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ABSTRACT

The SOLA-VOF code developed by the T-3 (Theoretical Physics, Fluids) group at the Los Alamos
National Laboratory (LANL) has been extensively modified at the Oak Ridge National Laboratory (ORNL).
The modified and improved version has been dubbed “VVOLVOF,” to acknowledge the state of Tennessee, the
Volunteer state and home of ORNL.

Modifications include generalization of boundary conditions, additional flexibility in setting up
problems, addition of aproblem interruption and restart capability, segregation of graphics functionsto allow
utilization of modern commercial graphics programs, and addition of time and date stamps to output files.
Also, the pressure iteration has been restructured to exploit the much greater system memory available on
modern workstations and persona computers. A solution monitoring capability has been added to utilize the
multi-tasking capability of modern computer operating systems.

These changes are documented in the following report. NAMELIST input variables are defined, and
input files and the resulting output are given for two test problems.

Modification and documentation of aworking technical computer program is amost never complete.

Thisiscertainly true for the present effort. However, the impending retirement of the writer dictates that the
current configuration and capability be reported.
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1. INTRODUCTION
11 BACKGROUND
111 History

A family of computational fluid dynamics (CFD) codes was developed at the Los Alamos National
Laboratory (LANL) during the 1970's.* Dubbed the SOLA (for SOL ution Algorithm) series, they were
developed for teaching CFD and to alow ease of modification, but possessed substantial utility for solving
interesting fluid flow problems.

These codes built on the unique capabilities of the T-3 group,” which tracesiits history to the work of
John Von Neumann during the second world war. The codes were conceived by C. W. Hirt; algorithm
refinement and the reduction from concept to working codes was accomplished by afamily of collaborators,
including among others A. A. Amsden, T. D. Butler, L. D. Cloutman, B. J. Daly, R. S. Hotchkiss, R. C.
Mjolsness, B. D. Nichols, H. M. Ruppel, and M. D. Torrey.

Since the codes were developed, dramatic changes have occurred in the computing environments
available. On the hardware front, capacity and capability have exploded, and moderately-priced desktop
systems (workstations and personal computers) can outperform the multi-million dollar computers for which
the SOLA family was developed. On the software front, the FORTRAN language has acquired a high level
of commonality between vendors. Operating systems now allow multi-tasking so that solution progress can
be monitored while aproblem isbeing run. Taken together, these devel opments have made standardization of
file handling and coding practices practical and economical. Thus codes can be structured for portability (easy
transfer between platforms) regardless of the maker of the hardware.

1.1.2 Utility and Economics

Despitetheir age, theinherent smplicity of the SOLA a gorithms makes them attractive for continued
use. In particular, the VOF (Volume of Fluid) algorithm for tracking the movement of a free surface or of
interfaces between two fluids has emerged as the standard method of ssimulating such motions. Thus, even a
simpleimplementation has utility for many problems. The SOLA-V OF code? containsthefirst implementation
of the VOF agorithm.

Thus, the utility of the SOLA-VOF code and the availability of powerful workstations make the
upgrading of the original aviable proposition. The end product of such an effort is an effective complement
to commercially-available CFD codes, such as FLOW-3D," CFX,* FIDAP,” and Fluent," aswell as several
others. The two approaches are compared as foll owed:

" See http://gnarly.lanl.gov/home.html

"Flow Science, Inc., Los Alamos, NM

AEA Technology Engineering Software, Inc, Bethel Park, PA
“Fluid Dynamics International, Evanston, 1L

"Fluent Inc., Lebanon, NH
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Finally, expanding therange of physical problemsthat acode can simulate can sometimesbedonewith
very little coding effort.

1.1.4 Source

In order to obtain feedback on the performance of their CFD codes, members of the T-3 group at the
Los Alamos Nationa Laboratory have in the past provided development copies of CFD source codes to
“Friendly Users.” Acquistion of source-language code in this way implies that the source of the code would
be acknowledged when reporting extensions. Additionaly, any problems that might be encountered would be
reported to the providers.

The author obtained the SOLA-V OF source codein 1986. Asreceived, the code was as described in
an LANL report.? Additional information is contained in Hirt and Nichols.** Further development of the VOF
algorithm at Los Alamos is described in, for example, Torrey et a®® and Kothe, Mjolsness, and Torrey.”
According to the vendors, the VOF agorithm is used in the commercial CFD codes, FLOW-3D, CFX, and
Fluent referenced above.

12 REVISIONS

Theorigina Fortran code has been replaced with Fortran 77 syntax whenever algorithm modifications
wereintroduced. The latest version of Fortran (90) has not been used because it was not available when this
work was undertaken.
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Thefirst term on theleft is used to incorporate aight compressibility effect, such as acoustic waves, into the
formulation. For atruly incompressible fluid, the acoustic velocity c isinfinite. In that case, (1/c?) is set to
0 intheinput to SOLA-VOF, and Eqg. (4) reduces to the usual incompressible continuity equation.

2.2 MESH LAYOUT
Thepartia differential equationsdescribing theflow are solved on amesh of rectangular computational

cells. Earlier examples of this technique include the MAC (Marker-and-Cell);>*SMAC (Simplified Marker-
and-Cell)*® and ICE (Implicit Compressible Eulerian).™
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Fig. 1. Finite difference mesh with variable
width rectangular cells.

A typical mesh, which is surrounded with aring of image or “ghost” cells, isshownin Fig. 1. The
image cells are employed for convenience in imposing boundary conditions on the equations. The index “i”
is used to count the cellsin ther direction; similarly, “j” isused to count in the z direction. Asimplied by the
sketch, the cells are rectangular but the width of each column and row can be unique. Theregion onwhichthe
flow equationsare solved consistsof “IBAR” cellsinthex,r direction and “JBAR” cellsinthez direction. The
cell widths are designated by &éx; and &z, for thei,j cell. The coordinates of the cell center are designated by r,
and z.

When deriving the finite difference representation of the partia differential equations, the continuous
variation of the dependent variables (velocities and pressure) is replaced by discrete values at specified
locations on the mesh.






3. CHANGES TO SOLA-VOF

At ORNL, modifications to the code were made over a number of years as particular requirements
were encountered. Changes fell into four categories: cosmetic, input modification, output modification, and
physical model enhancements. The changes that have been made are summarized in this section.

31 OVERVIEW
3.1.1 Cosmetic Changes

When convenient, cosmetic changes [substituting ‘do’ loopsfor ‘if’ tests, substituting Fortran77 *if-
then-else’ syntax for ‘if ( ...) go to xx’ syntax] were made during the course of changes in the code. The
objective of such changes was to increase readability and efficiency while producing a program that gave
solutions that were identical to those obtained before the changes were made.

The most extensive cosmetic changes were made in the solution of the pressure correction egquation.
SOLA-VOF was originally written for the Control Data Corporation CDC-7600 computing system. That
system rewarded programsthat used small memory arrays. To exploit thistrait, the pressure correction routine
performed an ‘if test’ on every face of every computational cell during every iteration of the pressure
correction. Thisarrangement not only repeated the testsfor every iteration but inhibited hardware efficiencies
by requiring multiple branching logic to be executed for every iteration. In the last decade, computer memory
hasfallendrastically in price and the concept of * virtual memory’ hasbeen incorporated into operating systems.
Currently, huge arrays may be used in codes without imposing the penalties encountered when using the CDC-
7600. Exploiting these changes in technology, the results of the *if’ tests performed on each cell face were
captured in four arrays (four words of memory for each computational cell) before the pressure iteration
process was started. The benefit for this change is proportional to the number of iterations required, but in
practice yields about a 30% reduction in processor time together with identical results for the pressure
corrections.

A more visible but less extensive cosmetic change was introduced in the main program. The maor
processing loop was originally programmed with multiple intertwined ‘if’ tests, making reading and
modification difficult. Onemagjor ‘do loop’ was substituted for several of the‘ifs,” highlighting the top-down
nature of that section of code and easing the insertion of multiple output options.

Other less extensive cosmetic changes appear throughout the new coding.

3.1.2 Output Changes

Changesin output available have been introduced in the areas of graphics, timing, and tabular output.
Input and output file names and purposes are listed in Table 1.



Table 1. Input and output files used by SOLA-VOF

File name Type I nput/output Function

soldata text input Initial conditions, mesh generation, fluid properties, boundary conditions, output and restart
control, iteration and time step control.

solprt.out text output Echo input, periodic time and iteration statistics, occasional field variable (velocities,
pressure) output, final timing summary.

vofile.out binary | output Image of al common blocks; with the appropriate ‘ soldata’ changes, contains sufficient
information to continue a previous calculation.

vafilein binary | input Redtart file for continuing calculations; normally created by renaming ‘vafile.out’ to
‘vofilein.’

startstop.in text input A file one character in length. The program reads thisfile at intervals. If the character =*s
or ‘'S, the calculation is terminated.

text standard output Periodic record of time and iteration information, printer plots of fluid surface or interface

shape, sampling of acceleration parameters.

history.out text output A record of the flow variables at specified pointsin the flow field.

tecfile.out text output Flow variables at the corner of every computational cell; formatted for input into Tecplot for
visualization of the solution.

monitor.out text output At selected time step increments, prints one line of timing and iteration information.




3.1.2.1 Graphics Output

Asreceived, the code contained agraphics capability implemented with specific callsto a Stromberg-
Carlson cathode ray tube device (the SC-4020). These callsand thefortran used to fill the plotting arrays have
been removed. A variety of commercial graphics packages are available that require only ASCII text files as
input. These packages are designed to be used interactively after the CFD calculation has been finished.
Therefore, the original graphics calls have been replaced with short routines that produce various ASCI files
depending on the setting of input parameters. Header information in the filesis structured specifically for the
commercial program Tecplot.”

In addition, a very crude “printer plot” is generated and placed in its own output file at a specified
increment of problem time. By monitoring thisfile, the user can obtain arough idea of surface shape. It dso
allowsaquick visua check of boundary condition settings so that the cal cul ation can be stopped if an incorrect
specification has been made.

3.1.3 Input

Input is provided from two sources. Initial conditions, including fluid conditions, mesh structure, and
boundary conditions, aswell as control variablesinvolving output timing, etc., are provided by reading afile
named soldata from “ standard input.” Restart of a calculation from apreviousrun isaccomplished by reading
arestart file named vofile.in. Input and output file names and purposes are listed in Table 1.

The‘namelist’ input technique used by Nichols, Hirt, and Hotchkiss* has been expanded to allow more
control over the problem definition without custom coding. Variables have been defined to control frequency
of tabular output, graphical output, and problem duration. Arrays have been defined and coding modified to
allow a mix of boundary conditions to be applied on each of the four problem edges. Namélists have been
added to allow definition of obstacles embedded in the flow field and to allow some initial condition
specification without custom coding.

3.2 RESTART CONTROL AND ITERATION CONTROL

A restart capability has been added to SOLA-VOF. This alows smulations to be stopped, the
intermediate solution examined, and the calculation continued if desired. Whenever a ssmulation reaches a
normal end, either by covering a specified time span, by covering a specified number of time steps, or by
encountering a“stop” instruction, the contents of the common blocks are written to adisk file in the directory
in which the problem is running. Thisfileis named “vofileout.” If the computer operating system is case
sengitive (most versions of UNIX for example), the file must be lower case.

Therestart flag is specified in the namelist abegin. Besides specifying the incremental physical time
to be simulated and the number of time steps to be added to the solution (the lesser of these determines when
the problem isterminated), asimulation can be stopped by editing thefile star tstop.in in thedirectory inwhich
the problem isrunning. Thisfilename must belower case. Thefile consists of one character. If that character
is“s’ or “S’” when the file is read by the program, output files will be written and closed, the restart file

"A product of Amtec Engineering, Inc., Bellevue, WA.
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vofile.out will be written and closed, and the program will terminate execution. This of course requires
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that the operating system under which SOLA-V OF isrunning be multi-tasking. For example, UNIX, LINUX,
Windows (95, 98, and NT) are multi-tasking systems.

Torestart asimulation from apreviousrun, the output file vofile.out from that run should be renamed
to vofile.in, the character in thefile startstop.in should be changed to “q” (for example), and the restart flag
in name list abegin set to “1.”

3.3 SETTING BOUNDARY CONDITIONS

All of the boundary condition options described in the original LANL report are available. In
VOLVOF, the capability of splitting boundary conditions along boundaries has been added. For example,
portions of a boundary may be blocked, creating awall or hole to allow inflow or outflow of various types,
depending on the details of the boundary flags set in the namelist input. Use of these flags is described in
Appendix B.

34 OUTPUT MANAGEMENT

Toalow monitoring of variable changesat specific pointson the mesh, history filesmay be established
using the namelist history. Variablesto be monitored as well asthe locations and the times are defined in the
namelist. ASCII files are created that may be viewed, edited, and plotted to give a visual assessment of the
convergence of the calculation or the time-dependent development of the flow.

Thefilesolprt.out isacomprehensive record of acomputer run. Theinput files are echoed, theinitial
and boundary conditions and periodic snapshots of the flow field are recorded. Also, periodic information
about the pressure iteration, the time step being used, and other flow development information is reported.
Finally, asummary table of the iterations, computer time, and wall clock timeis printed. ThefileisASCII and
can be examined using atext editor.

Thefilemonitor.out containsasingleline of timing and iteration information for particular time steps.
Thefileis ASCII to alow the user to monitor the calculation during execution.

An ASCII file tecfile.out is produced periodically. Sufficient information is provided to produce
contour plots of stream function, vorticity, and pressure, as well as mesh velocity vector plots. Thisfileis
formatted with the proper headers for input to the Tecplot™ graphics program. Using atext editor, thisfileis
easily modified to meet the input specifications of other commercia graphics programs.

A monitoring fileis also written to the “ standard output” of the computing system being used. This
file contains some information about the pressure iteration and the time step being used as well as a periodic
coarse character-based plot of the current flow configuration.

The update frequency of each of these filesis controlled by namelist variables specified by the user,
allowing a balance to be struck between file size and timeliness of the outpui.

"A production of Amtec Engineering Inc., Bellevue, Washington.
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4. DEMONSTRATION PROBLEMS

4.1 RECIRCULATING FLOW DRIVEN BY A MOVING WALL - THE DRIVEN CAVITY
PROBLEM

The flow in a closed cavity, driven by the motion of one wall across the cavity, has been extensively
studied for many years. A comprehensive study®? illustrates the complexity of the flows that develop in
numerical solutionsto the problem. Results for one driven cavity problem, a square cavity with a Reynolds
Number of 100, are presented here as a demonstration problem.

The stream function & is given by

-« Mg .&Mz

u®" —,w —
Mz Mx ©)

The stream function hasthe property (in two dimensions) that it satisfies steady-state continuity equation (Eg.
4) identically; that is

Liv = My MW o M Ng o M Mg . g

Mx Mz Mx Mz EMX 6)

In addition, the velocity vector V is everywhere tangent to curves of constant value of the stream function
(streamlines). Thus contour plots of the stream function give arapid qualitative view of a two-dimensional
flow field.

Contour plots of the fluid vorticity also give arapid qualitative view of atwo-dimensiona flow field;
in two dimensions, the vorticity is given by
N — « Mu, Mw
u " *Lxv*® —&—
Mz Mx (7

The fluid, with akinematic viscosity 8, fills a cavity that isasguareR unitson aside. Thelid of the
cavity moves across the cavity with avelocity u. The Reynolds Number for this problem is

Re * L%R, withR * 1.0,u " 1.0,0 " 0.01, Re " 100 (8
(0]

Solutions were obtained on a20 x 20 uniform mesh (cell size = 0.05 x 0.05), a40 x 40 uniform mesh
(cell size=10.025 x 0.025), and 50 x 50 non-uniform mesh (mesh spacing at the walls = 0.01 and gradually
growing to 0.0308 at the center of the cavity). The problem was aso solved for the 20 x 20 uniform mesh

13
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using the commercial CFD code CFX 4.1." In addition, midplane velocity profiles from the solution of Ghia,
Ghia, and Shin*? (129 x 129 cells, uniform mesh) are available for comparison.

411 Input

Theinput file for the 50 x 50 cell problem is reproduced on the following page. The problem length
isspecified to be 10 time units, with graphics output (tecfile.out) to occur every 2 timeunits. A completelisting
of the solution (solprt.out) is requested only at the end (after 10 time units).

41.2 Resaults

Solutions for the 20 x 20 cases are presented in the next two figures; Fig. 2 shows velocity vectors
fromthe CFX solution. Figure 3 shows the stream lines for the VOLVOF case. Clearly these solutions are
very similar, with the “center” of the circulating fluid mass located at the approximate coordinates x = 0.60,
z=0.75. Thestreamlinesin the lower |eft and right corners show rough counter-rotating circulation cells that
normally develop in the driven cavity simulation. The cells also appear in the tabular output from CFEX, but
the vectors are too small to appear on the graphical output.

Figures 415 show the stream lines for the 40 x 40 and 50 x 50 cell cases. The streamlines are
progressively smoother and the corner circulation cells are much smoother. Overal, the 50 x 50 cell solution
is visualy much more refined than the 20 x 20 solutions (Figs. 21 3).

Figures6! 8 are comparisons of several scalar quantities across the horizontal midplane (z=0.5, 0.0
< x < 1.0) for each of the mesh resolutions. Taken together, the comparisons show a consistent convergence
of the solutions as the mesh is refined.

Figure 6 shows the vertical velocity at the midplane. First, the x coordinate at which the velacity
changes sign is virtually the same for each solution. The two 20 x 20 cell solutions are somewhat different,
with the CFX solution showing smaller peaks than the 20 x 20 cell VOLVOF solution. This damping of the
peaks suggests that the CFX solution is more diffusive for the discretization scheme selected for this CFX run.
The 20 x 20, 40 x 40, and 50 x 50 cell solutions differ by smaller amounts as the number of cellsincreases.
Individual velocity values from the Ghia, Ghia, and Shin*? solution are included for comparison. Clearly, all
of the vertical velocity solutions are qualitatively the same. The 40 x 40 and 50 x 50 cell solutions are nearly
identical and essentially the same as the Ghia et a solutions.

Figure 7 shows the midplane values for the stream function that was obtained using VOLVOF. The
convergence of the sequence of solutionsis evident here also.

“A product of AEA Technology plc.
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Input Filefor Driven Cavity Problem

Driven Cavity Problem- Re = 100 - nonuni form mesh - check case 8/27/97

&abegi n
nr est a=0, i ncycl =6001, del ti m=10. 0, i nqui r=10, fsaft=0.8dO,
/[ &end
&xput
al pha=1. 0, aut ot =1. 0, cangl e=90. 0, csqg=-1.0
del t =. 002, epsi =1. Oe- 4, flht=1.1, gx=0.0
gy=0. 0, i cyl =0, i synmpl t =0,
nmat =1, i surf 10=0, npx=0, npy=0
ong=1. 8, pl t dt =2. 00, prtdt=10.0, si gma=0. 0
twfi n=10. 0, ui =1. 0, wi =0. 0,
nwh=52*2, nw =52*2, nwt =52* 2, nw =52* 2,
xpl =0. 49, xpr=0. 51, ypb=0. 01, ypt =0. 99
nu=0. 010, rhof =1. 0, r hof c=1. 0, ul n=52*0.0
wbn=52*0. 0, wt n=52*0. 0, utt=52*1. 0, ubt =52*0. 0,
w t =52*0. 0, wrt =52*0. 0,
/  &end
&nshset
nkx=2, x| =0. 0, 0.5, 1.0,
nx| =1, 24,
nxr =24, 1,
xc=0. 01, 0. 99,
dxm=0. 01, 0. 01,
nky=2, yl =0. 0, 0.5, 1.0,
nyl =1, 24,
nyr =24, 1,
yc=0. 01, 0. 99,
dym=0. 01, 0. 01,
/[ &end
&obsi cs
nobl k=0,
m ncs=0
/ &end
&hi story

mhi st =1, nhist=101, ihist(1)=21, jhist(1l)=26,
/ &end
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Fig. 6. Midplane axial velocity from VOLV OF at various mesh

resolutions, from CFX, v. 4.1, and from Ghia, Ghia, and Shin (1982).

Fig. 7. Midplane values of stream function from VOLV OF at various
mesh resolutions.
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Vorticity at Midplane
for Various Mesh Resolutions
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Fig. 8. Midplane values of vorticity from VOLVOF and CFX v. 4.1.

Stream function results from CFX require user-programmed post processing of the numerical solution, and
satisfactory results were not obtained. Thisis not aflaw in the CFX product.

Figure 8 shows the vorticity calculated at the horizontal midplane of the driven cavity. Again, the
convergence to a well-resolved solution as the mesh is refined is evident. The vorticity curve for the CFX
results matchesthe VOLV OF resultsfor the 20 x 20 cell solution except at thewalls. Again, the details of the
CFEX agorithm prevented an accurate determination of the vorticity at thewalls. Since CFX does not use the
vorticity as a part of its solution schemes, thisis not a problems for CFX users.

Figures 9110 show contours of the fluid pressure and vorticity from the VOLVOF 50 x 50 cell
solution. These are included for completeness.

In summary, three VOLV OF solutions to the flow in a square driven cavity at a Reynolds number of
100 have been presented. The solutions show a consistent convergence towards a mesh-free solution for the
problem. The coarse mesh solution (20 x 20 cells) compares favorably with a solution on the same mesh
obtained using the commercial CFD code CFX. The fine mesh solution (50 x 50) compares favorably with
asolution obtained by Ghia, Ghia, and Shin.*
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4.2 DETERMINING THERMOCOUPLE IMMERSION SEQUENCE USING COMPUTATIONAL
FLUID DYNAMICS

A series of experimentswas run to determine the surface heat transfer rates during quenching of ahot,
instrumented cylinder fabricated from nickel tubing.® The cylinder is heated to 800EC in the oven and then
dropped into the cold (20EC) water in the barrel beneath the oven. Data from the thermocouples are recorded
during the rapid cooling (15 s from release to cessation of boiling).

In order to interpret the measurements, the order of wetting of the thermocouples must beknown. The
interaction of the water with the moving cylinder determinesif the thermocouples on the surface of the cylinder
are wetted simultaneously, sequentially from bottom to top or, possibly, sequentially from top to bottom. The
present smulation of the immersion revealed the order of wetting.

The problem is axisymmetric about the axis of the cylinder and barrel. The computing mesh isshown
onthereverseside. The mesh has been concentrated along the edges of the cylinder. Rather than integrate the
equations of motion of the cylinder and its deceleration as it hits the water, a constant inlet velocity was
assigned to the water entering the barrel and around the fixed cylinder. The water was assigned an upward
velocity of 2.44 m/s, the velocity that the cylinder would have if dropped from aheight of 2 ft (0.61 m) before
hitting the water.

The input data for this demonstration problem is shown on the following page. A mesh of 20 cells
radially (plustwo image cells) by 41 cells axially (also with image cells added top and bottom) is set up. The
mesh is graduated to give the greatest resolution (finest spacings) aong the bottom and aong the outer wall
of thetest cylinder. The cylinder istreated as an obstacle, defined to include cells whose centers are numbered
(1,16) through (8,36). Note that, in the input file, the obstacle is defined by the upper right corner of the
specified cells.

4.2.1 monitor.out

The file showing summary information useful in monitoring the progress of the flow development is
reproduced on the following page. Each line contains the cycle number at which the line was printed, the
number of iterations required to converge the pressure equation for that cycle, the total processor time used to
that point in the run, the problem simulation time, the computational time step (dt) for that cycle, the contents
of the startstop.in file, the radial and axial indicesfor the cell dictating the minimum size time step, and a code
indicating the governing stability criterion. The codes are: 1 => convection limited in radia direction, 2 =>
convection limited in the axial direction, 3 => diffusion limited, 4 => surface tension limited.

From the monitor.out file, the CPU time used was over 2900 s. This was on an obsolete IBM
RISC/6000-320 workstation. On a DEC 500au Personal Workstation, the cal culation required about 57 s. By
contrast, a single experiment required several days to set up and execute.



23

Input Filefor Cylindrical Splash Problem

i cvar(1)=2,

fsaft=0.8d0

csqg=-1.0d0
gx=0. 0dO,
nmat =1,
ong=1. 8d0,
twfi n=0. 35,

ypt =2. 85d2,
nwo=43*1,

j obur (1) =36,

Spl ashing the cylinder into a barrel of water
&abegi n
nresta=0, incycl=4500, deltinm=2.0d-3, inquir=80,
ifstf=1,
/ &end
&xput
al pha=1. 0dO, aut ot =1. 0dO, cangl e=90. 0dO,
del t =2. 0d- 3, epsi =1. 0d- 3, fl ht=2.919d2,
gy=-9. 8d3, i cyl =1, i synpl t =0,
i surf10=0, npx=0, npy=0,
pl t dt =. 025, prtdt=0. 05, si gma=0. 0dO,
ui =0. 0dO, Wi =2444. 2,
xpl =0. 0d1, xpr=2.70d2, ypb=2. 7d2,
nu=1. 0dO, r hof =1. 0d- 3, r hof ¢c=0. 0dO,
nw =43*1, nw =43*1, nwt =43* 3,
wbn=43*2444. 2,
/ &end
&nshset
nkx = 2,
x| = 0.0d0, 76.0d0, 280.0dO,
XC = 68.0d0, 84.0d0,
nxl = 6, 1,
nxr = 1, 12,
dxm = 8. 0d0, 8. 0d0,
nky = 3,
yl = 0.0d0, 3.0d2, 6.04d2, 8.5d2,
yc = 2.92d2, 3.08d2, 6.29d2,
nyl = 14, 1, 1,
nyr = 1, 18, 6,
dymm = 8.0d0, 8.0d0, 25.0d0,
/ &end
&obsi cs
nmobl k =1,
iobll (1) =1, jobll(1)=16, iobur(1)=8,
m ncs =1,
iicll (1) =1, jicll(1)=2, jicur(1l)=15,
/ &end
&hi story
mhi st =0,

/ &end

varic(1)=2444.



date and tine are Fri

oy= 80/
Coy= 160/
Cy= 240/
oy= 320/
Cy= 400/
Cy= 480/
Cy= 560/
Cy= 640/
oy= 720/
Cy= 800/
Cy= 880/
Cy= 960/
Cy= 1040/
Coy= 1120/
Cy= 1200/
Cy= 1280/
Cy= 1360/
Cy= 1440/
Cy= 1520/
Cy= 1600/
Cy= 1680/
Cy= 1760/
Cy= 1840/
Cy= 1920/
Cy= 2000/
Cy= 2080/
Cy= 2160/
Cy= 2240/
Cy= 2320/
Cy= 2400/
Cy= 2480/
Cy= 2560/
Cy= 2640/
Cy= 2720/
Cy= 2800/
Cy= 2880/
Cy= 2960/
Cy= 3040/
Cy= 3120/
Cy= 3153/

date and tine are Fri

It
it

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~

25/
17/
22/
110/
22/
40/
19/
27/
162/
13/
181/
3/

5/

4/

4/

9/
10/
7/

5/
229/
43/
23/
2/

7/
24/
14/
2/

2/

2/

4/

4/

5/

3/

8/
12/
14/
17/
16/
14/
627/
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monitor.out Filefor Cylindrical Splash Problem

May 22 15:13:20 1998

CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=
CPU=

May

74.
122.
172.
223.
278.
333.
389.
445.
618.
820.
978.

1072.
1137.
1158.
1179.
1214.
1328.
1375.
1402.
1777.
1989.
2061.
2096.
2162.
2208.
2252.
2284.
2306.
2328.
2349.
2369.
2390.
2411.
2433.
2463.
2518.
2574.
2740.
2861.
2913.
22 16:

o/
8/
3/
7/
2/
6/
5/
9/
4/
o/
1/
7/
o/
4/
8/
6/
4/
6/
o/
3/
3/
6/
o/
9/
7/
1/
5/
7/
1/
o/
8/
6/
8/
5/
1/
5/
o/
9/
1/
8/
06:

PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi
PTi

ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
ne=
PTi ne=
PTi ne=
09 1998

FPNNNNPNNNPNPNNONNDNNODNNNNNNDNNNDNONNNDNNNDNNNNNNNNNRPRPRPRPRPOOORWNE

. 3748D- 02/
. 3140D- 02/
. 3936D- 02/
. 7782D- 02/
. 7336D- 02/
. 2485D- 02/
. 2431D- 01/
. 5993D- 01/
. 9525D- 01/
. 0755D- 01/
. 1582D- 01/
. 1832D- 01/
. 2214D- 01/
. 2279D- 01/
. 2421D- 01/
. 2716D- 01/
. 3082D- 01/
. 3253D- 01/
. 3590D- 01/
. 3963D- 01/
. 3963D- 01/
. 3963D- 01/
. 3963D- 01/
. 3963D- 01/
. 3964D- 01/
. 3964D- 01/
. 3965D- 01/
. 3967D- 01/
. 3972D- 01/
. 3983D- 01/
. 4007D- 01/
. 4060D- 01/
.4177D- 01/
. 4436D- 01/
.5012D- 01/
. 6090D- 01/
. 7843D- 01/
. 9700D- 01/
. 9902D- 01/
. 0000D+10/

dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =
dt =

PRPONPRPANORARRFRPOWRORARNNRPPRPWOONPEPRANPUOWWOWRMMWNRERPEPPRE

.18D- 04/ q
. 20D- 04/ q
. 49D- 04/ q
. 97D- 04/ q
. 87D- 04/ q
. 42D- 04/ q
. 08D- 04/ q
. 96D- 04/ q
.12D- 04/ q
. 05D- 05/ q
. 29D- 05/ q
. 85D- 05/ q
. 23D- 06/ q
. 16D- 05/ q
.57D- 05/ q
. 66D- 05/ q
. 80D- 05/ q
. 84D- 05/ q
. 06D- 05/ q
.13D- 08/ q
. 58D- 08/ q
. 29D- 08/ q
. 69D- 08/ q
. 70D- 08/ q
.17D- 08/ q
. 03D- 08/ q
. 78D- 07/ q
. 95D- 07/ q
. 75D- 07/ q
. 94D- 06/ q
. 30D- 06/ q
.53D- 06/ q
.11D- 05/ q
. 68D- 05/ q
. 04D- 04/ q
. 77D- 04/ q
. 74D- 04/ q
. 52D- 05/ q
. 75D- 05/ q
. 09D- 05/ q
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15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
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On the following four pages, character maps of the solution are shown as the cylinder penetrates the
water; the elapsed time since release of the cylinder is given at the top of each frame. Clearly the surfaceis
swamped at about 0.15 s. Thus, the smulation reveals that the thermocouples were al inundated with cold
water within about 0.025 s. With adata-logging frequency of 250 Hz/sensor (0.004 s between points), this has
been confirmed experimentally.

The character maps consist of one character for each computationa cell, arranged to correspond to the
mesh indices. The characters correspond to the cell type at each location. For each image cell, the boundary
condition codeis shown. For the present example, the boundaries at the left, right, and bottom of the maps are
“1” for specified normal velocity. The condition “3” at the top corresponds to a continuative boundary. The
cylinder, an “obstacle’ to the flow, isset out by the "B’ characters (for “blocked”). The cells marked by the“F’
arefull of fluid, whilethe cellsthat are blank (* ") indicate either empty cellsor, if atwo-fluid problem isbeing
run, cellsthat are filled with the second fluid. Surface cells, cells dividing two fluids or dividing the full cells
from empty cells, are marked with an “s.”

Figure 11 is a composite of the flow configuration at severa times during the transient. The surface
location ismore precise, and vel ocity vectorsindicate the direction as well asthe magnitude of the fluid motion.
Further, the pictures are proportionate to the actual experimental equipment. This figure was produced using
the commercial graphics program Tecplot based on the code output in the tecfile.out file.



cycle/time = 0 0.000

3333333333333333333333

PR RRRER

1BBBBBBB
1BBBBBBB
1BBBBBBB
1BBBBBBB
1BBBBBBB
1BBBBBBB
1BBBBBBB
1BBBBBBB
1BBBBBBB
1BBBBBBB
1BBBBBBB
1BBBBBBB
1BBBBBBB
1BBBBBBB
1BBBBBBB
1BBBBBBB
1BBBBBBB
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1BBBBBBB
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1FFFFFFFsssssssssssssl
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
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1FFFFFFFFFFFFFFFFFFFFL
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cycle/time = 176 0.025

3333333333333333333333

PR RRRER

1BBBBBBB
1BBBBBBB
1BBBBBBB
1BBBBBBB
1BBBBBBB
1BBBBBBB
1BBBBBBB
1BBBBBBB
1BBBBBBB
1BBBBBBB
1BBBBBBB
1BBBBBBB
1BBBBBBB sssss
1BBBBBBB sFFFFsssss 1
1BBBBBBB sFFFFFFFFFFs1
1BBBBBBB sFFFFFFFFFFF1
1BBBBBBB sFFFFFFFFFFF1
1BBBBBBBs FFFFFFFFFFFF1
1BBBBBBBFFFFFFFFFFFFF1
1BBBBBBBFFFFFFFFFFFFF1
1BBBBBBBFFFFFFFFFFFFF1
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
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1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
111111111121211111111211

RPRRPRRPRRPRPRRRREPREPRPRRRERRERPERR

cycle/time = 331 0.050

3333333333333333333333

1 1
1 1
1 1
1 1
1 1
1 1
1BBBBBBB 1
1BBBBBBB 1
1BBBBBBB 1
1BBBBBBB 1
1BBBBBBB 1
1BBBBBBB 1
1BBBBBBB 1
1BBBBBBB SSSS 1
1BBBBBBB sFFFFssss 1
1BBBBBBB sFFFFFFFFs1
1BBBBBBB sFFFFFFFFF1
1BBBBBBB sFFFFFFFFF1
1BBBBBBB sFFFFFFFFF1
1BBBBBBB sFFFFFFFFF1
1BBBBBBB sFFFFFFFFF1

1BBBBBBB ssFFFFFFFFFF1
1BBBBBBB sFFFFFFFFFFF1
1BBBBBBB sFFFFFFFFFFF1
1BBBBBBBs FFFFFFFFFFFF1
1BBBBBBBFFFFFFFFFFFFF1
1BBBBBBBFFFFFFFFFFFFF1
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1111111111111111111111



cycle/time = 426 0.075

3333333333333333333333

1 1
1 1
1 1
1 1
1 1
1 1
1BBBBBBB 1
1BBBBBBB 1
1BBBBBBB 1
1BBBBBBB SSS 1
1BBBBBBB sFFFssss 1
1BBBBBBB sFFFFFFFs1
1BBBBBBB sFFFFFFFF1
1BBBBBBB sFFFFFFFF1
1BBBBBBB sFFFFFFFF1
1BBBBBBB sFFFFFFFFF1
1BBBBBBB sFFFFFFFFF1
1BBBBBBB sFFFFFFFFF1
1BBBBBBB sFFFFFFFFF1
1BBBBBBB sFFFFFFFFF1
1BBBBBBB sFFFFFFFFFF1

1BBBBBBB sFFFFFFFFFFF1
1BBBBBBB sFFFFFFFFFFF1
1BBBBBBB sFFFFFFFFFFF1
1BBBBBBBs FFFFFFFFFFFF1
1BBBBBBBFFFFFFFFFFFFF1
1BBBBBBBFFFFFFFFFFFFF1
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1111111111111111111111
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cycle/time = 501 0.100

3333333333333333333333

1 1
1 1
1 1
1 1
1 1
1 1
1BBBBBBB SSSS 1
1BBBBBBB sFFFFsss1
1BBBBBBB sFFFFFFFF1
1BBBBBBB sFFFFFFFF1
1BBBBBBB sFFFFFFFF1
1BBBBBBB sFFFFFFFF1
1BBBBBBB sFFFFFFFF1
1BBBBBBB sFFFFFFFF1
1BBBBBBB sFFFFFFFF1
1BBBBBBB sFFFFFFFFF1
1BBBBBBB sFFFFFFFFF1
1BBBBBBB sFFFFFFFFF1
1BBBBBBB sFFFFFFFFFF1
1BBBBBBB sFFFFFFFFFF1
1BBBBBBB sFFFFFFFFFF1

1BBBBBBB sFFFFFFFFFFF1
1BBBBBBB sFFFFFFFFFFF1
1BBBBBBB sFFFFFFFFFFF1
1BBBBBBBs FFFFFFFFFFFF1
1BBBBBBBFFFFFFFFFFFFF1
1BBBBBBBFFFFFFFFFFFFF1
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1111111111111111111111

cycle/time = 562 0.125

3333333333333333333333

1 1
1 1
1 1
1 1
1 S$ssssssl
1 sFFFFFFF1
1BBBBBBB sFFFFFFF1
1BBBBBBB sFFFFFFF1
1BBBBBBB sFFFFFFFF1
1BBBBBBB sFFFFFFFF1
1BBBBBBB sFFFFFFFF1
1BBBBBBB sFFFFFFFF1
1BBBBBBB sFFFFFFFFF1
1BBBBBBB sFFFFFFFFF1
1BBBBBBB sFFFFFFFFF1
1BBBBBBB sFFFFFFFFFF1
1BBBBBBB sFFFFFFFFFF1
1BBBBBBB sFFFFFFFFFF1
1BBBBBBB sFFFFFFFFFF1
1BBBBBBB sFFFFFFFFFF1
1BBBBBBB sFFFFFFFFFF1

1BBBBBBB sFFFFFFFFFFF1
1BBBBBBB sFFFFFFFFFFF1
1BBBBBBBs FFFFFFFFFFFF1
1BBBBBBBFFFFFFFFFFFFF1
1BBBBBBBFFFFFFFFFFFFF1
1BBBBBBBFFFFFFFFFFFFF1
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1111111111111111111111



cycle/time = 620 0. 150

3333333333333333333333

1 1
1 1
1 $Sssssssl
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1BBBBBBB sFFFFFFFFFF1
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1BBBBBBB sFFFFFFFFFF1
1BBBBBBB sFFFFFFFFFF1
1BBBBBBB sFFFFFFFFFF1
1BBBBBBB sFFFFFFFFFFF1
1BBBBBBB sFFFFFFFFFFF1
1BBBBBBBs FFFFFFFFFFFF1
1BBBBBBBFFFFFFFFFFFFF1
1BBBBBBBFFFFFFFFFFFFF1
1BBBBBBBFFFFFFFFFFFFF1
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1111111111111111111111
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cycle/time = 670 0.175

3333333333333333333333
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1BBBBBBBFFFFFFFFFFFFF1
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1BBBBBBB sFFFFFFFFFFF1
1BBBBBBB sFFFFFFFFFFF1
1BBBBBBB sFFFFFFFFFFF1
1BBBBBBB sFFFFFFFFFFF1
1BBBBBBB sFFFFFFFFFFF1
1BBBBBBB sFFFFFFFFFFF1
1BBBBBBBs FFFFFFFFFFFF1
1BBBBBBBFFFFFFFFFFFFF1
1BBBBBBBFFFFFFFFFFFFF1
1BBBBBBBFFFFFFFFFFFFF1
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1FFFFFFFFFFFFFFFFFFFFL
1111111111111111111111
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cycle/time = 737 0.200
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cycle/time =1227 0.225
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cycle/time =2799 0. 250
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cyclel/time =2947 0.275
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Time=0.000 s
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o
o
o
o

Fig. 11. Fluid configuration at several times following release of the cylinder into the quench tank.



5. CONCLUSIONS

A partial upgrading and modernization of the computational fluid dynamics code SOLA-VOF is
reported. Two test cases demonstrate that the present configuration of the code is stable and useful:

1. Thewsdl known driven cavity problem has been solved on three distinct finite difference meshes.
The results on one grid compare favorably with results using the same grid and the commercial
CFD code CFX. Theresults on adifferent grid compare well with afine-grid solution obtained in
1982 by Ghia, Ghia, and Shin.*?

2. A second, transient, problem simulates the entry of an instrumented cylinder into abarrel of water.
Details of wave action within the barrel during the entry (the cylinder was dropped from an
elevation of two feet above the water) are presented graphically. The elapsed time and the order
in which thermocouples attached to the cylinder are wetted by the waves agree with data recorded
during an experiment.

Therefore, the CFD code VOLVOF is stable and a useful vehicle for an interested individual to employ as an
alternative to commercial CFD codes.
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APPENDIX A. TENTATIVE DIFFERENCE EQUATIONSFORTHE AZIMUTHAL MOMENTUM
EQUATION

The description of an axisymmetric rotating flow using a cylindrical coordinate system requires the
addition of an azimutha momentum equation and the addition of a centrifuga “force” term to the radia
momentum equation. Specification of boundary conditions must be expanded to include the new variable.
Finally, the relationship between the explicit and implicit stages of the semi-implicit agorithm must be adjusted.

At the time of thiswriting, the equation had been added and the centrifugal term had been added to the
radial equation. However, some instability has been encountered in the solution of these coupled equationsthat
has not yet been defeated.

The program logic has been added to impose body forces (* gravity” terms) asfunctions of time. This
allows simulations of earthquake forces and other accel eration of the coordinate system in which the equations
are solved. The acceleration terms are isolated in asmall subroutine so that this specification isisolated from
the complex flow of the main control program.

The momentum equations in the cylindrical coordinate system, including the azimuthal momentum
equation and of the details of some of the finite difference templates used, are presented in this appendix.

A.1 Momentum Equations

The axial momentum equation (Eg. 2), has not been changed but is repeated here for completeness.

2,
Mw °/uM 0/WM .&1Mp0/go/o[Mw Mw/le] ©
Mt Mr Mz i Mz Mr2  Mz2 r Mr

The radial momentum equation (Eg. 3) is modified by the addition of the “ centrifugal force” term, as
follows:

o MU LM g U
M ~ % ( Mr&r)] (10)

MU g MU gy MU g V2 %_p%g%o[
Mt Mr Mz r i Mr Mr 2

Finaly, the equation added for the azimutha momentum is:

MVO/UM 0/WMV - ~[=(1M(vr))
T

( Mv
Mt Mr Mz

> MZ)] (11)

These equations require that the kinematic viscosity 6 be a constant.
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. VWL, % VWR U,
FCOR o (18)

Equation 13 utilizes the same upwind differencing used for the radial and axial momentum equations.
In Hirt and Nichols, this differencing algorithm is shown to be first-order accurate on a non-uniform mesh.

The centrifuga “force” term in the radial momentum equation was differenced as shown by Torrey et

al.b
vZ . VWL 2% VWR?
T (19)
r Xi%l/z
The viscousterm is given by
VISTH = gL M) g I My 20)

MrorMr Mz Mz

This expression is evaluated using central differencesin direct analogy with the viscous termsin the radial and
axial momentum equations.



APPENDIX B. DEFINITION OF INPUT VARIABLES

input to control restart and problem duration (namelist /abegin/)

nresta

incycl
deltim

inquir
ifstf
idefm

adefm
bdefm
nthresh
nocolim
fsaft
irot
dtmult
advtim
mshake
gnorm
nintrp

restart control (0 = anew case frominitial conditions, 1 = restart from a previous result)

the number of time steps to be completed for the current restart run

amount of simulated time to be added to the simulation on this run - the run will be terminated by
cycles (time steps) or simulated time, whichever occurs first

frequency (in time steps) at which file ‘ startstop’ will be interrogated to stop the run

free surface or two fluid simulation (= 1) or single fluid, no free surface (= 0)

if idefm =1 turns on specia treatment to suppress spurious voids as described on p. 20 of the
NASAVOF-2D report, LA-10612-M S (see reference list)

parameters for void surpression

number of iterations before time step is cut in pressure equation - default = 25

number of times non-convergence of the pressure equation is allowed

actual time step / maximum stable time step - “safety factor” on time step

rotating flow (= 1, not implemented), no angular momentum solution (= 0)

reserved for accelerated steady-state solutions - multiplies stable time step. Not implemented
implicit/explicit fraction for tilde step - convention = 0.0

options for earthquake smulation - not documented

input parameters (namelist /xput/)

alpha

autot
cangle
cq
delt
eps
flnt

X

aQy

icyl
isurf10
isymplt
nmat
npx
npy

nu
omg
pltat
pridt
rhof
rhofc

controls amount of donor cell fluxing (=1.0 for full donor cdl differencing, =0.0 for centra
differencing)

automatic time step flag (=1.0 for automatic delt adjustment, =0.0 for constant delt)
contact angle, in degrees, between fluid and wall

material sound speed squared (= -1.0 for incompressible material)

time step

pressure iteration convergence criterion

fluid height, in y-direction

body acceleration in positive x-direction

body acceleration in positive y-direction

mesh geometry indicator (=1 for cylindrical coordinates, = O for plane coordinates)
surface tension indicator (=1 for surface tension, = O for no surface tension)
symmetry plot indicator (=1 for symmetry plot, = O for no symmetry plot)

number of materials

number of particlesin x-direction in rectangular setup

number of particlesin y-direction in rectangular setup

coefficient of kinematic viscosity

over-relaxation factor used in pressure iteration

time increment between file update for plots

time increment between file update for printing of field variables

fluid density (for f=1.0 region)

fluid density in complement of f region
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sgma  surface tension coefficient
twfin problem time to end calculation
ui x-direction velocity used for initializing mesh
wi y-direction velocity used for initiaizing mesh
nwb, nwl, nwr, & nwt are the indicator arrays for boundary condition to be used along the edges (b = bottom,
| = left, r = right, t = top) of the mesh
=1 for rigid free-dip wall,
=2 for rigid no-dip wall,
=3 for continuitive boundary,
=4 for periodic boundary,
=5 for constant pressure boundary
A 'periodic boundary' must have value of "4" for each active dement in the boundary arrays on both sides.

uln normal velocity on the left boundary, different value is allowed for each cell
(ie. uln@j),j =1, jm1)
urn normal velocity on the right boundary
utt tangential velocity on the top boundary
ubt tangential velocity on the bottom boundary
witn normal velocity on top boundary
wbn normal velcoity on bottom boundary
wit tangential velocity on left boundary
wrt tangential velocity on right boundary (for rotating flows), only some of the options make sense:

if boundary = no flow, then convection flux is zero;

if boundary = free dlip, then shear is zero;

if boundary = no dip, then shear is applied, wall velocity is specified;

if boundary = pressure, treat as continuitive;

if boundary = continuitive, then [r x velocity] = constant across the boundary;.

vit tangentia rotational velocity on left

vrt tangentia rotational velocity on right

vbt tangentid rotational velocity on bottom

vit tangentia rotational velocity on top

xpl location of left side of rectangular particle region
Xpr location of right side of rectangular particle region
ypb location of bottom of rectangular particle region
ypt location of top of rectangular particle region

pervel  peripheral velocity for rotating flows, specified at the peripheral radius
perrad  the periphera radius
omega theangular velocity associated with pervel & perrad
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input to set up computational mesh (namelist /mshset/)

Note: this mesh generator input is the same as that described in the orignal SOLA-V OF documentation.? The

description is not repeated here.

dxmn(n) minimum space increment in x-direction in submesh n

dymn(n) minimum space increment in y-direction in submesh n

nkx number of submesh regions in x-direction

nxl(n)  number of cells between locations xI(n) and xc(n) in submesh n

nxr(n)  number of cells between locations xc(n) and xI(n+1) in submesh n

nyl(n)  number of cells between locations yl(n) and yc(n) in submesh n

nyr(n)  number of cells between locations yc(n) and yl(n+1) in submesh n

xc(n) x-coordinate of the convergence point in submesh n

xl(n) location of theleft edge of submesh n (nkx+1 valuesof xI(n) are necessary becausetheright edge (xr)
of submesh n is determined by the left edge of submesh n+1)

yc(n) y-coordinate of the convergence point in submesh n

yl(n) location of the bottom of submesh n (nky+1 vaues of yl(n) are necessary because the top edge (yr)
of submesh n is determined by the bottom edge of submesh n+1)

input to specify initial condition blocks and obstacle locations (namelist /obsics/)
mincs number of patches for initia u, w, & p fields
moblk  number of patches for obstacles

iicll i (value) for (Initial Condition), lower |eft corner
jicll j (vaue) ...

iicur i (value) for (Initial Condition), upper right corner
jicur j (value) ...

iobll same for obstacle

jobll same for obstacle

iobur same for obstacle

jobur same for obstacle

varic(m) dtarting value for the mth patch

icvar(m) identifier for the mth variable
1=u, 2=w, 3=V (azimuthal velocity), 4=p,5="f
note that this routine can be used to set pressure boundary conditions by selecting a block that sits
on the portion of the boundary of interest. Recommended rather than hard-coding special bc's.

iprll i index for lower left corner of region to be printed
iprur i index for upper right corner of region to be printed
jprll j index for lower left corner of region to be printed
jprur j index for upper right corner of region to be printed

i and j indices for corners of rectangular region printed for processing by Tecplot - defaultsare 1 to
imland 1tojml

input to produce history files (namelist /history/)

ihist(nt,npt) x (or r) index of point #npt to be monitored
jhist(nt,npt) y (or z) index of point #npt to be monitored

mhist number of locations to be specified

nhist number of time points to be recorded for each location
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