocities computed according to Eqs. (4) will
not, in general, satisfv the continuity equation, Eq.
{M, In the MAC method this incompressibility con-
straint is iinposed by adjusting the cell pressures.
For exampie, if the divergence of a cell, i.e.. the left
side of Eq. (3), is negative corresponding to a net
flow of mass into the cell, the cell pressure is in-
creased to eliminate the inflow. Likewise, when
there is a net flow out of the cell the pressure is
decreased to draw it back. Because there is one
pressure variable for each cell, the divergence for
each cell can be driven to zero in this way. The
pressure adjustment must be done iteratively,
however, because when one cell is adjusted its
neighbors are affected. The iteration in SOLA
proceeds by sweeping the mesh rows from left to
right starting with the bottom row and working up-
ward. For each cell encountered, the divergence D is
computed using the most current velocity values
available. The pressure change ép required to make
D equal zero is,

Sp = = D/[Z»St (—172 + -1—2)] . (5)

The new cell pressure is then p;j;+ ép, and the
velocity components at the sides of the cell are ad-
justed to reflect this change,

u . wa,  +Stoe

i,] i,] Ox

R _Sré
Yi-1,5 © Yi-1,j 5x

St é

_ stép
Vi1 T Vi,5-1 T gy . (6)

Equation (5) is derived by substituting the right
sides of Eqs. () into the divergence condition, Eq.
(3), and solving for ép.

In some cases, convergence of the iteration can be
accelerated by multiplying ép by an over-relaxation



factor «. A value for w that is often optimium is 1.8,
but in no case should w he larger than 2.0; otherwise
an unstable iteration results,

Because the factor multiplying D in Eq. (5) is con-
stant for all cells, its product with « is denoted by
BETA in the code and computed automatically in
the setup section,

BETA = mI[ZGc (6_12 + El_z)] . 2]
x ¥

Convergence of the iteration is achieved when all
cells have D wvalues satistving the inequality
iD/Dy| < ¢, where Dy is some reference value, and ¢
is typically of the order 107" or smaller. In practice
D, typically equals unity and ¢ is adjusted to the
desired level of accuracy. In this sense D, is
superfluous, but it serves as a reminder that an
acceptable convergence level must be chosen for
each problem.

C. Summary of Steps in a Calculational Cycle

The steps involved in completing one
calcuiational cycle are (1) computing guesses for the
new velocities for the eatire mesh from Eqs. (4),
which involve only the previous time values for the
contributing pressures and velocities in the various
flux contributions (1000 section)* and (2) adjusting
these velocities iteratively to satisfy the continuity
equation, Eq. (3), by making appropriate changes in
the cell pressures (3000 section). In the iteration,
each cell is considered successively and is given a
pressure change that drives its instantaneous veloci-
tv divergence to zero. Finally, when convergence has
heen achieved. the velocity and pressure fields are at
the advanced time level and may be used as starting
values for the next cvele,

D. Boundary Conditions

Up to this point, we have avoided applying boun-
dary conditions. However, they are easily imposed
by setting appropriate velocities in the fictitious
cells surrounding the mesh (2000 section). Consider.
for example, the left boundary of the computing
mesh. If this boundary is to be a rigid free-slip wall,
the normal velocity there must be zero and the

*Numbers refer to statements in the SOLA program
listed in Sec. G.

tangential velocity, should have no normal gradient,
i.e.,

for all j.

If the left boundary is a no-slip rigid wall, then the
tangential velocity component at the wall should
also be zero and the conditions imposed are,

for all 3.

These conditions are imposed »n the velocities
resulting from applying Eqs. (4), and are imposed
after each pass through the mesh during the pressure
iteration.

Continuative or outflow boundaries always pose a
problem for low-speed calculations, because
whatever prescription is chosen it can potentially
affect the entire flow field upstream, What is needed
is a prescription that permits fluid to flow out of the
mesh with a minimum of upstream influence. In this
code we have used a continuative boundaryv condi-
tion that involves setting. for the left wall, for exam-
ple,

Y1, 7 2,3

for all j.

V1,5 T V2,3

These conditions, hewever, are only imposed after
applying Eqgs. (4) and not after zach pass through
the mesh during the pressure iteration. During the
iteration the normal boundary velocities can vary
with the changes in pressure, as any interior velocity
component.

For periodic boundary conditions in the x-
direction, the left and right boundaries must be set
to reflect the periodicity. This is easiest when the
period length is chosen equal to (IBAR-1)éx. Then
the boundary conditions for the fictitious cells on the
left are



1, “IBAR,j
for al1 j ,

¥1,1 ~ ViBAR,j

and on the right

1,1 7 VIBag,3

F2,5 " P1BaR 41,3
for all j.

¥2,3 © ViBaR 41,3

1,3 7 VIBAR,j

In this case these conditions are imposed aiter
applying Eqs. (4) and after each pressure iteration.

Boundary conditions similar to those for the left
wall are used at the right. top, and bottom boun-
daries of the mesh. Of course. the normal and
tangential velocities at the top and bottom boun-
daries are v and u, respectively.

For convenieace the SOLA code has been written
s0 that any of the ahbove boundary conditions can be
automatically imposed by setting input numbers.
The appropriate input number for the left wall is
designated WL, where

1, rigid free-slip left wall
2, rigid no~-slip lefr wall
Wi = 3, continuative outflow left wall

4, periodic in x (provided WR=4) .

Similar input numbers are used for the right boun-
dary (WR), top boundary {WT), and bottom boun-
dary (WB). Clearly. when periodic conditions are
desired in a given direction. both boundaries in that
direction must be assigned wall numbers of 4.

To increase the usefulness of the basic code.
specified inflow and outflow boundaries and
obstacles inserted within the fluid region are
desirable. In the case cof obstacles, if restricted to
those that can be constructed by blocking out cells of
the computing mesh, we can add to the existing
houndary conditions additional velocity prescrip-
tions for the interior and houndaries of the ohstacles.
A place has been reserved for such special boundary
conditions {2500 section) at the end of the main
boundary condition section (2000 section). Several
examples are included in the sample problems in
Sec. F.

E. Numerical Stability Considerations

Numerical calculations often have computed
guantities that develop large, high-frequency os-
cillations in space, time, or both. This behavior is
usually referred to as a numerical instability, es-
pecially if the physical problem being studied is
known not to have unstable solutions. When the
physical problem does have unstable solutions and if
the calculated results exhibit significant variations
over distances comparable to a cell width or over
times comparable to the time increment, the ac-
curacy of the results cannot be relied on. To prevent
this type of numerical instability or inaccuracy, cer-
tain restrictions must be observed in defining the
mesh increments 6x and déy, the time increment 6t,
and the upstream differencing parameter «.

For accuracy, the mesh increments must be
chosen small enough to resolve the expected spatial
variations in all dependent variables. When impossi-
ble because of limitations imposed by computing
time or memory requirements, special care must be
exercised in interpreting calculational results. For
example, in computing the flow in a large chamber it
is usually impossible to resolve thin boundary layers
along the confining walls. In many applications,
however, the presence of thin boundary layers is un-
iraportant and free-slip boundary conditions can be
justified as a good approximation.

Once a mesh has been chosen, the choice of the
time increment necessary for stability is governed by
two restrictions. First, material cannot move
through more than one cell in one time step, because
the difference equations assume fluxes only between
adjacent cells. Therefore, the time increment must
satisfy the inequality

3 dy
6t<min{ﬁl,rj‘(} s

where the minimmum is with respect to every cell in
the mesh. Typically, 6t is chosen equal to one-fourth
to one-third of the minimum cell transit time. Se-
cond, when a nonzero value of kinematic viscosity is
used, momentum must not diffuse more than ap-
proximately one cell in one time step. A linear
stability analysis shows that this limitation implies

With 46t chosen to satisty the above two ine-
qualities, the last parameter needed to insure



numerical stability is «. We have already noted in
Sec. B that the proper choice for « is

As a rule of thumb, an « approximately 1.2 to 1.5
times larger than the right-hand member of the last
inequality is good choice. If « is too large an un-
necessary amount of numericai . moothing
(diffusion-like  truncation  errors) may be
introduced.”

F. Sample Applications

A cross section of calculations done with the
SOLA program are brietly described here. In each
case the basic code has been supplemented with
special boundary conditions to define the specific
problem being studied. These changes are inserted
into the code (2500 section) at the end of the main
boundary condition section.

1. Flow About a Cylindrical Can. To compute
the flow about a evlindrical can moving at constant
speed in an axtial direction, the SOLA program is set
for cylindrical coordinates (CYL = 1.0). Figure 3
shows the mesh arrangement, which consists of 20
cells in the radial, x-direction (IBAR = 20), ana 40
cells in the axial, y-direction (JBAR = 40). The
cylindrical can is composed of 5 by 10 cells (2<i<6
and 12 < j < 21). In this region, and on its boundary,
the fluid velocity is maintained identically zero by
inserting the following statements inio the special
boundary condition section:

0 fori=1,..., 6 and j=12,..., 21

«
#

0 for i=1,..., 6 and j=11,..., 21 .

<
n

The mean flow field is generated by defining, in the
special boundary condition section, a constant axial
velocity VI across the bottom of the computing mesh
(WB = 1),

Vi1 © vl for i=2,..., 1M1,

where IMI1 = IMAX-1. A continuative outflow
boundary is used across the top (WT'=3), and rigid
free-slip boundaries are used along the mesh sides
(WL = WR = 1). See Fig. 3 for a complete list of in.
put parameters. Definitions of all the code
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Fig. 3.

Initial velocity field and input parameters for
calcwlating flowe about a exlinder. Left edge of
mesh is axis of svmmetry, Vectors plotted as
dots indicate centers of cells within the
cvlinder.

parameters aie listed at the beginning of Sec. G,
which contains the SOLA FORTRAN listing.

Figure 4 shows the computed velocity field at time
t = 8.1 (81 cycles with §t=0.1). Each vector
originates at the center of a computational cell and
is drawn with a direction and magnitude propor-
tional to the average of the velocity components
located at the cell sides.

=3
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An interesting variation of this problem is to move
the right boundary nearer to the cvlinder, to impose
periodic boundaries in the axial direction
(WB = WT = 4), and to impuse a constant pressure
drop across the tlow. The resulting calculation then
simulates the transport of cans in a pneumatic
tube. ¥

2. Flow Over a Recessed Highway. Obstacles
with boundaries cutting diagonally across cells can
be represented by stepped obstacles. For example, to
compute the flow across a notch with sloping sides.
as shown in Fig. 5, the following boundary conditions
were inserted in the special boundary condition sec-
tion; for the left slope

VERRRLE YR
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RN NN EREN Y
RN NN
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Fig. 4.
Velgeity field generated by transluting cvlinder
at t =8.1.

A steady state is not reached in this calculation,
because the recirculating wake region continues to
grow in length behind the cylinder. A periodic shed-
ding of vortexes (i.e., vortex street) does not develop
because of the imposed axial symmetry.

The first cycle of this calculation requires a large
number of iterations to achieve convergence,
because the initial condition V = VI everywhere out-
side the cylinder is a poor first guess. Convergence
can be improved by defining the outflow velecity at
j = JM1 (M1 = JMAX 1) to be equal to VI for the
first few cycles.

8

‘ P2 1evae, (21-3)
u = v, =0 for
i, i,3
{5 2,0.., 11
and for the right slope
! i=(26+3),..., 1M
u s 0 for
> [i-2. 1
1= (2743),..., IM1
¥, . =0 for
£ed j=2, 11 .
1BAR=  w.50000€ +01
JBARs 2. 00000t +0}
DELX= 2.00000E-01!
OELY= 2.00000€-01
OELT= 5. 00000E-02
NUs O
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W8 },00000500
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Fig. 5.
Initial velocity field and input parameters for

flow over cut highway.



These conditions approximate a no-slip boundary
cutting the diagonals of the obstacle cells adjacent to
the fluid cells. These same conditions also ap-
proximate a free-slip boundary cutting the diagonals
of the fluid cells adjacent to the obstacle celis. In the
latter case, however, the tangential stress is not zero;
therefore, this free-slip condition onlv works when
the viscous stress terms are omitted from the
equations of motion {#=0), Different slopes can he
obtained by appropriately adjusting the ratio 6x/6y.

The notched mesh described above has been used
to compute the wind field near a sunken highway. A
cross flew was generated by inserting into the special
boundary condition section.

= = 12, ..., JMi.
ul,j Ul for j » s

Boundary conditions input for the basic mesh were
rigid free-slip walls (WL = WT = WB = 1) except
on the right wall. which was 2 continuative boun-
darv (WT = 3). In all cases, the special boundary
conditions override the input conditions hecause
thev are located at the end of the basic boundary
condition section. Figure 5 gives other input
parameters.

The resulting flow field at t = 20 is shown in Fig.
6. A large recirculating eddy is shown in the highway
notch, This tvpe of flow structure has a significant
effect on the dispersal of automobile pollutants.

3. Water-Cooled Reactor Model. A model
simulating the core region of a pressurized water-
cooled reactor can be easily set up in the following
way. Axisymmetric coordinates are used
fCYL = 1.0) with the mesh arrangement shown in
Fig. 7. An inflow collar is located at the upper right
corner, and is defined by assigning usso = uze
= uma = —1.0 in the special boundary condition

P

Fig. 6
Velocity field at t = 20.0 shows large recireula-
tion in highwav cut. Center of recirculating
eddy is shifted dowenstream from the center of
the cut.
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¥iz -3.00GC0E«00
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MGz 31.T0000ECO
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Wiz 3.00C00E«00
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1
!
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I
|
!
|
!
|
f
|
|
!
)
!
1

. e e e e e e e e e i = —— e T —— —— o
e e e e = . —— - 2 " _—————— —— — — — — — —
o e e o e e - . —_—————— ——— o — N NN

-
Fig. 7.

Initial velocity field and input parameters for

simulation of reactor core and downcomer flow.

sectioni. The top boundary of the mesh is defined as
an outflow houndary. except for the four outermost
cells. For these last cells, the conditions set in the
special boundary condition section are v = 0.0
for 1 =18, -, IM1. The cylindrical collar
separating the central core region from the outside
boundary is defined by inserting into the special
boundary condition section,

= 0.0 for j=12, JM1 ,

Y16, © Y17,5 ~ Vi7,j

v”’11 = 0.0

A frictional drag was used in the core region to repre-
sent the influence of control rods, supports. and
other plumbing. This drag was inserted in the region
2 <1<16,12 <j < JMI1 by adding to the right side
of the u; equation in the temporary velocity
calculation (1000 section) a term equal to —«dt u? .,
and adding to the vi; equation a term equal to
—Kdt v?;,j . Other drag expressions can just as easilv
he used and can be defined as functions of space and
time. The initial velocity distribution was defined in
the setup as v = ~1.0 in the outer collar and

9



= +0.64 in the inner core. which gives the same
ameunt of mass moving upward as is moving
downward.

Figure 8 shows a comparison of two calculations,
one with the drag coefticient x equal to zero (A) and
the other with « equal to unity (B). With no drag
there is a long narrow recirculation region in the core
next to the outer wall. The addition of drag
eliminates this recirculation and forces the flow in
the core to be nearly uniform. In both cases there is a

small recirculation region in the lower right corner of

the bottom plenum.

Many variations of this basic setup can be imagin-
ed. For example, the inflow and outflow can be
defined as arising from a fixed external pressure drop
rather than a fixed inflow rate. Also, a rounded bot-
tom for the lower plenum might be approximated by
using a stepped boundary in the bottom right corner.

G. Details of the SOLA Program

A conceptual flow chart and FORTRAN listing of
the SOLA Program is given in this section. The
numbers beside some of the boxes in the flow chart
refer to statement numbers in the main program
where those instructions appear.

To set up a problem, program in whatever special
huoundarv conditions are desired, if any, in ihe 2500
section and define any special initial conditions in

the 100 section. The basic input parameters that
must be defined for every problem ore as follows:
1BAR = number of cells in the x-direction (ex-
cluding boundary cells)
JBAR = number of cells in the y-direction (ex-
cluding boundary cells!
DELX = éx = width of cell in x-direction

DELY = by = height of cell in v-direction
DELT = 6t = time incremem
NU = v = coefticient of kinemaiic viscosity

CYL = & = geometry indicator (1.0 for cvlindricai
coordinates, 0.0 for plane coordinates)

EPSI = ¢ = pressure interation convergence
criterion

DZRO = D,scaling factor for convergence test

GX = g = body acceleration in positive x-
direction

GY = g = body acceleration in positive y-
direction

Ul = x-direction velocity used for initializing
mesh and/or setting special boundary con-
ditions

VI = y-direction velocity used for initializing
mesh and/or setting special boundary con-
ditions

VELMX = maximum velocity expected in

problem, used to scale velocity vector

plot

TWFIN = problem time when calculatlon is to be

terminated

T P T T T e CWPRT = number of cycles between long prints
SRR B R R R R R R RN R ER N N output on paper
A T, CWPLT = number of cycles between plots and
it H;’H:..'.”)// ! HHHH:”/ listings to be output on film
ftmffi T e OMG = w = over-relaxation factor used in
. H:' RO pressure iteration
! Il e / ; ; Vives, ALPHA = « = controis amount of donor cell flux-
{ P [ T ing (1.0 for full donor cell differencing
l i = f b o and 0.0 for centered differencing.}
ool {11, WL = indicator for boundary condition to be used
{ R f1ee-: along the left side of the mesh (1.0 = rigid
\HQ: . “ e free-slip wall. 2.0 = rigid no-slip wall.
ULV AR 3.0 = continuative boundary, and
ARRRRANNNIS T AR = eriodic bou '
FHVVNNNNG HE PP VAV A NN~ 4.0 = periodic boundary)
H : : ‘\t\li::::\*’ A L ; t:\::::\\-\—;/;/ ! WR = indicator for boundary condition along
|\\\\\\\\~\\:::::/,i: §\\\\\\\\\‘:::::Ci:: right side of mesh (see WL)
OSSR B NN A AR WT = indicator for boundary condition along top
N P N A A of mesh (see WL)
BRSSO  BERSEEESSOSEESEREEN: WB = indicator for boundary condition along bot-
] tom of mesh (see WL).
(a) o (®) The following listing of SOLA is for a CDE-7600
Fig. 8. computer at the Los Alamos Scientific Laboratory

Comparison of tico calculations of flow in reac-
tor care: (A) with no core drag and (B) with
drag.

(LASL). The program, in FORTRAN 1V, should be
compatible with other machines, except for some of

10



the control cards and some of the subroutine names
uacd for film output.

H. Sample Test Problem

To help debug new SOLA codes, this section con-
tains listings trom a simple test problem. The
problem is to compute the flow generated in viscous
tluid in a square cavitv when the top boundary of the
cavity is umpulsively set into motion parallel to
itself.

The sample problem uses a crude 5 x 5 mesh, i.e.,
IBAR = JBAR = 5. Mesh
= sy = 0.2 corresponding to a cavity one unit
square. All boundaries aie no-slip walls
(WL = WR = WT = WB = 2.0).

The fluid is initially at rest (Ul = VI = 0.0} and
has a coefficient of viscosity of v = 0.4, The sliding of
the top boundarv is imposed by inserting into the
special boundary condition section (2500 section}

ui,JMAX = 1.0 for i = 1,IMAX.
Strictly speaking, the top boundary is located

midway beiween uiinvax and uiimax-1 so that the
average of these two velocities should equal unity,

ie., -

for i=1,IMAX .

ui,omax - 20 7 Yy Akl

However, for this test problem the less accurate hut
simple expression was used. A complete list of input
parameters is included in Fig. 9.

1BAR= 5.00000E-00
JBAP+  5,00000£+00 | —
DELX= 2.00000E-0F | - TTTTTT el N
DELY= 2.00000E-01 !
DELT~ 2.00000E-02 :
NU=  Y4.00000E-01 }
CvL= D, 1 - E
EPSI= 5.00000€-03 |
DZRO=  |.00000E+00
Gx= 0. , _ )
oY= 0. ! S
ul= 0 i
vi= 0. !
VELMX= 3.06000E-O1 !
TWFINe  2.000006+00 | !
CWPRT=  1.00000E+03 ; i
CWPLT= 1.00000E+01 | |
OMG=  1.70000E+00 '
ALPHA= 1.20000E-01
W= 2.00000E+00 )
WR= 2.00000E+00
WT=  2.00000£+00
WB= 2.00000€+0C

Fig. 9
Velocity field at t = 1.0 and input parameters
for sample test problem of viscous flow in a
cacity,

increments are ax -

In this problem no velocities are expected to ex-
ceed the top boundary’s. Therefore, the accuracy
and stability condition that fluid not convect more
than one cell per cycle is

§t < 0.2 .

The diffusion stability condition requires

Thus, this problem is controlled by diffusion. The
time step chosen for the calculation was 6t = 0.02.

Table I lists the computed results after 1 cycle. 10
cveles, and 50 cycles. The flow field reaches steady
state by approximately the tenth cycle (1 = 0.2).
The velocity field at t = 1.0 is shown in Fig. 9. The
total calculational time (CP time) for 100 eycles of
calculation on a CDC - 7600 computer was ap-
proximately 6 s, including film output every 10
cycles.

TABLE I

SOLA TEST PROBLEM

TERs 15 Tlves  24vPeddbese CylLes i
v v #

-y de e

b *9, 51 0ukegl [

d, “d,dlcorEm22 e

"y LETRTRS P X P Y] Ve

Ay "9, Ve St ar? vy

. €, ‘e

Rebhdindbeyy vy e

LITEIETL I Y]
=5S5espe=dy
desTTidteve el boliebeuy
9. ¢G4 it =de ~l,ces82bele
3 “relidocteds

9, 510Bufwss
242178702

g 02CAltmrS
wl, T udbes?
EEV-IrS YaR g4
=4,0ls05¢

vy
«8.587. Q¢ msy
e, 27r0 e
22599t mie *5,08rGPf -]
cotrus/teetd =7, 4duitmy]
ity ®lor 2292t et

S,43472LmAs
-1,95751t =07 3.214095t =072
w5,1%412t =02
5,297 P9l ml

1,180t 4]

towlocifa,?
LI PY-LV- T
*l,9023%t=¢2
-3, 17000k =ue
-4h,29939t~22

[
“doiloTele/]
=daldlsnc=l
®l.12aBAt =]
=c i2/t =)

“e TBETLE=3Y
14537P5E~25
¢yt TELed>
9,9168 7t o

-4-4~nwooaoaom\;mu-u-m=:xL::v-m..am.‘-ur_wmmn.r\:-—n—-»u_-.-..
eu‘cuv\.-—-own|..~.-ou-gum»ou-:u-m—vu-:un.-am:mm-—o-ﬁ:u.m—g_

1,18971 k=] Yy =c,12b2ited]

9,4uuSEed} 2. P

=9, cugablms LR IY AL L] b EHUYEEeg
“1,28495E=002 el ,Zle95tede *l.5%Irobt=ve
#2,27e50ta3¢ el 18 2R md2 1.+v5389% ey}
mu, 61052t @02 =g tddTh~¢2 3a17217E=0

9,89235L=ve 'R 5.9T7unSE=ry
-, 2, Ve

o, LI E 2,157 40602
<y =2,1900t=22 1.ie98Tts01
2, U GBYP b el 3 8224BEed)

", =9,29080k~0¢2 1.79169k-01

2, ¢, ¥.68823Ev00
-, 8, Y

By 10 21F=e3 LN

e ¢,19061t=ve €,

9, Y ub922Ee 22 -

2, 9,d9068t =22 2,

4, [N €.

11



FEL B LWt o U R AR N e e et e e s e

NNNNNNCO DO RO RV TNy

-

-
o
=

Dw&uru»-vwgv-w-vwcmm»ou‘kum-b:ttu-m»—od:v-v\.-awt\.m.—c.

Tivt=

Yo
1, 0500uf a2
“1,0599ukad2
“3,917titeae
=5, 87clstmie
a3, T311 9t enl
1,49009E =41
3,57745F=,2
«5,57789t=ve
=7,55241tecd
9, dudantmd
=3,015.ve=2d2
ENTrS. TNy
3, ec2b0Emde
<3, op2boked?
$StvILbede
*G 5 uvEed?
*3,9175 k=d2
2g4ulbut el
1,6Bu)2tvs2
=hy6d412k=02
*3,98¢25E~¢2
«5,8739aE=u?
3, 73948E=02
1,58981E=a1

condcbitast]
]

<.

mlooudBlEes?
“3¢573B5k a2
“leticcole)
1 49¢Paked]

2.

Lenacdcteay
Ge57s85E=c2
letlocotedy
9 P9t m 0y

v
1,93130krae
EPRETLLIR Y P
Fenueb2ut=2
9, 59882 mgd
2,

dy

U, enldit=ny
0e37uB5tedy
1,58586€-u3
14279%2E-02
<,

5
el 50222t =2
Sd]dukeg
«9,35258E-22
«9,51 7982
"N

4y
~ldbodoREws2
*5405414tage
ety 13430Enp]
“}5d89BFmgy
Ca

¢y
Lebb360Enge
Se05slak=p2
Lot ¥4Jut=g}
LySE898L =21
2,

TABLE 1 (cont)

LYCuta 1¢
»

-3a78920t 01
®i,Qcubbted]
S5.1/154tev]
elevidbobey:
2 11053k ey
e
*Cat65e5Ea0)
ed ultlcEedl
g 195258
=be51856t ey
=9,206516t~a1
Ve
wiyb2dloEmal
sl,daobcEml
EE AT PTTEN N
=Cox3/eE~e)
=1,98434k=8]
Yo
“Tut3up2Eeu
b, uTufvbeve
d.1925570we2
PebudSitedy
5.53562EL=01
4y
*5,8]1084Ew2
“d,{4782Ed2
§eSuldGuEen)
b.g008F =01
1./8625Evdy

ITgne

NNNANNANS U OO O U U DU PUELEC &L £ i ot 4 TR R R U R o o o e e as o

0‘ﬂ=u-ow=u~—0ucum—awtum'—n\r:u—m—om:mw—ou‘J LN

Times 1,000k e s
Y

ORI

elate T T e

1,08371F =02
.f,083T1E=0 2
-5, 0G2A9Em e
25,60 592t =2
3, 08Utk
L, 9%9ckmyy
5,08231L-92
@3, 6E25 k2
e7,0%07chend
«9, U thE-d2
«3,79152t=02
2 4bouTE ey
3, 7R737E~22
=3, T TuTtee2
o7, TdBuvE=d2
-9, S4BT IE=2
-}, 79480E=02
2,479s5E21
1, Tldo5E=82
w1, 716bSE~22
.4, MH705E =22
w5, 70820k w02
3, nBb8uEmnd
1,51058E=21

v

Ve
wl,ooenlit=d¢
ah ol
L ion5rEed)
.l GGt =ty

Ve

L1

1,087t =de

Sep8loeLmN2

1,02%5¢e =0}

1,-9c9CE="Y
yl'

2,
1,99363kere
b,09YUSEald
9,588272t-42
9,095b7E=u2
¥y
2evibniledu
6,921 8E=04
1.003%9E=03
ISFLYATIRT
Q.

“,

=}, 0082602
=h.0752 5 =02
R, 52ubTE=2R
a9, bPubeE=D2

EN

Yy
w1, 71885E=22
w5, 775)PE=02
©1,14730E=01
=]1,51058E=#1

4,

o,
1,71B65E+82
5, T757¢E=22
1,14792E01
1,510L8E=0]
o,

Cylt= S
2

e

X}

v.

e

e

3, cal99E et

LETYINSEIE T |
=5,3714 E~e)

LR L Yol X

LIRS T T R PRy
¢,

Wt}
=3,¢155pE=4]
su, 190598 =201
0,57 loAteny
~Q_2bitPFesy
wl. 227 ket
), Bud9ut=¢
w9138 2Le)
LTPER T R
T PICT]

w7 488 Dbl
~o.udllifmes
4,53 RNE =N
2,06474B8E=21
5,58195k=it
e,

a5 biINATEaRS

v, 20057Fn62
$ybaci2E=B1
b,68750uf=01
1.78811¢¢00
I

[N




Y X
READ INPUT
PARAMETERS

W

COMPUTE_PROBLEM
CONSTANTS

l

SET IMITIAL

CONDITIONS FOR
PROBLEM

ICO

1000
| COMPUTE INITIAL
") GUESS VELOCITIES

2000

SET BOUNDARY
CONDITIONS

SET SPECIAL

———————————— BOUNDARY

HAVE PRESSURES \.J°% CONDITIONS
CONVERGED ¢

no

3000

UPDATE CELL
PRESSURE AND
VELOCITIES

8000 ADVANCE TIME 2000
AND CTCLE PRINT & PLOT |=

A
L " /rvE To smpé

\

yes



L4

n

NN

13
a1
a7
55
&3
71
76

fok
167
1¢7
1a7
1a7
1e7
127
1¢7
121
123
12%
127
143
143
143
fu3
143
143

LASL Identification: LP-(288

RUN={ C¥97 D 79/02/141 17,42,42 T3IBDNZZ3NT

*

PHOGRAM SOLACINR,QUT,FILM,FSET1B=IKP,FSETO20LT,FSET12sFILM)
UIMENSTION U(152,32),V(152,32),UN(152,32),VN(152,52),P(152,352),
LxPyT(25), NAME(L)

REAL LDNG,NU

ISTEGER CYCLE wLsnR,wl,np

READ 45, NAME ¥ PRINT 35 5 PRINT4S, NAME

REAQD AND PRINT INITIAL INPUT DATA

READ 25,NUM, (XPUTCI), =1, nyM)

IRAR=XPUT(I) % JBARSXPUT(2) & DELX=XPUT(3) 3 DELYSXPUT(4)
DELT=XPUT(S) & NUsxPUT(6) 3 CYL=XPUT(7) & EPSISXPUT(8)
DINGSXPUT(Y9) 8 GX=XPUT(14) % GY=sXPUT(iIL) 5 UI=XPYUT(12)
vi=xPUT(13) 8 VELMXSXPUT(14) $ TWFINSXPUT(1Y) & CwPRISXPUT(16)
CaPLT=XPUT(17) 3 OMG=XPUTL1B) & ALPHASXPUT(19) $§ WL=XPUT(2®)
wRZXPUT(21) 3 wT=XPUI(28) % wHB=XPUT(E3)

PAINT S0, (XPUT(I), fzt,NuM)

FORMAT(GX, 12,7 (4(6X,E1249)))

FORMAT(AH , 18X, 10A8,1X,A13,2(1X,48))

FORMAT(1HL)

FORMAT(O6XXCYCLES 2IS5,8X2AT0= a1PEJ2.5,8X4T2= #E12,5,9%X%]TER=%]IS)
FUKMAT (10BA8)

FORMAT (1H4 , BaXaT2%, 1PE 1O, 3, 4XXCYCLESN,14)
FORMAT(OXATIA7XaJR1ZXAUXKTITXAVRIBXAPH)

FURMAT CAXp 1305XsI3,o3(6X,1PE12,5))

FUORMAT(OXAITERS 215, JUXaTIMEE #1PE12,5,10X2CYCLES »]4)
FORMAT(IH »SXa]BARE ®1PE12,5/6X*JBARE *E12,5/6X*DELXs *EL2,5/
1oXADELYS %5 12,576XxDELT= *xE12,9/8XANUS xE12,577XxCYLs wE12,5/
2aX*EPST= k£ 12,9/0X*04R0UZ £ 12,5/BX*GX= A 12,5/8XnGYS 2E 12,5/
S8XkUlz *B12,.5/8XAvi= 2 12,5/5KxVELMKS =F 12, 5/5XaTwkIns *E12,5/
USXkCwPRTs *xE12,5/5X«CWPLTs aE12,5/7X%0MG= AaE12,5/5X*ALPHAS *712,%/
SBXxAlz xE12,5/8XkARS *E12,5/8XawT= *E§2,5/8XnwB= #E12,5)

C = # COMPUTE COANSTANT TERMS AND INITIALIZE NECESSARY VARIABLES

A

*

IMAX=IBARY?

JraxsJiak+2

IrjzIMaAX~]

JrieJMiXe]

ROX=1,08/DELX

RIY=t,W/DELY

JH2sJMaXe2

IM2=]1MAXe2

CALL GETQU(ULKJBN,JINM)
CALL DATEICUAT)

CALL CLNCKLI(LLK)

PHINT 27,NAME,JNM,DAT,LLK
T=uty

1TeRr=d

LYCLE=®

TapPRT=D,

TwiLTzu,

SETAS (MG/{2.®0PELT*(RDXRA2+RDY2n2))

C % = SPECIAL INPUT DATA

PAGE NO,

1

T ey



143
143
143
161
164
164
164
172
173
173
173
173
202
2ve

2v7
211
2290
22¢
220
225
226

2eé
2cé
22é
2%

ede
233
250

254@

2590

258

WUN=LCMY7 O S0LA iS/va/in 17.42442 TIBDNZZ3NTY
1

E)

C % & 3ET CONSTANT TERMS FUR PLOTTING

E)

»

(m}

33

33

Seu

LUtz FLOATC(IBAR)*DELX

HIGH= FLOAT(JBAR)*DELY

1YR=916

IF(LONG,LEL (141355041 IGH)IBGOTO 390
IXL=0

iIXkR=1022

IvT= INT(916,=HIGHA1E22,/LONG]
GOTO 334

XS ONGRasSY, /nIGH

Ixts INT{S1l.-X)

Ixkz INT(S)le¢X)

Ivyr= {6

CunTINYE

vELMXEE  AMINI(DELX,OELY)/VELMX

SET INITIAL VELOQCITY FIELD INTO u AND V ARRAYS

DI 560 I1z2,IM1
D) S6@ J=2,JM1

ulledld= ul
viil,J)= vi
CONTINUE

ASGSIGN SBaL TN KRET
60 TO 2729

START CvyCLt

CONT INJE

ITér=d

FLG=t,

ASSIGN 380 TO KRET

COMPUTE TEMPORAKY U AND V¥

DU 1108 I=2,1IM}

DO 1128 J=2,JMt

FOXSCQUNCI JIPUNCI®L o)) CUNCT, J)+UNCT+E,J) ) 4ALPHAXABS(UNC T, J) #UN(
1141, 0)) 2 (UNCL Jd)=UNCL+1,J) )= (UN(TImt, J)+UNCI,J) )2 (UNCT=1,J)+UN(I,J)
2)=ALPHA®ABS (UN({TI=1,J)+UN(T,J))a(UN(TI=1,J)=UNC1,J)))/ (4,4%DELX)
FUYSCOYNCI,J)+VN(I+L,0))xCUNCL,J)4UNCT,J+1))
{+ALPHAXABS(YNCI,J)+VNCI+1,4J) )% (UNCT,J)mUNCI,J¢8))

2o (VN(Tl,Jel)+VN(I+1,0=1)) 7 (UNCI,J=1)¢UNCI,J))

S=ALPHAXABS (VL J=i) +VN(I®1,J=1) )X (UNCT,J=1)=UNCI,J)))/ (44RDELY)
FUCSCYLACOUNCI,J)+UNCI+E,J))*(UNCT I +UNCI+1,J)) ¢ (UNCI=1,J)+UNCT,J
1)) % (UNCI=1,J)4UN(1,J))

2+ALPHARARS (UNCI,JISUNCLI*Lpd) )2 (UNCI,J)=UN(LI+1,J))

3+ALPHARABS (UN(I=1,J)+UNCT  J)I*(UN(ImL, JYeUN(INT)))

4/ (B, *DELX*FLUATC(LI=1))
FYx=((UNCT,J)#UNCT,J4 1)) (VNCT, J)#YNCI+1,J))+ALPHARABS (UNCT,J) +UN(
11pJ4 1)) % (YNCT,J)oVNCI+1,J))m(UNCTI=g, JI+UNCI=1,Jd48) )R (VNCI=1,J)+VN(
2lsJ))=ALPHANABSCUN(I=S, JI+UNCIw]1,J¢ 1) )X (YNCI=1,J)=vN(1,J)))/(4,%0DE

PAGE ND,
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25¢

254

2b¢

461

4ol
461
S27

534
534
536
593
553
§55
S62
562
564
564
574
574
577
65
6¢s
618
611
626
626
6398
636
636
642
641
652
652
66y
670
674
672
67%
676
713
713

Lo

rUh=LCHM37 O SOLA

204p

2668

2680

212
2127

2149

2169

aian

2ede

232e

LA

FVYSIEYN(T, JD+vN(T 1)) * (vN(T,J)4vN(T,J+1))vALPHARABS (VN(T,J) ¢V
ST PRI LIC PR ILALICFRLARPEIVAIS PRLESEALIS PR D EIQALTS FINLE DRALTE IR

15/02/11

17,42,42

TIBONZZSNT

2)) e AL PHAXARS(VNC Lo do1)+WNCL, JI I (UN(LpJdat)mvN{Tsd}))/(4,A0ELY)
FvCasCYLa ((uN(I,d)+uN{II# 1)) CYUNCT, JievN{T41:J0))eCUN(]t, D) eun(l=1

104 3))a(UNCI=L,0)+vN(I,J))#ALPHAXABSCUNCL J) 4 UNCL,d41) ) (VN(T,J) ™y

ENCLI41,0))¢ALPHARADLS(UN(]I=1, J)¢UN(I=,J¢1) )R (VN(TIel,J)=vNCI,J)}))

/(6 ADELX*(FLOAT([=1)=08,5)}

VISXz nus{(UNCI#I2J) =2 *UNCI,d)+uUN(I=1,J))/DELX %24
1 (Uin([pJe1) =2y ®UN{I,J)+UN(IsJ=1))/DELY*%2

2 +CYLACCUNCI#Lp J)mUNCTI=L, 03 )/ (2 ADELXXDELX*FLUAT(I=1))
3 = N(I,J)/(OELXRFLIAT(I=1))Ax2))

vISY= wur((VHULI4lrd)el anvn(TpJd)4vin(I=lpJ))/DELXR22s
1 (vn(lpdt1) e avN(I,J)+vN(I,J=1))/DELY A2

2 +CYLR(UNCTY, ) myN(I=,0) )7 (2, ADELXADELXAFLOAT(I=1,5)))

JULedd= UNCI J)#DELTA((P (I, J)eP(1+1,J))RRDX ¢+ GXePUXeFUY=FUC+VISX)
VIiIsd)z YNCL,J)HDELTR((P(LI,J)=P (1, J+1)IaRDY ¢ GY=FyXaFyY=FvC+vISY)

CONTINUYE

SET HOUNDAKY CU~UITIUNS

CU~TINUE

vl 22d¢ J=1,JIMax

GO TO(2028,29U0,2300,228L) wlL
Jlledlso,0
vit,J)=viE,J)

U Tu 2189

vil,J}=0,9
vilsJ)sev(e,J)

GO TO 213e
IFCITER,GT,B)GO 10 2100
(i, =u(e,Jd}
vi1,J)2v(2,J)

GO TGO 214¢

U(l,d)= U(ImM2,.J) $ v{2sdds v(IML, )
V(1,Jd)= V(INM2,J) $ Pl2,J)s FLIML,I)

L0 TU 2109

G 10 (2120,2140,216u,2184) 4R
yilnt,Jy=e,a

VIIMAX,3)=v (1ML, J)

GU TO 2244

U(IMt,J)=98,2
ViLIMAX, J)sey (1IM],J)

6D TO 22¢e

IFCITERGGT,0) LDJU 2210

GOIMLpJ)= L(IMR,J) A (IM2/IMIRCY L+ (1aa=CYL))

VOIMAX, J)=v(IML,J)

GJ TQ 2209

WOIML, J)su(2sd)
Y(14aX,3)=v(3,J)

CONT INULE

00 2500 1=3,1NAX

GOTQ (2329,2349d,2360,2580) wi
v(I,J™M1)=8,0
UlI,JMax)=u(l,dmMl)

PAGE &U,
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715
722
722
724
724
736
736
740
745
745
747
747
7e@
700
763
764
764
767
767
773
773
776
tpee
1942
1005

1019
12011
1221
1923
1020

1426
1927
1294
133
1835
1237
1237

1249
1942
1443

1765
tiv2
1142
11e2
1142

RUN=LC497 O S50LA 75/42/11 17,42,42 T3IBDONLZINT
GU TO 2499
2349 v(I,JM1)=0,¢
UCIsJMAX) ==y (I, IMY))
GO TO 2404
2360 IF(ITER,GT,d) GOTU 2400

2380

2444
242

2444

2460

284a¢
3vde

C » =
*

V(I,dM1)=V(I,JdH2)

UCI, JMAX)=yY(I,JM1)

GO TO 24v0

VI, IML)=v (1,2}

UCI,IMax)sy(l,3)

60 10 2494

GOTO (2u2@,2444,2462,2484) wWB

v(i,t)=a,9

Ui, 1)=u(l,2)

G 10 2900

v(l,1)=0.3

UL, 1)=s=U(1,2)

GO 1O 250

IFCITER,GT ) GO 10 254

vil,1)=v(l,2)

Gll,1)=u(l,2)

GO Tu 2%ed

V(I,8)= v(1,JM2) H UlI,232 Ull.JM1)
Ucl, )= Ucl,Jdm2) s P(1,2)= P(1,JM})
CONTINUE

SPECIAL BODUNUAKY CONDITIONS

1M2z IMAXe?

DO 28¢n I= 1,IMe2
ull,JMax)=t,¥

6D TO KKRET
CONTINUE

nas CONVERGENCE BEEN REACHED

IF(FLGLENL#)GOTO 42y
1TER=ITER+L
IFCITER,LTLS8) GOTO 3d%4
LF(CYCLELLT,4Q) GO Tu 4pua
1= 1,E+10

GOTD SUp0

FLGE=C 49

coMPyTE UPDATED CELL PRESSURE AND VELOCITIES

DO 358 J=2,IML

DU 3580 Izg,IMt

DEROX*(UCI, J)oUCI=l,J) ) +RDYR(V (I, J)eV{I,J=1))+CYLACUCT,J)
14 (1t 0)) /(2o *xDELXX(FLOAT(I)=1,5))

IF(ABS(D/DZRU) JGELEPSIIFLG=1,0

PELPz =BETA®D

R{1,J)=P(1,J)+UELP

UCT,JdYsUCI,J)+VELTHROX*DELP
U{I=1,J)=U(1=1,J)=0ELT*RDX*DELP

PAGE ND, &
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1122
t1d2
1115
1122
1122

1122
1122
1125
1133
1133
1145
1147
1152
1154
1154
1156
1162
1172
1174
12en
1202
1283
1225

1232
1234
1244
1247
1252
1254
127¢
Lare
1382
1384
1311
1314
1311
1311
1326
1332
1336
1342
1346
1353

1356
1356
13602

18

RUNeLCMIT O SCLA 75/7¢42/11 f7.42.42 T3BDNZ23NT

5132

5509¢C

A

v(1,Jd)=v(1,J)+DELYRROYADELP
Vv{EeJde1)aV (I, J=1)=DELT*RDY2DELP
CONTINUE

GO TG 2ued

COnNTINUE

PRIKNT AND PLOT

CONTINUE
IF(1,61,2,)601C S¢s0

WRITE(12,50) (XPUT(I), IS, NyM)

CONT INUE

PRINT 49, 1TER,ToCYCLE
IF(CYCLELLELw) GOTU 5122

IF(T+1.E~6 LT, TWPLT) GU 10O 5680
TWPLTZTWPLT+CaPLTADELT

CONTINJE

CALL ADV(1)

CALL LINCNT(1)

WRITE(12,49) ITER,T,CYCLE

CALL LINCNT(S)

#RITF(12,47)

DU 525¢ I=1, IMAX

DU 5258 Jzt,Jrt

ARITE(12,48) L,3suClpddeV(I,d) P (1,0)
CONTINUE

VELOCITY VECTOR PLOY

CALL AQvV(1)

CALL DGA(IXL,IXR,IYT,I¥8,34sLONG,HIGH,R.)
CALL FRAME(CIXL,IXR,1YT,1YB)

CALL FRAMECIXLpIXR,IYY,1Y8B)

CALL LINCNT(62)

WRITE(12,27) NAME, JJNM,DAT,CLK

CALL LINCNT(62)

WHITECL12,46)T,CYCLE

00 554¢ Iz2,IM)

DG S50¢ J=2,JM}

XCC=DELX2(FLOAT(I)=1,5)
YOOSDELYR(FLUAT(J)=1,5)
UVECS(U(I®1,3)+U(L,J)) R0, SaVELMXI4XCC
VVECZ(V (I J~1)+V(IsJ)) %D, SAVELMXLISYCC
CALL CONVRT(UVEC,) IUVEC,)P,,LONG, IXL, JXR)
CALL CONVRT(VVEC)JYVEC,MIGM,2,,1YT,1Y8)
CALL CONVRT(XCC,IXCC,040LONG, IXL,IXR)
CALL CONVRT(YCC,JYCC,HIGH,Qq,IYT,1YH)
CALL DRVCIXCCsJIYLL,1UVEC,JYVEC)
CONTINUE

C « LIST VELOCITY AND PRESSURE FIELDS
"

5600

CONTINUE
IF(CYCLE,LE.Y) 6O TO 5802
IF(Tel.E=b6,LTTWPRT) GU TO 6vPg

PAGE NO,
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1363
1365
1365
137%
14w5
1417
1423
1425
tuce
1a46@

145%
1455
1457
1466
1466
1466

1474
1475
15148
15ve2
15¢3
1569

RUN=LC

584

6540

PROGRAM (ENGTH

61576

M97 0 SOLA 75722711 17.42,42 T3BDNZZ3NT
TwPRTZETAPRTI+LWPRTAVELT

CJTItE

FrRInT 45

PRINT 27, NAMEJNH, DAT,CLK

PrINT 49, ITER,T,CYLLE

PRINT 47

Dy 5900 1= 1, 1MAX

DL S9aa J=1,JdM1

PRINT 48, 1,Jd,u(led),Vv{1,J),P(1,J)
CunTINUE

SET THE ADVANCE TIME VELOCITIES o AND v INTO THE UN AND VN ARRAYS

CUNTINUVE

DU b1de I=1,1Max
D0 6120 J=1,JmAX
UNCI, ) =ul.d)
vii(l,d)zv(l,Jd)
CONTINUE

aAvanCt TIME T=T+DELT

T=T+nELT

IF(TLGT,TaFIN) GOTU 6580
CYCLE=CYCLE+]

6010 1308

31CP

[ 31

INCLUDING I/0 REWUEST TABLES = SOLA

STATEMENT NUMHER REFERENCES

LOCATI
1516
1522
1527
1531
1549
1542
1547
1554
1569
1566

175
243
226
S34
Sde
555
564
577

O+ GEN TAG STHMT NO REFERENCES

cavet2 25 23

cRgole 27 13e 1252 1367
coveals 35 11 1363

cevees 44 NONE

cau034 45 3 15

Canvie6 46 1270

C20043 47 1172 1415

Lovosa 48 1200 1423

cagasa 49 1134 1156 1483
c@v06e 508 76 1122

Lad111 3d4@ 164

L32115 330 17¢

L@a13% 103¢ 1477

L2o162 2990 ees 1117

Leo167 2@2e 542

Lov172 2044 S43

Lee175 2060 S44

LDY203 2080 545

PAGE ND, 6
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VARIABLE REFERENCES

20

RUN=| CMG 7

61y
62¢
6343
64@
662
671
745
714
723
737
Tus
756
762
766
775
1333
1224
1235
112¢
1124
11314
1152
1554
1363
1453
1502

LUCATION
1730

1731
1732
1733
1734
1735

1736

1737
1740
17ug
1742

1743
1744

1745
1746
1747
1752
1754
1752

0

La3eae
Lddett
Le%214d
Laae1?
L234d225
L.83227
LIn2aso
L@d2at
LAd244
Ldv252
Lauass
LO¢260
L1263
L@d266
Lacary
Led2re
Lad31t
Ld0322
L3346
Lan3ae
L1354
LIQ3p4
LRJd6S
LA2a79
Ldvn17
Laasat

GEN TAG
vaevu2e

vavaez
v2¢05%
vaarge
vavg3?
vearpte

vaaage

vaLLaS
veJIISY
veetes
vaenzan

vadla2s
vareed

Ve2ase
VvaneT7
vaneTa
vaaoe77
YAVNATSH
VvalAare

SoLA

21¢4
212¢
2140
2i6d
21489
22vv
2320
2342
236y
2580
24ay
2429
2440
2464
eu8e
25008
SAc
395¢
Y. 1Y
594y
EY K%
S1on
EL- TN
LY
[ 1T
6520

NAME
ALPRA

YETA
CLw
CwPLY
CHuPRT
Lyl

[ 48

Y]
OAT
VELP
DELTY

DELX
DELY

DZRO
Lest
FLb
Fut
FUx
Fuy

\R

\R
\R
\R
\R
\

\R

\R
\R
\R
\H

\R
\Rk

\R
\R
\R
\R
\R
\R

1s/¢2/7%1
5494 563
bid
615
6l6
617
627 637
741
72
73
7ud
713 7e2
7%e
753
754
75%
701 165
23
1039
224 1424
224 1924
1121
1143 1144
1147
1354 1359
1360
1479
REFERENCES
145] 269
427
169 1277
126 141
6h 115¢
bi 1361
1u7 1330
1354 142
46 335
1857
116 1o
124 137
1476
43 14%
1361 1472
4@ t1l
435 453
&2 113
476 1318
o1 1962
5@ 1751
239 1224
341 567
ele S¢S
316 S¥hk

{r.62,42
565

641

7e4

767

1D3e
1032

3ud

1263

1148
1876
4353
1261
511
195

462
{56

1235

T3HDNZZINT
Ste

657

736

774

1834
1434

331

1469

11435

453

1376
523
2e3

u74
203

1472

PALE NO,

627

745

353

1165

1071

237
13943
24}

7

374

1275

6sSe

1ise

425
131¢
452



RUN={ CMO7

17%3
1754
1759
1756
1757
176¢
1761

1762
1763

1704

1765
{7606

1767
1773
1771

1772

1773
1774

1775

1776
1777

2aed

2udl
caee
20v}
eded
2069
2dee
2ar?
2uet
2ue2
2123
2u24

15424
13425
13426

0

vange
vait12e
vaael
vauesl
varese
Vva.ieel
vovace

veveel
vawvpal

Vadpas

vy 2
vdansT

vady13
valils
vanges

21711

Vosoou
vousael

veenre

vaaaee
vaopad

veaeue

vieoust
veunss
vieaLid
vealle
vage73
vavale
Agoaee?
vougll
voost7
vanadl
A0S

veop4T
vongse
vooesse

SOLA

Fve
Fvx
Fvy
LY
Gy
t1]H

1BAR
IMaX

M

1me
ITER

TuveC
Ixce
Ixb

Ixe

ivg
1v7

JBAR
JMAX

JML

JM2
JNM
JVVEC
JYcC
KRET
LING
NAME
N
NUM
oMB

RDX
RDY

\R
\R
\R
\R
\R
\R
\I

\I
\1

\ I

A
A

v
\l
\R
N
\R
\
\R
\R

\R
\R
\R

79/¢22/711
a ¢ 521
s66 517
41 520
52 SKu
LY ] 516
162 174
218 211
531 674
756 762
1449 1944
1247 121&
13%) 14ce
14%¢ 1454
35 105
1d6 110
[-Y-Y 1263
114 222
642 665
121 577
1538 226
1¢25 1134
1324 1345
13354 1344
166 2¢e
1556
171 2u1
1336
loe2 1233
172 2e?
1342
241 2353
556 566
660 671
12v0 1205
1847 1423
36 w7
147 671¢
191 1457
116 213
742 1115
117 134
122 135
1330 1545
1342 1344
225 231
156 163
6 r{}
44 454
26 32
6o 151
Y02 513
1442
114 144
12¢ 144
146 1234

17.482.,42

1236
222
725
(7¢

1471

1217

1426

14%%
152
117

1226
531

11138
646
564

1101

1252
1232

1243
1233

456
600
1¢37
121@
14383
155
710

527
1223
T16
1257

18ee
173
133

181
1100
583

516
1128

13BLUNZLIN]

1331
232
/14
775

1112

1225

1432

1407

623
1451
(X &4
1352
1226
b42
14R6

1242

1242

1246
1243

526
621
1Ade
1223
1433
717

7v6
1347

1374

1234
1255

1125
514
1255

1856
1136

PAGE

1341
253
125

1803

1177

1301

1as?

653
1467
63¢

1912
723

1245
1245

1352
1244

544
631
1073
13e2
1446

721t

115
1dde

1325
1372

582

173
1072
1144

NOa

a

as?
737
1010
1223
1303
tuae
643

b4

760

1326
1326

13542
1332
547
b42
1115
1341
1455
740
7¢5

1335

1217

1163

21



EXTERNAL HEFERENCES

22

RUN=CHMIT7

135427
15430
154351
13432

25u3e
25433

36453
30434

Sud 4
S¢ 335
5336
501937
S¢A4
S¢Aug

bldul
61442
61443
61auy
61445
61446
61du’
61459

615¢1

<]

VAAR3L
vavee!l
voagsd
AadBaae1

varaldld
A0l

vesi1t
AQua2

venpss
vaaeTl
vaug3y
Ven1ns
VR ud
424924

vpunl1ia
vasdie
vadaLl
vadeld
vaea1s
vaao7e
vaaiar
ABR@Yo

vaditu

GEN TAG

s@4202

SAPINY

SOLA

TWFIN
TWPLT
{4PRT

ul
UN

Uvec

VELMX
VELMX]

vISX
vVISY
VN

VVEC
nB
)l
R
wT

xce
xPYT

YcC

NAME

INPUTC

UJTPTL

\R
\R

\R
\R

\R
\R
R
\R
\R
\R

\H

\I

\R

T5/7¢2/711
1273 135%
62 1473
154 1145
147 1356
°l6 517
6R4 6vS
724 754
141 1d¢e
646 bb5S
12548 1207
764 1945
56 215
fud 513
445 247
1323 1324
°16 526
645 66
721 735
10d¢ 10¢1
562 623
741 1452
1443 1ttt
6 44
207 1302
57 215
456 S1a
512 5¢7
24s 467
CY-31 4bb
423 466
372 467
1543 1330
76 746
72 535
73 37
74 674
175
1312 13te
30 34
49 a1
51 53
62 63
t3 75
1517 1321
REFERENCES
9 7
33
13 14
143 104
142 143
113% 1137
1164 1166
1224 12v6

17.42,42

14180

5538
626
761

1215
707

1432

1125

1464
342

554
625
757
1107
633
1214
1329

524
473
472
273

1334
141
43
sS4
65

134¢

12

17
132
1124
1144
1167
1213

T3BDNZ23NTY

14714

562
636
765
1183
718
664
1313

246
413

563
635
763
1322
bds
1437

1462
30t
272

1125
43
55
67

25

2l
134
1327
1142
1474
1216

PAGE NO,

575
656
773
1514
751
744

246
422

574
654
TN
1461
bol
664

3357
35¢
363

35
46
57
Te

27

22
136
1150
1162
1175
1221

9

974
711
174
{462
37
7160

267

575
712
172
551
733
743

41
415
are

37
47
61
7

32

190
149
1133
{162
1242
1222



RUN=LLM97

START 0f

0 SoLA
S23AL GETG
$835p9 DaTEY
Saus600 cLUCK]
SAPTAY ACGOER
SP1YVe ADvV
$U1100 LINCNT
501200 UGA
SA139¢ FRAME
sPi4en CONVWT
541542 DRV
S¢les STUP
Sa174¢ END
Swé1vy @8 vTRY

CONSTANTS
1544

75/v2/711

1254 1256
1ele 1274
1371 1373
140% 14¢7
1420 1425
1444 1445
123

125

127

S41 613
1153 1231
1155 1171
1235 1241
1244 1247
1327 1333
1346
is01
15983

NONE
TEMPURARIES
1671

17.42.42 T3BUNZZSNT
1260 1262
1276 1277
1375 1377
1411 1413
1427 1431
7ev 751
1251 1267
1337 1345
INDIRECTS

1730

PAGE ~O, 10

1264
1365
1441
1434
ju36

1eee

1265
1366
1402
1417
1441

UNUSED COMPILER SPACE

657¢@

23



II. SOLA-SURF —

BASIC SOLUTION

ALGORITHM FOR FLOWS BOUNDED BY

CURVED SURFACES

We can easily modify the SOLA code to permit
tree or curved rigid surfaces across the top and bot-
tem of the computational mesh. The principal
restriction is that these surfaces must be definable
by single-valued functions, for example. v = H(x,t)
for the top surface and v = HB(x,t) for the bottom
surtace. Also, the slope of the surface must not ex-
ceed the cell aspect ratio dy/dx. Several examples il-
lustrating different combinations of the curved sur-
face options are described in Sec. B. The basic
maodifications required in SOLA to permit these
more general boundary conditions are
described next.

A. Modifications to Basic SOLA

L.et H, be the height of the top surface above the
bottom of the mesh, as measured up the center of the
i'M column of cells, and let HB;be the corresponding
height of the bottom surface. Dimension statements
musi be added to SOLA for H;, HB; and for their
old time values HN;, HBN; . In addition, it is
convenient to dimension for storage the j index of the
cell rontaining the top surface JT and the bottom
surface JB;i. An input number TB is 1.0 if the top
surface is to be free and is 2.0 for a rigid curved boun-
darv. Likewise, for the bottom boundary the input
number BB is 1.0 for a free surface and 2.0 for a rigid
surface.

Initial values of H;, HB; and corresponding JT;,
4B, must be defined in the initial condition section
{100 section) for each problem. Of course, if curved
boundaries are not wantad H; can be set equal to the
height of the mesh and HB; to zero. The
corresponding input numbers TB and BB should
then be set to zero, whick indicates that those sec-
tions of the code used to update these boundaries
can be omitted.

For some problems, when the bottom boundary is
rigid. it is best to start with a hvdrostatic pressure
tield. This is done in the setup after H, has been
defined.

p.‘. = - );v ”i ~ (j-1.5)dy

All DO LOOPS sweeping the mesh are arranged to
run up columns starting with the far left and ending
with the far right column. In each column the j index
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runs from the bottom boundary cell JB; 1o the top
beundary cell JT;.

In the pressure iteration (3000 section) the top and
bottom surface cells must be given special considera-
tion to reflect the new boundary conditions. At a free
surface the pressure must be zero (or at some
specified value), whereas at a rigid boundary the
normal fluid velocity must vanish.

First, consider the free surface condition for the
top boundary (TB = 1.0). The surface cell pressure
is chosen such that a linear interpolation between it
and the pressure in the fluid ceil below vields zero or
an applied value p. at the surface,* i.e.,

= (1-n)p,

i, 01-1 ¥ P

Pi aT
where
n = Sy /[Hi - (JT—Z.S)Sy;‘ .

When the bottom surface is free (BB = 1.0) a
similar prescription is used for the surface cell
pressure pi.Jg, except the interpolation is with the
fluid cell abuve (j = JB+1) and H; is replaced by
HB;.

p.

1,08 - (1

+ 1
RUTICTYS R

where now
o 1
n = 8y ”(JB—O.S) y - HBi] .

If the bottom boundary is a rigid surface
(BB = 2.0), the pressure in the surface cell is chosen
to make the normal velocity at the surface zero. In
difference form the outward normal velocity at HB;
is approximated by

*The applied pressure is generally a function of time
and location along the surface that must be defined
for each specific problem. In the code contained in
Sec. C, s is assumed equal to zero and does not
appear there explicitly. Therefore, when a nonzero p.
is desired the nps term must be added to the surface
cell pressure in the 3000 section of the code.
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g = -

- L + HB. . - HB_
n o abx (ui,JB ui—l,JB)( i+l 1—1)

Fovia T IOV ey

where
¢ = |ub, - (JB-!)\\yl/\Sy

In the code v,y has been replaced by its value
computed from Eq. {3). which is the boundarv con-
dition used at the top surface and the form needed to
derive du, /6p below. The velocities appearing in this
expression are functions of the cell pressure so that
u, = O can be considered an implicit equation for
bk . A Newton-Raphson type solution method is
used to vbtain a new estimate for p;p during each
iteration pass. Specifically. the change added to pip
in each iteration is

W
in

po= = un T;;

where the denominator is given by

v a2
2 =‘5—t[1 +—J—““\, a-o
Sy 2

3 Sx
Similar expressions are used in the top cell j = JT
for a rigid curved boundary (TB = 2.0).

For both the top and bottom surfaces, velocity
boundary conditions are set in the boundary condi-
tion section (2000 section), after the regular boun-
dary conditions but before the location reserved for
special boundary conditions. These conditions,
which are identical for both the free and rigid cases,
are set by proceeding from left (i=2) to right
(i=IM1). For each top surface cell the u-velocity on
its right face is set equal to the u-velocity in the cell
below if the cell to the right is empty. Also, the u-
velocity in the cell above is set equal to the u-
velocity in the surface cell, The v-velocity at the top
of the surface cell is chosen to insure that the veloci-
ty divergence for the cell is zero. In difference form,
for cell JT(i} these conditions are:

Ui T Uy gpope AF T (41 < UT (5)

= YT

Yi,JT+1
Sy

v Vit T ¥ (ui.JT - ui-l,J'l‘)

1,JT

Edy

S AN SN .
26x(i-1.5) (ui,JT + ui—l,JT)

At the bottom surface cell JB(i) the corresponding
conditions are,

if JB (i+1)> JB (i)

Yi,08 T Yi,JB+1°
Yi,96-1 © Yi,u8
i,d8=-1 ~ Vi, JB " bx \"i,or T Yi-1,JB

. &8y \
(-5 (ui,JB *Yi1,38)

The simplicity of these boundary conditions results
from the limitation that surface slopes not exceed
the cell aspect ratio dv/ox.

In the case of a free top surface. a new surface con-
figuration must be computed each cyele {4000 sec-
tion) according to the kinematic equation

oH OH
— 4 _—=
e TR TV

but only after convergence of the pressure iteration
has been obtained. The difference equation used is,

ntl e
By =+ Gt }' 6% [(“i,n 0

(igy = Byop? - vlug gp vy o1

(Hyyy - 25 “1-1’] Iy r

+ (1-h) vi,JT—lI .

where h is an interpolation length used to get the v-
velocity at the surface position,

ho=fh - (JT-Z)ny]/oy .

All quantities without superscripts are evaluated at
time nét. The constant y is used for upstream
differencing in analogy with a (it is often chosen
equal to «).

When the bottom surface is free it is updated with
a similar equation,

ntl _ | L
HBg " = HB, + 6t | %= (g g8 * Yi-1,08

WByyy = M85 ) = vlog jp ¥ iy gl
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- 2HB, + HB,
(ms1+l znsi Hl__l)I +hb-"1,.15

+ (-hy) "1..!5-1}

with

b, = {HB; - (JB-Z)oy]fdy

It the surface configurations are changed, the
JT() and JB(i) indexes and the surface velocity
boundary conditions must be reset in preparation for
the next cycle.

B. Sample Problems

With the above, relatively minor modifications
added to SOLA, many interesting problems can be
investigated. The following examples illustrate some
of the possibilities.

1. Interaction of Two Solitary Waves. A solitary
wave is a single, finite amplitude wave that
propagates without a change in shape. According to
approximate analytic theories, 1 two solitary waves
can interact nonlinearly without losing their identi-
ty. To study this phenomenon with a direct
numerical simulation, two solitary waves moving
toward one another were set up as initial conditions,
as shown in Fig. 10. The mesh consisted of 150 cells
in the x-direction and 10 cells in the y-direction
(IBAR = 150, JBAR = 10). The top surface is to be
free (TB = 1.0) with an undisturbed denth of 1.0.
The bottom surface is flat and rigid (BB = 0.0 and
HB; = 0.0). The initial wave profiles and velocity
distributions were generated using the second-order
theory of Laitone.!? The left wave has an initial
amplitude of 0.25 and is moving to the right, whereas
the right wave has an amplitude of 0.5 and is moving
to the left. Figure 10 gives the remaining input
parameters for this calculation.

Subsequent times in the evolution of the two
waves are shown in Fig. 11. In the last frame the two
waves have separated, are moving apart, and are
closely approximating the original two waves, as
predicted analytically. Some low-level fluctuation is
caused by dispersive errors in the numerical ap-
proximations and by the fact that the initial con-
ditions are from an approximate theory. There is
also a slight amplitude fluctuation and change after
interaction; the parting waves have average heights
of 0.241 and 0.522. This change may be the result of
nonlinear effects not included in the theoretical
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Fig. 10.
Initial free surface profile and input
parameters used for interaction of two selitary
waves.

analysis. However, more careful and more extensive
calculations must be undertaken before this conclu-
sion can be established.

2. Flow Over a Corrugated Bottom. To il-
lustrate the curved wall boundary condition in
SOLA-SURF we performed a calculation for a fluid
with a free surface flowing over a wavy bottom. For
small-amplitude bottom perturbations a linear solu-
tion for steady flow conditions can be found in Sec.
246 of Lamb’s Hydrodynamics.’® This problem,
therefore, serves as a good test case. The
calculational mesh was set up as follows: the esh is
41 cells wide (6x=0.15) and 15 cells high (dy=0.1).
The top boundary is a free surface (TB = 1.G) and:
the bottom boundary is rigid BB = 2.0 with a
sinusoidal variation in height.

HB, = H[1+4cos(kx) ] ,

i
where k = 2x/A is the perturbation wave number,
corresponding to the wave length A = (IBAR-1)éx,
and H = 0.05. The left and right boundaries of the
mesh are periodic (WL = WR = 4). The mean
depth of fluid relative to the mean bottom height is
0.90, and the fluid is initially moving with velocity
Ul = U, to the right. Gravity is down, g, = ~1.0.
The surface profiles at t=10 and remaining input
parameters are shown in Fig. 12.

When the flow is subecritical, ng/F-g_\K 1, the
surface develops corrugations inverted with respect
to those of the bottom, but for supercritical flow, U2
kA-go)> 1, the corrugations are in phase with those
of the bottom.
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Fig. 11.
S_uquoncv of surface profiles showing the interaction of two solitary waves. Left to right the
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Steadv-state top end bottom surface profiles
and input parameters used in calculation of
flow over a corrugated bottom.

The first calculation we attempted used a flat free
surface and a uniform horizontal velocity U, = + 2.0
for supercritical flow as initial conditions. The
resulting flow developed free surface corrugations
that periodically oscillated in phase and amplitude
around the correct steady-state values. We believe
that these results are reasonable, because any per-
turbation of the steady flow in an infinitely periodic
svstemn without dissipation has no mechanism to
return it to the steady state, To check this, the
calculation was repeated with the theoretical free
surface profile, velocity, and pressure fields input as
initial conditions. In this case, the calculated free
surface amplitude remained steady at the
theoretical value to within 3% of the surface
amplitude shown in Fig. 12,

3. Flow About a Planing Surface. An in-
teresting and useful variation of the curved surface
treatment in SOLA-SURF is to let only portions of
the surface be a rigid boundary. For example, the
fluid flowing about a planing body like a surfboard
or hydrofoil is confined only underneath the body,
but is free elsewhere. To model this type of flow we
must introduce a test in the pressure iteration (3000
section) to decide where to apply the free boundary
condition (zero pressure) or the confined boundary
condition (zero normal velocity at the body).

For a flat planing surface we know that a forward
moving jet or splash is usually produced at the
leading edge of the flow. ! This cannot be modeled in
SOLA-SURF because of the restriction that the sur-
face must remain a single-valued function of the
horizontal coordinate. However, in gravity-
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dominated situations the principal fluid resistance
experienced by a planing body is due to the genera-
tion of a train of trailing waves and is not significant-
ly influenced by the forward jet.

A calculation in which the forward jet is ignored
can he set up as follows. To avoid a sudden transi-
tion in boundarv conditions at the free surface, the
surface cell pressure conditicn is modified to be a
linear combination of the rigid and free condition;
i.e., the pressure is chosen to make the following ex-
pression zero,

ny ;

F=xloy or ™ Py gre (:?s)] - -9 ?‘; by
where h = {H; — (JT-2) dv] /5y and u,is the normal
velocity at the surface. The minus sign for the se-
cond term was chosen to insure that F would be a
monotonic function of the surface cell pressure.
When « is unity, F=0 is the free-surface boundary
condition, and when « is zero, F=0 corresponds to
the usual rigid boundarv condition. u, =0. In this
problem the interpolation factor » was chosen to be

I - Y 3 < -
O\O—Z(H Hi)/a,y. if Q K0<1

k=1{ 0, if x_<0
[o]

1, ifk >1 ,
o]

where [ is the height of the planing body at the
center of the i*" column of cells. If this transition
between the two kinds of surtace boundary con-
ditions is not used, the fluid at the leading edge of
the body will periodically bounce off the rigid sur-
face, because of large forward pressure gradients
produced every few cycles when the fluid passes from
a free surface region with approximately zero
pre- sure to a confined fluid region with large positive
pressure.

When inserting the condition F =0 in the
pressure iteration scheme, the surface cell pressure is
computed using a Newton-Raphson type ap-
proximation in which the pressure change 6p in the
given iteration pass is given by

oF

5p=-F/3;

with

%s =K+ (1-«)}(1+2h \5y2/5x2>



When the top surface profile is advanced in time
for this problem, a special test must also be inserted
into the 4000 section to prevent H, from exceeding
the height of the planing body. Using the above
modified boundary condition, we constructed a mesh
with IBAR = 60, JBAR = 15, 4x=0.1. and éy=0.1.
The initial undisturbed fluid height was 1.15 in front
of the body. Behind the body, where a flat plate
tilted 9.5° with respect to the horizontal, the initial
height wa« 0.95, corresponding to the elevation of the
trailing edge of the plate. With respect to the plate
the fluid is initially moving uniformly to the left with
speed 0.6364. The mesh boundary conditions are
WL =3, WT = WB = WR = 1. Uniform inflow
along the right mesh boundary was specified in the
special boundary condition section (2500 section).
Because of this special right-wall velocity condition
we must reset the free-surface-velocity boundary
conditions for the last cell (IMi. JT}) next to the
wall. This had been set in the 2000 section assum-
ing a zero horizontal velocity at the right wall.
Calculational parameters are listed in Fig. 13, which
also shows the initial top surface profile (ex-
aggerated by a factor of 4 in the vertical direction).
Figure 14 shows the development of the surface
profile in time. At the plate’s leading edge the free
surface initially climbs upward. but eventually
reaches the steady profile shown in Fig. 14's last
frame. The free surface behind the plate also settles
down to a steady profile, in this case, without waves,
The lack of a trailing wave pattern may be the result
of not having a long enough mesh or possibly a result
of the continuative outflow condition used at the left
boundary.
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Frg. 13.
Initial top surface profile and input parameters
for calculation of flow about a planing surface.

This example shows how simple methods can
often be built up in easy steps to perform increasing-
ly complex problems. Many other variations and
modifications can also be imagined. In the next
problem, for example, this partially rigid and par-
tially free top-boundary method is used to compute
the wave field generated by a floating body.

4. Waves Generated by a Floating Body in
Forced Heave. In contrast to the previous problem,
the partially confined, partially free top-boundary
condition is here used in connection with a rigid
boundary (the floating body) moving relative to the
computing mesh. The principal, new modification
required is that the normal velocity at the confining
top surface be allowed to assume nonzero values.

The floating body used is a right circular evlinder.
with axis oriented vertically, undergoing forced
heave. Axisvmmetric coordinates are used
(CYL=1.0) with the mesh and cylinder arrangement
as shown in Fig. 15,

In the SOLA-SURF boundary treatment. surface
slopes are not to exceed dv/6x. We eliminate this
restraint at the side of the cvlinder. however. by
aligning the vertical side with an i=constant mesh
line and by adding boundary conditions that set to
zero all u-velocities along the side of the cvlinder.
This is done by adding to the special boundary con-
dition section (2500 section} the statement,

= 0.0 for j=JR, JMAX ,

“1R,j
where IR corresponds to the interior cell along the
side of the cvlinder and JR = JTi+ 1 fori = IR. The
forced heaving of the body is periodic and defined by

H o= Hy ~ A sin (.ut)

in which H is the height of the bottom of the body
above the mesh floor. Ho = 0.55. A = 0.10. and
w = 2r/7 with r=2.0.

In the pressure iteration (3000 section) the boun-
darv conditions for the top surface are that the sur-
face pressure be zero (free surface condition) fori1 > 6
and that u, be equal to the body velocity given by

-:;J[j = = Au cos(wt})
fori < 6.

Figure 15 lists the remaining parameters used for
the calculation shown in Fig. 16, Note that vorticity
is generated at the bottom corner of the body:
theretfore. this problem could not be solved
analytically with a potential flow calculation. even
for low-amplitude displacements.
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Fig. 15.
Initial free surface profile around cvlinder and
tiput parameters for the calculation of a
floating exlinder in forced heave. Side of
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neighboring cell centers.,

Waves radiating out from the body rapidly lose
amplitude because of their radial expansion. In ad-
dition to the wave field. calculations of this sort can
be used to obtain added mass and damping coef-
ficients for floating hodies.

5. Free-Floating Body. Instead of forcing a
periodic body motion, we now wish to have the body
dynamically interact with the fluid. The body is to
be initially raised above its equilibrium position and
allowed to fall. starting from rest. Its subsequent
motion will consist of damped oscillations as waves
are generated and radiated away. The only
difference between this calculation and the previous
one is that the velocity of the body is not prescribed
a priori bur determined from the equation of motion

where f is the total force exerted on the base of the
body by the instantaneous fluid pressure and M is
the mass of the body. Thus, it seems that we need
onlv replace the previously specified body velocity
with that calculated by the above ordinary differen-
tial equation. There is. however. one difficulty with
this procedure. The pressures computed in the code,
when used to accelerate the body. lead to an un-
stable body motion. To correct this. the body equa-
tion of motion must be implicitly coupled with the

pressure iteration. This is done by computing a new
Vi, for use in the pressure iteration, at the end of

Fig. 16.
Surface profile at t = &0 and velocity fields at
quarter periods as generated by cviinder un-
dergaing foreed heave.
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each iteration pass using the most updated pressure
values available. If the Vg calculation is inserted into
the special boundary condition section (2500 sec-
tion) this will be done automatically. Because of the
dependence of Vg on the new pressures, however, we
must also modify the relaxation factor 0F0p describ-
ed in subsection 3 to have for each cell (i.JT) under
the cvlinder the additional term

$x2(i-1.5)[H - (JT~2.5)%y]

={

Figure 17 shows body height as a function of time
computed in this way. The pressures used to
accelerate the body may also be used to compute
added mass and damping coefficients. Unfortunate-
lyv. we know of no theoretical or experimental data
for this or the previous problem to make com-
parisons.

C. Details of the SOLA-SURF Program

A conceptual flow chart and FORTRAN listing of
the SOLA-SURF code is included here. Comparing
this flow chart with SOLA’s shows that the only
significant differerence is section 4000, which is used
to update the free surface position. ANl input
parameters are identical in the two codes, except
SOLA-SURF has some additional parameters
associated with the surface options. The parameters
are defined as:
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Fig. 17.

Elevation of free-floating cylinder vs time,
shows damping of motion as waves are radiated
away.
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GAMMA = 5y = controls the amount of donor cell
fluxing in kinematic equations
for free surface position (1.0 for
full donor cell differencing and
0.0 for centered differencing),

TB = top boundary definition (0.0 for top boun-

dary coincident with the top mesh boun-
dary, 1.0 for a free surface. and 2.0 for a
rigid boundary}, and

BB = bottom boundary definition (0.0 for bottom

boundary coincident with the bottom mesh
boundary, 1.0 for a free surface, and 2.0 for
a rigid boundary).
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DIALNSICH uleudedd)av (s Pd) gl 2 2024), it (FrRsc8) e+ (2029 d),
1AP:T(2%Y,r (en‘;]l"""(r?\.z)nJr(Zv'))’J'ﬁ(?l.'?]5"'1(313?)5"‘1"(2‘."(')1“(?”&)'
enane (1)

Ab &L LUNG, )

I7TEGEFR CYCLianlpary,aT,nn

b ain 4%, a7 » ShINT O 3Y ¥ delwfus, .AME

Low o ~trY Ani Pelod IATTIAL J oyl AYS

>

*

HEa) 25, L (XPLTCIYs tat, i)

JRARZUE G1(1Y s JnAnsSxb T (P) » DRLASXE2T(8) 3 depY=aPully)
TELT2xeHTI(S) o rasxPeT(n) & CYLSXRUT(T] b [(PSIsXFuT(E)

LIRS XET(9) % GAZAPLT(10) b LysxPLT(11) B SlaxPuT (1)

vlzxt oTC18) * velxsxrolllaes & T FIWSXRJT(3S) $ (aPulzsPT(jol}
CobbTaxtt T(1/) & O62AFTCIn} ¢ ALFmasSaPuT(19) # GAMASLHIT(24)
SLEKPUTI(21) 5 alsSRPUI(27P) o ~TsXPYT(23) & wazxPyT(2d)
TAZXEJT(R25) 5 wHdzxRT (20}

POpsT 90, (a¥aT (1) iz, vu*)

2h FJ«YAT(6X, §Ps/{d{0X, b 22473)))

27 FORAAT L 1BX, 10 a8, 1XsA1 3. 2(1%,48R))

$9 FUu AT (1)

GU FURMAT(AXRLYLLES &IN5, HaaTiis allt §2,9,BXn122 «F12,5,9x0]18224]5)

45 FouwsAT (10 AR)

O FONMAT (I M 2 xnl3k, 1PE L0, 3,uxalYLLEmn,a)

A7 rideYAT{bXr]a X JeioXa a1/ XaVrlnX2Ox]logXars I XaS 0 CLLLPIX#3CT CELL®
1)

U FURMAT(uX, T35, 13,1000, 1PE12,5),2(40%,1R))

Q9 FDIMAT(HXR [TERE al sy JUAaT] ks 2P 12,5, 1 4aCYCLES #lu,9ArFyTLse
1 F1245)

G FOaTlImn ,588HARS s{bE L2, 97658 A0S sk 32 SsexribLXxz ab 2,5/
16Y20 (Y2 wi 12.5/70XaDE LTz ab {2, 0/7eX000z ap 12,5/ 7krlyls #f 12,5/
Ankab i Rl A 1O, D/ w I fhUus #r 12,5/ A%00E R 12, H/7BXR0GYE 27 12,5/
Shea s AELZ2,970000]s R 12,5/9Xn FL XS b 12,9/5akTaf Unz ar 12,5/
IDXRCABRTs w12, G700 000 LTT #FJ2,5/77X07%0L2 b 12, 4%/5araLbknas s}, 0/
SOXAGA INAS ab lg a/Rxmal s 2t 12,5/7Ax0ans 2L 12, ,5/8k0nalz 2b)2,5/
hrda ez abld,0/nxelas ef 172, H5/Rtai-2 sf12.5)

C » & COMPLTE LU-ST2T Tew 3 Ay 1 ITIALIZE NEFESSANY vAWIAKLFS

*

Iraxzlhbt?

JVAXE AR
["i1=tvaAxe?

JYpzirA el
RUXTY g/ NLLX

wvsl, sulLy
JUozlttaxeg

142214x=2

JThz (T (ThHe], Lel?)
Lhns INT(ivsl,belt)
CALL "rTifaladnv,d ")
CALL AT 1(OAY)

LAl CLOtrI(LLl~)
PAINT 27,0840, 00 2AT,C0Lx

Mi)y

1

35



154
154
1949
190
154

194
107
175
1795
175
274
24
5

2Jde

2eld
214
21e
216
223
227
233
233
233
233

243
Py
24
2u6
251
262
262
270
27
era
e
32
37

ne
323
524

36

Fibel C¥G7 U ERUN-A HEN Iaito2/3%

O % » O

(ol

-

[}

413

283
282

285
29

1Te=2s

CylLess

TarRTs CorttaletT

TarlTsesy,

BETAS UMG/(QetubtLTa(m XA+ IYaa))

SPRCTAL INP01 oATS

CETESYINE of JFED KON ARY LULATION

MAPTE g,
G 2ut Iz 2.1

i) sdnd

JRED)s AT (A ()R Yel, b)) + 2

AN S EAN AT S

M (i) e (2]
MR AYs e (3))
Ja(l)= J=(2)
Je(Iraxyzs Ja(l 1)

COmPLTE [GITTAL T02 HSumbaACE CUFlGuwaTON

FlieTz 1,00

N 26 T2, Im

w(l)=s FLrT

JTLI)z I~NT{4(I)andrdl k=) + ¢
1FCITCL),61.d%) ) Jifl)=s Jvi
CONT INUE

n(1)z m(2)

H{lmax)= H(141)

JT iy J1(2)

JT(Inaxy= JT(T~1)

CALCULATE mYIRQSTATIC #RESSUSE

ull 290 J=2,1M

JIi=37(1)

Ji31s Tu(l)

IF(IR9,EC,)) vy TQ 25¢

DO 28 J= JHI,uT!

P(Ied3s «GYR{r(I)=(FLILT(J)wl,5)NELY)
CUNT Inyb

63 TQ 29¢

ConTINUF

J8) 285 J= JH1,471

P 1,032 GYs({FLUAT(J)=»1,5)aDLLywmii(]))
CUNTINUE

CONTINUE

CALCULATE POSITIunN OF TnE CERTER OF EACH VERTICAL COLY N DF CELLS

D 524 I=i,l4Ax
XX(I)s(FLDAT(L) =l 0) kL X
CONTINUE

1244905

FAUNLL I

P ALF

N,

?



323
325
35
54
554
KETA
144
31
3ue
342
342
3u2
351
34}

3156
361
361
34
373
373
373
aity
uy'y

4,1
ayl
U |
a4

415
unry
ERY
d.2
4.7

g7

827

RUNetCv97 € SOL AR 75/ve/1 s 12,43,2Y LELURV L PAGE no, 3

C * 2 ST CUNSTART TEK«S Fim PLOTT Ing,

k)

»

b

LunGe FLOAT(LHAaQ)w JbLX
“IGHdzs FLOPTIJHARYI & LLY

j¥ez9te

IP QLG oLl o {14 13D5Ah%nTGH))LATN 3.0y
Iap=v

Irez1.t02

Itz TP 1(9)b,=nlbHe) i, /hizh)
HA SN

2§ hoaube L /inn

Jxls INT(S)),°a)

Tars 10W7(511,42)

IAAES X

£ 111..»§

b xl=AINECurix, LYY/ VELY

SET [nITIAL vELOCHITY FRIELS INTO o+ AND v ARKAYS

O Ges l=2,l"'l
JT2=sJ1(T1)+1
JHiesJh(l)=]

C Bed J=dn2eJid
vil,J)= vi!

a{lesd)s ul
CiinT 1w F

A5351ut d2bh. 10U wRET
g T 2elt

STaw? LYCit

[FEDAER IS AW 4

1ltnsg?

e,

ASSTGH Yisla 10 <RET

Liad TR JRYPimAYY o AGY v

IFILE I RATA P |

RABENAR OGP

Jusyz Ikt )

DI 11an Jgs ognllJdT

Form(C i (laJ)eu i(Telad))eCun(loyd)eun(Iel, 1)) aLPRARABSCUNCI,J) U (
1141, 033 (UNCLpdY= (I, 0) ) (UN(I=1,J) 4001, d))a(un(I=],J)edn{],d)
2loALemARABS (Ul (Il J)+uNCT J) e {uNII=l, J)eiN(T,J2))/(daalELX)
Foysqrve(lad)evhlIel,d))atu(I, d)eun(T,t¢1))

TealP-AsArS(vali JY+vilel,J))Ia (Lo (1,d)=(T,4041))

Polv ol dol)evii{T+),5e1))Ya(ur(I,Jel)euN{1,]))

Sed Pt manS (v ladmt) v (et do1)} ) aCun(l,Jo1)=un(lsd) )/ (4anrLLY)
AN DN IS TN S FTU L NLIGE SRR R SIASTRA R IV GE S PRI DEICTLIS L3 DR ILT 8 FIN)
1)70( (it J)eunCl,))

Sehpbie BaARLIH (T, dYe I, d) I (1,J)=lN(141,0))

IR RO T ORGSR RV S PSR E S SUNS ES PN IN G PR DS ]

G/ (S L LNAFL AT ([=1)])

37



427

427

u2?

[

L4e
bud
Tes

713
715
7%
715
Ia %]
715
71%
718
715
73
7313
752
754
752
757
757
nl
761
771
774
774
1383
193
1243
19793
1223
1863
1414
19214
193
1831

38

LULLLE

26l

2iay

Vb

20889

2199
2129

SN T R Y

C97 °© SULASUR 75/742/15 12,455,495 TIBLNIZ3HR

Fuxst(um( Y, ddsubh (I, Je ) atviuli,J)+vhilel, J))+ALPHAKABSC(UNCL, JY#INT
1o Jd+ 1)) x(VeClodiov (Il d))mtint @l J)eUN(Iwl,Je1))a(VUNCIw],J)eVNC
2Ly d) =AU PHAXRARS (UN{Iml ) J)4uUn( It J¥ 1)) (VN(I~t, J)evnN(],J)))/ (4, %0F
3Lx)

FVYSOCVv(T s JYevNCT,J40) )R va(l,J) evNCTpJ+ 1)) +ALPHARABS(VNCT,J)eynN
ISP E LTS PR IEITT S SN DR EIERISPRLIDEILIG NI RIS LIQIINLS DR ALY 8 S
AY)e AL PHAXABS (VN{ Lo Jm1) 4V iCLed))n(vell,Ju])=Vh(],J)))/(uanDELY)

FuisCYix({UN(I,I)+0h (1, J* 1) A CUNCT, )+ e (T4, 0))$(UN(]I=],J)¢uN(]Im=]
Lo da ) CuN(I=t, J)evN(LlsJ)I+ALPHAKARS(UNCI JISUNEL,J+1))R(YN(I, )=V
290141, 0) ) +ALPHARAYS(UNCI=1,J)+UN(I=l,,J41))REUN(I=1,J)=vN(],0)))
S/CB 2DEL xR (FLUAT(Im])mvis5))

VISKs HUK((UNCLI*LsJY o2 2UN(T,J)+UN(I=1,J))}/DELXN*2+
1 (Bl dv 1) e  *UNCT, J)+UNCTPI=1) )/ DELY &R
2 YOYLw ((UNCI+L ) muUN(I=1,J))/(2e*DELXRLELXRFLDAT(1I=1))

3 @ L J)/ZUDELXAFLOAT([=1))222]))

VIoYs AIa{ (v nlIel s )2k VR(I,J)#UN(T=1,J))/DELXA%24
t (vECLsJe1) =2, avh(T,J) VNI d=1))/DELYR22
2 HCALACYN(IHLpd)mvhi(Iml, ) )/ (2 aDELX#DELXAFLOAT(I~1,5)))
CIpd)= VNI JdI4VELTAL{P(I,J)=P{141,J))RRDX + Gi=FuX=FUY=FJL+V]IS5X)

v 1,d)z ¥R (L DDUELTACLP (I )P (L, J+1))ARDY + GYwbyXaFyYmFuCHV]ISY)
CRRTINgE

SET ROUSDARY CUNDITIONS

LGSt IndE

An(l)a (22

M (T2 x)a HN(LME)

JT(1y=d1(2}

JT(IrAX)=JT(IM])

Ain{ )= HEN(Z)

WM (IMax) s HBN(IML)

Ju(1)s JH(2)

JAE(ImAK)s JH(ImM1)

D73 2244 J=1,.JMAX

G Ta(202¢,204a,2064,2d484) L
vit,t)=i,9

vit,JI=vIiR2,))

GO T 2tuw

vlt,J)=z0, &

V(1pd)==v(2,J)

G T 2w

JFCITER,GT,®)GO TO 21a4
w{t,J)=0(2,J)

vileJdiz=v(e,J)

LY TD 2100

Ultsd)zs UCIN2,J) L] vi2eJd)e V(IM},Jd)
Vii1,J)s v(IM2,J) $ Pt2sd)z P(IML,J)
HY(1)= WL (TM2)

JT(1)= IT(IM2)

rbL(1)s HBN(IMZ)

Jis(1)s JBR{IM2)

G Ty 2140

GU TU (2120,2100,2165,2182)WR
dIMLJ1=0,0
VIIYAX, J)=v (IML, J)

PAGE NU,
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1933
1041
teal
1243
jaad
1955
1255
1264
1275
1675
1e75
12375
1a75
1475
1475
1275
1a7s
1875
1112
1115
1117
1117
1122
1157
1137
1141
{1146
1146
t1be
115
1162
1162
1164
1171
1171
1173
1173
1274
124
1227
1214
1214
1215
1213
1217
1217
1222
1226
1226
1251

RUN=LCMIT7 O SOLASUN 757027138 t2a43485

214w

2l6u

21Bd

22¢9

232¢

2549

2364

2384

24da
FL Y-S

244y

pub

G4 Tn 22up
YOIM1,J)=0,.9

VOInax, J)s=v(IM1,J)

0 1 221K

IF(ITER,GT ) GOTO 2284
GOEML, Y= ulIM,dia( [ 2/ ImLIalY [+ (1. 0=CYL))
VOIMAX, Jizv (I, d)

GU T 220

JOIHML, dYI=u(Ped)
viIMax,J)=v(3,d)

Ha(Ixt)= rin(2)

JILI)= JT(2)

RE{IMAXYE N (3)

JT(1max)= JT(38)

HAMCIMI)= nBR(Z2)

Jdtimi)z Ja(e)

HAMN(IMAX)E RBN(3)
JA(I%aAX)s JB(3)

CONTIRNUE

DO 2%y I=i,IMAX

JTi= J1(L)

JHi= JH(I)

GOTO (2324,23842,2560,2384) w1
VL, JM1)=0,0
JlIpdmaxdzutl,J™t)

GO Ty 24u¢

V(IedM1)sil, v

UISPRETS SELIVIS IS D]

6N TC papy

IFCITER BT, 2) GCID 2uid
vil,JM)sv(T,JHa)
UlleJduaxdz=u(l,Jd=1)

LU T 2400

v, Jin)ev(i.2)

WL Jirax)y=u(l,3)

GO T 2duag

GAOTY (2U2v,Punapdldoaylud i) wn
V(I't)=?.ﬂ

Ul )=1(1,2)

GO T 25.0¢

vito,1)=0,00

UlIsl)==ill,ed

O TO 2%%¢

IF(ITER,GT,¥) 69 Tu 25¢4
v(I,1)=v(l,2)
JCIe1)=0C1,2)

GO TG 254n

V(Is1)z V(I,dM2) $ UCIe2)z U(IsJM1)

U(Ie1)s UCIodM2) $ P(Is2)= P(1,JM1)
CUNTTLGF
FREE SURFACE AND SLODPMEL KUunuARY CUNDITIONS

CO~nT It
IFCITR,ES e oty TAMGL ig!) GO TG 2652

T3BLNZZSHR

PAGE NU,
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1242
1244
feud
1246
125
1262

1262
177
1277
13va
1313

1513
1338
1353

1333
1336

1336
1337
1301
1343
1345
1347
Y347

1359
134%3
1353
1356
1357
1366
1574
1403
tae
1421
1421
143@
1432
1439

1438
1430
1465
1465
1471
1474

40

Rijdet

2614

2622
26540

3d6¢

3079

[L- WA SNLASUR 75702713 12,43,25 TABUNLL SHR PAGE

D2 262w T= 2, 1%}

JTis J1(3)

JHiz JH(1)

IFCTTR Fua) G T 264

IFCITCIR1) LT JT(I)) (1,710 U(l,JT71i=1)

VI JT1)s V{1, JTlet)alE{ YaekDXR(U{Ll,JT )mwli(l=1,JT1))

1 =CYLnrh) Y2, (00, JTL)+U (=1, 111/ C(FLOAT(I)=]1,5)«DELX)
USEFASESDEIVISUNAR D

COUnT INUE

IFEINBL,ETLu) GO TO 2620

IF(JBCI+1),0T,JB0I1)) U(I,Jdot)s U(l,J8t+1)

V(I JHlmt )= VI, JRED+DRELYRRDXR (U], IbY)mli(l=1,JR1)}
1 SCYLADELYRVIOS* (W1, JR1YI+U(1=1,JdB1))/CIFLOAT(])=1,5)400LX)
UlledPl=1)z U(l,JRT)

COnmTTNYE

CUNT ILHUE

SPECTAL #OQuNUARY CONLITIUNS

GO TG KRt
CONTILUE

HAS CONVERGEWLE dEE4 REACHED

TP(FLG,EG. e )GUTL 09
ITER=ITER+]
IFCITERLLTaBwin) GOTD 3052
IF(CYCLE L Talit) GO TO adgw
TS 1,E410

G0TQ 4dpde

FLG=¢, 0

COMPUTE UPLATEDL CELL PHESSURE AND VELNDCITIES

ul 39599 I= 2,1M1

JTi=s Jr(1)

JB1=z Jb(l1)

DG 3s¢e J= Jd),JT}

IF(JONEGJBL o AND, J NELJTIY GO Tu 32¢%

IF(JLER,ITL AN, ITneR,1) GO Ty 4142

IF(J RO, IR JaND, IBH,EQ,2) GO TU 3060

IF(JLED, T JanD, 1TH E4,2) LO T 397@

It (J i, JBY JAND, LBALJER,1) GO TO 315¢

GO TQ 3202

CUNTINUE

vIMe ROYA(HB(I)={J=2)%DELY)

VAMz RDY*((J=1)*DELYeHdE(]))
Fae@,25%xRDXA(HE(T+1)eHE (It ))R(U(TJ)+U(T=1,Jd) )4V (] sdIRVTM
TAVEBMRLY (T, #NELYRRDXR(U(T,J)=U(l=]1,J))])

LFDPs DEL-RDYR(VTIMEVEM) ¢ P2, xDELY*RDXARDX#DELT#VHEM
DELP= =F/LFUP

60 TO 3300

CONT INUE

VIME ROYR(H(])=(J=2)2DELY)

Fz oy 25aniDXR(H(I+1)eM (ot ))a(U(I,J)+0(l=1,J))ev(],J=1)

NGO,

b



1471
1471
1525
1526
1551
1541
1541
1542
1545
1545
1555
1556
1956

164
jove
1620
thed
1ale
fbew
Tode
loe?
1634
163%

1645
1637
165
105
losa
165

165
1745

17-5
17.17
1724
708
1724
1724

1772
179%

wiJNa L7 N SOLASUK Th/wesls 12,43, 25 TIBLNZL3HR

1 =vTMaDE Y*ROXA(U( ], J)=ti(I=1,0))
OFIPS @ELTanDYR {1, 8+2, 0% TMADELYAR2 & RDXAA2)
DELPz =F/0FDP
GO T 3FA0

120 CUNTINUF
FETAz DELY/(AN(I)=(FLORT(JT1)=@a5)*DELY)
DELPE (1 /A=PETAYaR{I,J01=]1) « 2{],J1}1)
LOTiv 330y,

3150 LONMT Lhk
SETAZ LELY/ZC(FLOAT(Jul)e 'oSi20ELyY = mE(I))
JELFS (1, 0ePETAYARP(],d81+1)=F{1,J81)
HL T 430

320 CnTINUE
CEROXR UL, J) e (1w, I3 eROYH V(L) (], Jd=t )+ CYLR(U(]I,))
141, D)7 (2 » Nk (FLOAT(I)=],5))
IFQASS{D/D2ZRU) JOELERPSIIFLGR] 44
DE(PS =dETARD

35400 P{1,d)=P(l,J) vl Ll
(L )=l D)ok ThidoX*0F (F
GlI=1,5)20(l=1,J)= b L TRRDXRQLLE
vOLl, 1)=Vv{I,, ) s L Tar YRk P
V{IpJomldasv([eJol)m 2B LT AR, YADLLY

3540 CunTIngE
GOt 2uty

430 CUNTINGE

CIPTE wba 3nFACE PUSITICH

>
»
»

TF(ITbeNE 1) GJ TU dlud
U AR Te2, 1M
JTis J1 1)
VT ¥R (RN L) eFLOGAT(JT1=2)%0FLY)
GAvE LSe (L=, JT1Y ¢ UCT,0T71))
DYz ALY e R LT R (Ve (L, JM )+ (Ladomv)nv (], JT1e))
1 ot DR EAA(HAVAAS L) +GAMMARARS (UAV)  (HN(T)ehmn(]¢]))
? oAy (lef)enh  ARARS (LAYI R (~N(Te1)=r(T))))
PRIRIVER G40 & KON
GRA LeNT NG

Aow LN L R ROLSTITTIUN FDR RUTTOM SuU<bACE

> O %

FRCIE e 1) T 423
CY ey Is 2hid
JlzE Jetl)
ey EOVA(HEL(LISFLGAT (Jusle ) R0ELY)
cAy= :'.'xl(;(['laJ“l)*U(I.J‘.\11)
i L)E e (IYeUELTACHhvRv ([, J01)e (], mnBs)avi], Jilel)
1 e Ay RN (AR AN T 1 J#GAYMARABS U/ Y)a (s (] )mmbin{]v]))
cyaVARLN( e jebanmanaAbka(UAY)R(HAL (] e (]))]))
G LTl
a3, ConTinar
N L]
L & & CALCULATE CELL ln ~W)Cr Sunbalp IS LCCATER ARD yPDATE A«WAY
A
PIEFLYEE V- FEES!

PAGE NO,
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1757
1764
1767
1774
V777
2242
2@

207 a
2We t
el
2414
aris
2ved
2alu
2127
2727
2A3e2
2443
425
2152
25w
2¢63
2463
24617
2067
2nle
2iel
2143
2itt
21t
2124
2124
2127
2143
2143
2143
2153
2153
2156
2178
a7
2y
2289
22v0P

aa¢e
2202
2225
2213
2213

RiJhmt CHGY O SOLASUR T4/6¢2/13 12.43,49 T3BDNL L3R

4390

Ryt

4s4s

4354

4355

4360
4365

437
u37%

JI(I)= IMNT(PUIJARDY+) ,2E=8) ¢ /2
IFCITEI) 6T ,d%1) JT(l)s Jmy
JREI)= INT(RR(I)ARDY ¢, d3L=8) ¢ 2
CONTINUE

ASSIGN 42Bad 10 KRET

GO T9 2602

CRNTINUE

CALCLULATE TOIAL FLUID VOLOME

FVOL=E0, 0
Q0 45 Ise, 1My

ANELYS (CYL®0,2R518a(PLOAT(T)a1,5)#0bLX 4 (1,WeCYL)II&DELX
PAOLE FVOL 4 (nrl)erp(f))waDELX

COnTINJE

FLYS v g}

IF(nl LT 3)G0 14 4345

JIF= JT(2)=1

Jikz In(2)+)

LU 4340 J=JdkF,JTF

FLXSFLXeu( T, JiRJELTRUELY

COINT TNt

HOTF2 w(1)aFLDAT(JT (1 =2)2ELY 4 FLOAT(JR(1)=1)4DELY=rh(])
FLxsFiaenmDIFAL(L, JTL)RDELTY

CONTIHE

TF(ubk ,LT43) GOTO a5y

JTFs JT(I~1)=i

Jubz JR(IM1) ¢}

5 488 J= Job, JTF

FLXSHL e (141, JYISDELTRDELY

CONT LN IE

MDIFs H(T1)eFLQAT(JIT(IM]1)=2)%0ELY ¢ FLOAT(JB(IML)=1)aDELYerAB(]1M]L}
FLXSFLXeMDIFAL(INE,JT8)aDkRLTY

ConTINUE
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