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Simulation of free surface ﬂows using volume of ﬂuid
method and genetic algorithm
N. Soleiman Beygi, H. Hakimzadeh and M. R. Chenaglou

ABSTRACT
In this paper, details of a numerical model development for simulation of ﬂuid ﬂows with moving free
surface are presented. The unsteady incompressible Navier–Stokes equations on a ﬁxed grid system
are used to obtain velocity and pressure values in the computational domain and volume of ﬂuid
(VOF) method is used to determine free surface location. In order to reduce numerical smearing and
increase accuracy of numerical modeling of ﬂuid ﬂow with moving free surface, a new free surfacetracking method is proposed. The proposed method is a combination of genetic algorithm and free
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surface tracking method based on donor and acceptor scheme. The speciﬁcation of the new
combinational method can be summarized in determining orientation vector and plane constant to
represent the free surface orientation in each cell. The proposed algorithm can be easily used in any
unstructured grids. In this method, the ﬂuid ﬂow equations are explicitly discretized with the ﬁnite
volume method and the projection method is used to determine the velocity and pressure magnitude
in computational domain. Validity of the new solution algorithm is demonstrated through its
application to the dam break and the bore motion examples.
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NOMENCLATURE
F volume ﬂuxes
~
Fst surface tension force vector
f

marker function

fSj fractional volume in the jth face
g

acceleration of gravity

I

unit tensor

H height of the channel
h

t
~
V

time
velocity vector

v0 initial water velocity
vs wave speed
x

point on plane

Greek letters

wave height

h0 initial water depth in channel

Δt

L length of the channel
^ unit normal vector
n
!
n unit normal vector to free surface

Δx, Δy grid spacing in x and y direction

time increment

μ

dynamic viscosity

τ

viscous stress tensor

u

ﬂuid velocity

α

plane constant

P

pressure

ρ

density

∀

volume of cell

σ

coefﬁcient of surface tension

P0 atmospheric pressure
S

boundaries of volume cell
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κ

mean curvature

δs

delta function

ν

kinematics viscosity
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). In the moving grid, also known as the Lagrangian
method, grid points are always located in the ﬂuid and
move with it. Each computational cell contains the same
ﬂuid elements. In this method, free surface boundary conditions are directly applied on exact material interfaces

Subscripts

and at every step of the calculation, free surface position is
then speciﬁed explicitly (Kim & Lee ). It should be

I

cell number

noted that the Lagrangian method can be used for certain

j

face number

problems of ﬂuid ﬂow with moving free surface. If large

i, j, k ith, jth and kth computational cell in x, yand z

deformations at free surface ﬂuid ﬂow occur or cells have

directions

a large deformation, numerical inaccuracy may occur in

n, t

normal and tangential unit vector of the free surface

the solution of the ﬂow ﬁeld. Further, the number of grid

x, y

derivative with respect to x and y direction

points in computational domain changes and thus it requires
remeshing or rezoning process of the entire computational

Superscripts

domain, which complicates this method (Meier et al.



intermediate value

researchers have suggested using other methods such as

∼

convolved

Lagrangian–Eulerian or Eulerian methods (Hirt et al.

n

nth time step

x, y component in x and y direction

). To solve the problems of moving grid method,

). In the Eulerian method or ﬁxed grid method, mesh
is treated as a ﬁxed reference frame through which the
ﬂuid moves. The initially generated mesh is used throughout
the entire computation domain and remains unchanged
until the end of calculations, thus no geometric difﬁculty

INTRODUCTION

arises. The Eulerian method can overcome disadvantages
of the Lagrangian method and reduce computational efforts

Special attention has been paid to the study of incompressi-

compared to the moving grid method (Ubbink & Issa ;

ble viscous ﬂow with moving free surface due to its

Tryggvason et al. ). However, the ﬁxed grid method has

important applications in water engineering, environmental

some shortcomings in determining free-surface ﬂuid ﬂow,

engineering and many other areas of interest, but to date

for instance, the position of free surface ﬂuid ﬂow is not

such ﬂows have no analytical solution except for the one-

speciﬁed explicitly and various methods should be used to

dimensional special cases. Experimental models and prior

determine position of free surface ﬂow (Udaykumar et al.

experience had been the main tools for studying such

). More importantly, the grid points are ﬁxed at their

ﬂows until the mid-1960s, when numerical solutions

initial positions and the free surface is located between

became available. Nowadays, with the rapid increase in

some of them. Therefore, the free surface is liable to lose

computer power and development of numerical models,

intrinsic nature of sharp discontinuity and thus schemes

study on such ﬂows with numerical methods has widely

are required to avoid the numerical smearing (Gueyffier

been considered. In numerical methods, the location of

et al. ). The volume tracking method is the known

free surface ﬂow should be determined at the present time

numerical technique that has a potential of dealing with

step and should be corrected for the next time step for a

these problems (Kim & Lee ). In the ﬁxed grid

given ﬂow ﬁeld while solving ﬂuid ﬂow equations. In

method, the free surface location can be determined with

order to trace the moving free surface, different methods

explicit and implicit methods like the marker-and-cell

have been proposed by researchers. In general, all proposed

(MAC) method, where marker particles are used to identify

methods can be classiﬁed into two main categories, that is,

each ﬂuid, and the volume of ﬂuid (VOF) method, where a

moving grid method and ﬁx grid method (Gerlach et al.

marker function is used, are the best known examples
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(Unverdi & Tryggvason ). The advantage of the VOF

Look ). The numerical model results of the tests

method is its simplicity compared to the other proposed

demonstrate the great ability and accuracy of the coupling

methods. Some methods are so complex and difﬁcult that

algorithm to simulate free surface ﬂuid ﬂow.

they cannot easily be used, even in two-dimensional problems. Like the MAC method, the VOF method does not
require redistribution in any computational cycle. More
importantly, no special conditions are required in reformation of free surface ﬂuid inside cells (Gueyffier et al.

GOVERNING EQUATIONS

). In the volume of ﬂuid method, a marker function f

For the numerical model study, two ﬂuids (liquid and gas)

is deﬁned which represents the volume of reference ﬂuid

are considered as a single continuum obeying the same set

within each cell. The value of f within the cells fully accumu-

of governing equations, with the different ﬂuids being ident-

lated by reference ﬂuid is equal to one, within the cells

iﬁed locally by a volume fraction ﬁeld. The present paper

empty of reference ﬂuid is equal to zero and in surface

deals with homogeneous, incompressible and viscous

cells varies between zero and one. The value of marker func-

ﬂuids for which the governing equations are discretized

tion inside each cell can be easily calculated at the beginning

based on the ﬁnite volume method. In general, the govern-

of the computational cycle by solving the transport equation,

ing equations are written in integral forms as follows

but no approximation of the interface location is known. In

(Neofyton ):

other words, special treatments for interface reconstruction

þ

are required. In some research studies, the interface is reconstructed by the straightforward SLIC method (Simple Line

~ !
V:
dS ¼ 0

(1)

S

Interface Calculation) whereas for the others, various
PLIC methods (Piecewise Linear Interface Calculation)
are used (Noh & Woodward ; Young ). The
second method is more accurate than the ﬁrst one and it
is widely used in many studies of ﬂuid ﬂow (Gueyffier
et al. ). It should be noted that if the VOF/PLIC
method is used, then some points of great importance for
determining the location of such surfaces arise, including

@
@t

ð

þ 
þ
 ð
!
~
~ V:
~ !
ρVd∀
þ ρV
dS ¼ ρ~
gd∀  PI: dS

∀

þ

∀

S

!
þ τ: dS þ

ð

~
Fst d∀

S

(2)

∀

S

~ is the velocity vector, S the boundaries of volume
where V

how to calculate the orientation vector and the plane con-

∀, t the time, ρ the ﬂuid density, P the pressure, I unit

stant to represent the free surface ﬂuid ﬂow in each cell,

tensor, τ the stress tensor and g is the acceleration of gravity.

since they can affect results and may even lead to numerical

In Equation (2), Reynolds stresses are calculated from
!
!
τ ¼ ρ:
ν (∇V þ (∇V )T ), in which ν is the eddy viscosity of

instability. Accordingly, in this article, we introduce and test
plane constant for modeling of ﬂuid ﬂow with moving free

ﬂuid ﬂow and is determined of two layers mixing length
model. ~
Fst is the surface tension force which is written as

surface. This new algorithm is based on a combination of

volume force in the momentum equation and is only con-

genetic algorithm (GA) and free surface tracking, which

sidered in surface cells. Then, to calculate surface tension

a novel algorithm for calculating orientation vector and

reconstructs the interface in each cell without any

force, the following equation is proposed (Brackbill et al.

additional efforts. Unlike previous algorithms, we never

):

need to consider a smoothed marker function. Instead,
we use a GA for calculating orientation vector and plane

~
Fst ¼ σ  κ  δ s  !
n

(3)

constant for positioning the free surface ﬂow. The model
ﬂuid ﬂow, selected from the literature: (1) dam break (Cru-

where σ is the coefﬁcient of surface tension, κ is the mean
curvature, δ is a delta function and !
n is the unit vector per-

chaga et al. ); (2) bore motion in a channel (Bonet &

pendicular to free surface ﬂuid ﬂow in surface cells. To

is then veriﬁed for two test cases of moving free surface
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calculate the mean curvature of free surface ﬂuid, equation
κ ¼ ∇:!
n may be used (Brackbill et al. ). Another

boundary, the values of the ﬂow parameters are unknown.

equation that should be resolved for modeling ﬂuid ﬂow

the values of the ﬂow parameters normal to the boundary;

with moving free surface is the advection equation for

in other words, equation @φ=@n ¼ 0 can be used for all

One of the best approximations prescribes no change for

scalar quantity. Then the advection equation can be written

variables in the outlet ﬂow boundary (Ghiassi ). Such

as follows:

a deﬁnition for outlet boundary does not seem very accurate, but with this deﬁnition, numerical instability will not

@f ~
þ V:∇f ¼ 0
@t

(4)

be created in the model, and the effect of outlet boundary
on the results of numerical modeling can be reduced by
placing the ﬂuid outlet boundary away from the studied

in which f is the marker function that equals one within the

area (Hakimzadeh ). In wall and bed, two different

cells completely ﬁlled with the desired ﬂuid; zero within the

boundary conditions can be applied in the numerical

cells empty of the desired ﬂuid and between zero and one

models: no slip and free slip. In the ﬁrst case, the velocity

within the other cells (i.e. surface cells). In discretization

is set to zero in all nodes deﬁning the rigid wall. The free

process, the derivatives of the marker function are replaced

slip condition imposes that the velocity in the normal

with ﬁnite difference approximations. The problem is that

direction be zero and the derivative of the tangential vel-

these approximations for derivatives of a discontinuous

ocity with respect to the normal direction is also zero

function are highly inaccurate. This leads to serious errors

(Hakimzadeh ). In free surface ﬂow, which is the con-

in the computation of both the normal and the curvature.

tact location of different ﬂuids, continuity of tangential and

Therefore, the discretization of Equation (4) requires special

normal stresses must be applied for velocity and pressure

treatment. It should be noted that ρ and ν can be assumed

variables (Kleefsman et al. ). This condition represents

constant for each ﬂuid, but in surface cells where two

that in the absence of external stresses exerted on free sur-

ﬂuids with different speciﬁcations are located within the

face ﬂuid ﬂow, the normal and tangential stress values

cell, appropriate values must be determined for these quan-

should be zero, that is,

tities from the following equations:
ρ ¼ ρ1 f þ ρ2 ð1  f Þ

(5)

ν ¼ ν 1 f þ ν 2 ð1  f Þ

(6)

 P þ 2μ


Here, ρ1 , ρ2 and ν 1 , ν 2 represent the densities and eddy
viscosities of the two ﬂuid ﬂows (liquid and gas),
respectively.

Boundary conditions

@un
¼ P0 þ σκ
@n

@un @ut
μ
þ
@t
@n

(7)


¼0

(8)

Here, u is the ﬂuid velocity in the x, y and z axes and n,
t are the normal and tangential unit vector of the free surface, respectively. P0 is the atmospheric pressure.
Numerical model

The boundary conditions can be classiﬁed as open, closed,

In the present study, the ﬁnite volume method is used to dis-

surface, wall and bed. These boundary conditions must be

cretize free surface ﬂuid ﬂow equations. Finite volume is

precisely deﬁned for numerical modeling. For an ordinary

widely used for discretizing differential equations since it

open boundary, all variables, including velocity and

can easily be used in complex geometric conditions and is

pressure, are usually unknown and experience is needed

simple compared to the other methods (Jessee & Fiveland

to specify physically realistic values for engineering appli-

). To solve the Navier–Stokes equations numerically,

cation ( Jian et al. ). Also, on the outlet ﬂow

the computational domain is covered with a ﬁxed Cartesian
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(12)

∀I

vector quantities are deﬁned on cell faces (Harlow & Welch
). Figure 1 shows a typical sample of staggered structured mesh.

Then, by discretizing the momentum and continuity
equations in all cells, it is necessary to use iterative methods

After the mesh distribution in the physical domain, the

or fractional step methods to extract ﬂuid ﬂow variables. For

ﬂuid ﬂow equations are discretized on all grid cells. In gen-

this study, fractional step or projection method is used to

eral, discretized forms of various terms in Equation (2) can

determine the variables. Thus, at the ﬁrst step of calculation,

be summarized as follows:

the discretized Navier–Stokes equations are discretized and

@
@t

ð
∀I

solved regardless of the pressure term in the total compu~n
~ nþ1  V
V
I
~
ρVd∀
¼ρI :∀I : I
Δt

(9)

~ nþ1 and V
~ n are velocity vectors in cell I at time levels
where V
I
I

tational domain (Hirsch )
0
1n
þ
þ 
ð

~   ρn V
~n
!
!
ρnþ1 V
~ V:
~ dS A
gd∀ þ τ: dS  ρV
∀ ¼ @ ρ~
Δt
∀

n þ 1 and n, respectively. It should be noted that in the above

S

S

(13)

deﬁnition, cell I would change position and size depending
~  extracted from Equation (13), do
The velocity values, V

on the momentum equation. The advective terms of the
momentum equations may be discretized as follows:

not satisfy the continuity equation and the above values

þ

should be corrected. The correction of the above values is



 ! X
~ V:
~ dS ¼
~j V
~j :n
^ Sj
ρV
ρ V
j

(10)

possible by adding the pressure term to the above equation,
that is,

S

^ is the outward unit normal on the jth face section of
where n
cell I. For the current study, the volume forces and stress

0
1nþ1
þ
~ nþ1  ρnþ1 V
~
!
ρnþ1 V
∀ ¼ @ PI: dS A
Δt
S

terms at the right hand side of the equation are discretized
as follows:
þ

X


! X 
~n
^
τ: dS ¼
μ:S:∇:V:

j

S

(11)

(14)

~ nþ1 :~
S¼0
V

(15)

S

The ﬁnal value of velocity ﬁeld is obtained from
Equation (14). The pressure is calculated in such a way
that the velocity ﬁeld at level time n þ 1 satisﬁes the divergence free condition (Equation (15)). By taking the
divergence of the above equation, pressure correction
equation or Poisson equation can be extracted
! ρnþ1 ~ 
∇P: S ¼
∇:V
Δt

(16)

After calculating pressure from the above equation,
velocities at the new time step can be calculated from
Figure 1

|

Field variable value placement around a computational cell.
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In an alternative approach, the volume advection
equation is integrated in time using a split method, that is,

By solving the continuity and momentum equations on stag-

Equation (17) must be integrated twice in two dimensions

gered structured mesh, velocities and pressure will be

(three times in three dimensions) (Rider & Kothe ). In

extracted at different points of computational domain, in

two dimensions, volume fractions fn are advected in the

which velocities are placed on cell faces and pressure is dis-

ﬁrst sweep to f0 according to:

played in the grid cell centers. With such information, it is
possible to solve the advection equation for marker function
to determine the amount of the desired ﬂuid volume within
all cells. However, the scalar quantity of the desired ﬂuid
volume is deﬁned for the cell and cannot be used as a concentrated quantity in the center or face of cells. This means
that, unlike the momentum or continuity equations, another
scheme is required for solving the advection equation for
marker function (Kim & Lee ). In order to overcome

fI0 ¼

fIn :∀i,j  Fiþ1=2,j þ Fi1=2,j
∀0I



∀0I ¼ ∀I  uniþ1=2,j :Siþ1=2,j  uni1=2,j :Si1=2,j :Δt

(20)

and in the second sweep, f0 ﬁelds are advanced to their ﬁnal
values fnþ1:

this problem, modern VOF/PLIC methods employ geometrical techniques to approximate the interface location

(19)

fInþ1 ¼

within all cells. Therefore, in this study, a geometrical tech-

fI0 :∀0  Fi,jþ1=2 þ Fi,j1=2
∀I

(21)

nique is used for solving the advection equation. Details of
In the above equations, F refers to the volume ﬂuxes pas-

the applied method in this article are explained below.

sing through the surfaces of the cell I during the time step. To
compute the volume ﬂux F of the desired ﬂuid that passes

Advection of volume fraction

across a cell face during a time step, the total volume ﬂux

In order to transport marker function f with minimal smearing in the VOF method, the advection equation should be
discretized in such a way that the interface sharpness is preserved as the interface is advected. Using a simple algebraic

across the face is ﬁrst determined. Then, the portion of the
volume of the donor cell from which the volume is leaving
is speciﬁed (Rudman ). Figure 2 shows how to calculate
input and output ﬂuxes across the face.

method to solve the advection equation will lead to diffusion
of the interface (Rider & Kothe ). Therefore, in this

Calculating normal and constant of the plane

study a number of geometrical techniques have been
employed for approximating the interface and solving the

As mentioned above, in the VOF/PLIC method the interface

advection equation. Integration of the advection equation

is approximated by planes in interfacial cells that are deﬁned

in a conservative form over each cell will lead to the follow-

by the following equation:

ing equation:
ð 
∀I


@f !
þ V :∇f d∀ ¼ 0
@t

~
n:x ¼ α

(22)

(17)

Then, applying the divergence theorem and integrating
over time, Equation (17) is reduced to:

fInþ1

¼

fIn

0
1
Δt @ X  !  A
^ Sj
þ

fj V :n
∀I
j
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where x is a point on the plane and α is the plane constant.

extracted for a variety of cells. The other drawback is the

To deﬁne a plane, the normal and constant must be deter-

local gain or loss of water due to rounding the VOF function

mined. To calculate the normal unit vector from the

when f > 1 or f < 1. Therefore, to solve the advection

values of the ﬂuid volume within the cells, the following

equation and to determine the location of free surface

equation may be used (Young ; Kothe et al. ; Buss-

inside the cells with minimal numerical smearing, a new

man ):

algorithm is proposed. This algorithm is a combination of
previous equations with a GA that calculates the normal

~
n¼

∇f
j∇f j

(23)

unit vector components and the plane constant without
any application of other iterative or analytical methods. A
brief description of this algorithm is outlined here.

It should be noted that using f directly to calculate
normal vector leads to poor results in terms of the magnitude of error and the order of convergence. For these
reasons, a new method was selected here to determine the
normal vector. After calculating the normal vector, the
plane constant must be calculated. To determine the plane
constant in a cell, the volume of the polyhedron truncated
by the free surface should be equal to the volume fraction
calculated from the advection equation for scalar quantity.
In other words, the following equation must be satisﬁed:
Vol(α) ¼ fI × ∀I

(24)

Description of GA
The genetic algorithm is based on principles inspired from
the genetic and evolution processes observed in natural systems (Goldberg ). This algorithm has recently found
extensive applications in solving global optimization searching problems (Poloni et al. ). In comparison to the
conventional searching algorithms, GA has the following
characteristics: (a) GA works directly with the discrete
points coded by ﬁnite-length strings (chromosomes), not
the real parameters themselves; (b) GA considers a group
of points (called a population size) in the search space in

The above equation can be solved with different tech-

every iteration, not a single point; (c) GA uses ﬁtness func-

niques. In many cases, to solve this equation and

tion information instead of derivatives or other auxiliary

determine the plane constant coefﬁcient, iterative methods

knowledge; and (d) GA uses probabilistic transition rules

are used (Rider & Kothe ; Scardovelli & Zaleski

instead of deterministic rules. Generally, a simple GA con-

). The main advantage of an iterative method is general-

sists of three basic genetic operators (Krishnkumar &

ity, since it can be used for any polyhedral shaped cell. Also,

Goldberg ; Adeli & Cheng ): (a) selection, (b) cross-

the iterative algorithms are simple, robust, efﬁcient and

over and (c) mutation.

easily understood.
Selection

NEW FREE SURFACE TRACKING SCHEME

Selection is simply a process to decide which strings should
survive and how many copies of them should be produced in

The original VOF method has two main drawbacks. The ﬁrst

the mating pool. The decision is made by comparing the ﬁt-

is that poor results can appear in free surface when f directly

ness of each string with the average ﬁtness of the population.

is used for calculating the normal vector. Therefore, to ame-

The ﬁtness is an indicator of the survival potential and

liorate this problems, f is convolved using a smoothing
kernel, resulting in a volume fraction ﬁeld ~f, that does not

reproductive capability of the string in the subsequent gener-

change abruptly across the interface. If such relations are

objective function or a combination of objective function

used, the complexity of ﬂuid ﬂow problems will increase

and constraints. This step ensures that the overall quality

and importantly, such a relationship cannot be easily

of the population increases from one generation to the next.
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population size needs more generations for a global
optimum.

Crossover is a recombined operator for two high-ﬁtness
strings (parents) to produce two offspring by mixing and
matching their desirable qualities through a random process.
For the current study, the uniform crossover method is
adopted. The procedure is to select a pair of strings from
the mating pool at random, then, a mark is selected by
random. Finally, two new strings are generated by swapping
all characters correspond to the position of the mark where
the bit is ‘1’. Although the crossover is done by random
selection, it is not the same as a random search through
the search space. Since it is based on the selection process,
it is an effective means of exchanging information and combining portions of high-ﬁtness solutions.

New free surface tracking scheme
For the current study, a new method is proposed for determining the location of free surface within cells through the
combination of the GA with the original VOF. In the proposed method, the initial values for the parameters must
be estimated. To extract initial values for normal vector components, Equation (23) is used. With the initial values
calculated, an approximate location for free surface ﬂuid
ﬂow will be extracted. The initial estimated values will be
used to ﬁnd the exact solution of the equations by GA.
The estimated values are only considered to increase the
speed of solution and to reduce iterative steps which are

Mutation
Mutation is often introduced to guard against premature
convergence. Generally, over a period of several generations, the gene pool tends to become more and more
homogeneous. The purpose of mutation is to introduce
occasional perturbations to the variables to maintain the
diversity in the population. Mutation occurs with a small
probability in the GA to reﬂect the small rate of mutation
existing in the real world. It is realized by performing bit
inversion on some randomly selected bit positions of offspring bit strings (Goldberg ).
However, as seen above, the GA includes ﬁve fundamental parameters. (a) Population size, which inﬂuences

modiﬁed by GA at the next steps. Samples of the free surface
positions in 2D and 3D problems are shown in Figure 3.
As shown in Figure 3, the free surface divides each cell
into two sections in which each section contains a certain
amount of ﬂuid with different physical characteristics,
which in solving ﬂuid ﬂow equations is necessary to determine ﬂuid volumes and their positions relative to each
other with sufﬁcient accuracy. In addition, for a 2D cell,
four different cases of free surface of location can be imagined by rotating the cell around their axes. Then, all cases
of free surface for 2D problems are shown in Figure 3. It
can be inferred that by crossing the ﬂuid separator line
from a cell node, a new position of the free surface is
described. A new algorithm based on the above template

the amount of search points in every generation. The
larger population size in the GA will increase the efﬁciency
of searching, but it will be time consuming. (b) Crossover
probability, which inﬂuences the efﬁciency of exchanging
information. (c) Mutation probability, which occurs with a
small probability in the GA. A large mutation probability
in GA will eliminate the result of selection and crossover,
which let GAs become a random search. (d) Chromosome
length, which inﬂuences the resolution of the searching
results. The GA with longer chromosome length will have
the higher resolution, but it will increase the search space.
(e) Generations, which inﬂuences the searching time and
searching result. The GA with larger search space and less
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Samples of the free surface position.
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attempts to determine the position of the ﬂuid interface. The

of the unit vector components differ. Thus, the search

proposed algorithm does not need to determine the different

space range for the numerical implementation is selected

positions of the free surface within the cell since it will

from the minimum and maximum calculated values. Also,

directly determine the position of free surface. In using the

it should be noted that within the deﬁned range for free sur-

new method, it is only necessary that a search space range

face ﬂuid ﬂow, it is possible for GA to specify different

be deﬁned for the desired parameters at the beginning of cal-

positions in which ﬂuid volumes equal to the value extracted

culations, so that the GA attempts to generate random

from the marker function, but not the actual free surface.

numbers and determine the exact solution within the con-

Therefore, to restrict the GA’s search and to select the opti-

sidered range. Therefore, in this method two major

mal position of free surface location, using information on

subjects should be discussed to identify the exact surface

adjacent cells is the only solution that can direct the GA

location. One is how to deﬁne the search space for the

toward the optimal solution. Using information on adjacent

unit normal vector components within cells and the other

cells will lead to continuity of elements’ free surface, besides

is how to deﬁne the search range for the plane constant to

limiting the algorithm’s search space. More importantly, it

deﬁne the plane equation. The method for deﬁning the

will lead to increase numerical stability on free surface

search space for the normal vector is shown in Figure 4.

ﬂuid ﬂow. Thus, the fractional VOF is also deﬁned that

In this ﬁgure only case 3-I is discussed. All of the other

must be applied for surfaces of the given cell. Figure 5

cases can be determined similar to this case. In the ﬁrst

shows how to calculate the fractional VOF for cell surface.

stage, for the given cell, the initial position of the free surface

In this research, in order to deﬁne the fractional VOF

ﬂuid is extracted from the relationship mentioned in the pre-

for cell surface, the following equation is proposed:

vious sections. For example, it is assumed that the free
surface in the mentioned cell is located in the position of
Figure 4(a).

fSj ¼

Swet
j
Sj

(25)

To deﬁne the search space for the unit normal vector,
the initial estimated values from previous equations should
be changed so that the ﬂuid volume inside the cell is equal

where fSj is the fractional VOF in the jth face of the cell, Swet
j
is the area of the jth face which is covered by the desired

to the value calculated by the marker function. Most impor-

ﬂuid and Sj is the total area of the jth face. These conditions

tantly, the changed surface should always be located within

will be applied for conﬁning the search space with GA.

the estimated position. As mentioned earlier, crossing of the

Another parameter that must be determined for calculating

separator line in 2D or plane in 3D from the cell nodes will

the interface location free surface ﬂuid ﬂow is plane or line

deﬁne a new position for the free surface. Therefore, the

constant. Then, like the other unknown parameters, GA is

beginning and end of the mentioned position will be calcu-

used to determine the plane or line constant. Thus by deﬁn-

lated from the maximum changes of the initial estimated

ing the search space, an optimal solution will be extracted

free surface position. For example, Figures 4(b) and 4(c)

for the desired parameter.

show the minimum and maximum search space range for
the free surface estimated in Figure 4(a). Then, in Figure 4,
the ﬂuid volumes in all cells are equal, and only the values

Figure 4

|

Description of the search space for normal vector.
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Deﬁnition of fractional VOF for cell surface.
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surface should sweep the whole space of cell so that the
minimum and maximum values of plane constant are
extracted from Equation (22). The algorithm will then
attempt to determine the optimum solution in this range.

Figure 6

|

Relationship between the plane constant with truncation volume.

Solution procedure

The relationship between plane constant and fractional

Using the free surface-tracking scheme and the solution

VOF within cell is shown in Figure 6. This ﬁgure represents

method of Navier–Stokes equations described in the pre-

the nonlinear relationship between fractional VOF and

vious sections, the solution procedure can be summarized

plane constant. In these cases, the best option to determine

as follows (see Figure 7).

the unknown parameter is iterative methods. This is why the

1. Deﬁne the problem. For a given geometry:

GA is used to determine parameters in the current study. To
determine the search range of GA, the estimated initial

Figure 7

|

Solution procedure for the ﬂuid ﬂow with moving free surface.
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Dam break problem

specify boundary and initial conditions.

2. For a given velocity ﬁeld, obtain f at the new time step.

As a ﬁrst example, the dam break problem is considered.

3. With the new f, determine the location of the free surface:

This is a good test problem since it has simple initial geome-

specify search space for the plane constant and inter-

try and the experimental and numerical data are available

face normal vector; in the following steps, GA creates

for this case study. More importantly, the appearance of

random numbers for the plane constant and normal

both vertical and horizontal positions of free surface and

vector in the deﬁned search space;

water front provides a check on the capability of the pro-

GA evaluates random numbers in objective function

posed numerical model to treat free surfaces. The

and selects the best numbers to generate the next

deﬁnition of the problem is shown in Figure 8.

•
•
•
•

population;

The water column in hydrostatic equilibrium is con-

GA uses the selection, mutation and crossover tech-

ﬁned between a ﬁxed wall and the gate. At the beginning

niques to generate optimal new numbers;

of calculations, t ¼ 0, the gate is completely removed and

repeat steps evaluating ﬁtness and produce random

the water column starts to collapse under the inﬂuence of

numbers until Equation (24) is satisﬁed.

gravity, with the water wave propagating to the right. The

4. Identify the computational domain. In the following step,

ﬂuid properties and other conditions in this study are

specify the velocity and pressure magnitudes on the new

those reported in the literature (Cruchaga et al. ). Den-

computational domain.

sity and viscosity for water and air were to be set 1,000 kg/

5. Repeat steps 2–4 until the prescribed ﬁnal time is
reached.
Thus, emphasis is placed on the new free surface-tracking
method that can trace the free surface with minimal numerical smearing. Then, the proposed free surface-tracking
scheme became much more efﬁcient when combined
with the projection method in solving Navier–Stokes
equations.

m3, 1 × 103 Pa.s and 1 kg/m3, 1 × 105 Pa.s, respectively
and the gravitational acceleration was to be set to
9.81 m/s2. The time step used in this simulation was
0.001 s and the computational ﬁeld was discretized with
uniform cells of Δx ¼ 0.01 m. Free surface proﬁles at various times are shown in Figure 9.
The position of water front along the bottom and the
residual water height along the left vertical wall with respect
to the elapsed time are shown in Figure 10. The experimental data and the other researchers’ numerical results are also
included in this Figure. For convenience, dimensionless time
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
and length are deﬁned as t ¼ t g=H, y ¼ y=H and

RESULTS AND DISCUSSION

x ¼ x=L, respectively. The comparisons in Figure 10 show
that the numerical results of the current study have good

In order to evaluate the accuracy of the new proposed
method, the problems of dam break and bore movement
on water surface have been tested. The mentioned problems
have been used as bases for evaluating numerical model by
many researchers. In these two examples, the experimental
and analytical information are available for comparison
with the numerical model results. These examples offer a
substantial challenge to any free surface ﬂuid ﬂow method.
Also, for the dam break and bore motion on water surface
problems, experimental data and numerical simulated
results (Martin & Moyce ; Wang ; Bonet & Look
; Cruchaga et al. ) are available.
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Free surface proﬁles for the dam break problem at various times: (a) 0.02 s, (b) 0.1 s, (c) 0.15 s, (d) 0.2 s, (e) 0.25 s, (f) 0.3 s.

agreement with the experimental data and the proposed
numerical model has a good performance for large deformation free surface ﬂows. Also, comparisons indicate that
the GA has a good inﬂuence on the accuracy of the present
numerical results.
Furthermore, in order to show the advantage of the
coupling scheme, a convergence test based on the numerical
error history was done. As shown in Figure 11, the model
with coupling scheme converges with fewer number of iterations compared with the model without coupling scheme.
Coupling scheme was described above under ‘New free surface tracking scheme’.

Figure 10

|

(a) Position of the water waves front and (b) height of the residual water
column as a function of time.
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Numerical error history at dam break problem.
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In order to model this phenomenon with the proposed numerical method, the initial wave height and

As a second example, the bore movement on water surface

velocity are selected 0.1 m and 0.291 m/sec, respectively

is studied to evaluate the numerical model in dealing with

(Cruchaga et al. ). Slip conditions are assumed at

highly unsteady problems. The mentioned example was

the solid boundaries, and the pressure is set to zero at

also published in the literature (Bonet & Look ;

the top of the computational domain. Density and

Cruchaga et al. ). The layout of the idealized problem

viscosity of water and air are set to be 1,000 kg/m3,

is shown in Figure 12.

1 × 10–3 Pa.s, and 1 kg/m3, 1 × 10–5 Pa.s, respectively.

A horizontal layer of water with initial depth of h0 is

The length of the channel is considered to be L ¼ 0.75 m

pushed back to the ﬁxed wall with a velocity v0 applied at

which is discretized along the channel with uniform

the other end. This generates a wave near the wall that runs

cells of Δx ¼ 0.01 m. The positions of free surface at differ-

away from the wall with a wave height of h and wave speed

ent times, obtained from the proposed numerical model

of vs. If h0 and v0 are known, h and vs can be analytically com-

are shown in Figure 13. It can be seen that the water

puted by the following equation (Cruchaga et al. ):

level increases at the left wall. Once the bore is fully


0:5
h
vs ¼ v0 þ 0:5 × gh × 1 þ
h0
h
vs þ v0
¼
h0
vs

developed, the wave height reaches a constant level.



Table 1 presents a comparison of numerical model results
with the analytical solution, smooth particle hydrodyn(26)

amic (SPH) method and the other research methods.
The interface proﬁles and results shown in Figure 13
and Table 1 are slightly different from those reported
(Bonet & Look ), mainly due to the different numerical
methods used. Nevertheless, as shown in Table 1, the results
are in reasonably good agreement with the reported ones
(Bonet & Look ).
As before, in order to present the advantage of the
coupling scheme, again a convergence test based on
the numerical error history was carried out for this
model test. As shown in Figure 14, the model with
coupling scheme converges with fewer number of
iterations compared with the model without coupling

Figure 12

|

Bore problem.

Figure 13

|

Interface positions at various instants.
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Other numerical
method

Analytical

(Bonet &

(Cruchaga et al.

Present

solution

Look 1999)

2005)

method

0.132

0.130

0.134

0.133

Wave speed (m/s) 0.928

0.910

0.900

0.905
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implemented in similar problems outlined in the current

SPH
method

Figure 14

|

accuracy of the model. The proposed method can be easily

Mean values of the wave height and speed

Wave height (m)

Journal of Hydroinformatics

study.

Numerical error history at bore movement problem.

CONCLUSIONS
In this paper, a new computing method has been proposed
based on using GA and the original VOF method for simulation of the time-dependent, viscous, incompressible ﬂow
with moving free surface. The proposed technique has
more simplicity and efﬁciency compared to the other
numerical models for studying a wide range of free surface
problems. The new combinational method is characterized
in determining orientation vector and plane constant.
These parameters mainly give information on the free surface orientation and VOF in a cell. For this study, by using
a simple relationship of the previous studies, the combinational method creates a space search for unknown
parameters and attempts to determine the optimum solution
in the deﬁned search space. In order to increase the speed of
solution, using information on adjacent cells is necessary. By
the techniques used in the numerical model, free surface
could be traced with minimal numerical effort. Validity of
the present method has been shown in simulation of the
dam break and bore movement on water surface problems.
The results have also demonstrated the efﬁciency and
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