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a b s t r a c t
The evolution of water-water interface between reservoir and ambient water in dam break flow with a
wet bed is numerically investigated based on a two-liquid Volume of Fluid (VOF) method. The VOF
method is employed to capture both the free surface and water-water interface under Eulerian grids.
The modification to VOF method prevents the intersection problem from happening on the waterwater interface. The initial stage and long channel propagation of dam break flow are investigated
numerically according to the experiments of Jánosi et al. (2004) and Ozmen-Cagatay and Kocaman
(2010). The comparison of free surface and water-water interface evolution have good agreement with
the published experimental and numerical results. The evolution of water-water interface at the initial
stage of dam break flow and the analysis of gate thickness, gate removal velocity and ambient water
depth effects are further examined. Besides, propagations of dam break flow in a long channel are investigated, a time difference between the propagation of water-water interface and dam break wave front is
found.
Ó 2017 Elsevier B.V. All rights reserved.

1. Introduction
A dam break flow is usually generated by a sudden failure of a
barrier confining a reservoir filled with fluid. It can also be used to
study green water prediction, storm surge and tsunami because
the bore process and violent free surface motion are similar in
these phenomena (Chanson, 2006; Buchner et al., 1995; Ryu
et al., 2007). Thus it has both scientific importance and wide engineering applications in hydraulic, coastal and ocean engineering.
Ritter firstly derived an analytical solution to the free-surface
profile evolution of an infinite volume of fluid over a dry bed with
no resistance (Dressler, 1952). Later theoretical studies were usually based on solutions to the shallow water theory with the consideration of the effect of hydraulic resistance (Whitham, 1955;
Lauber and Hager, 1998; Hogg and Pritchard, 2004). Although
there exists difference between theoretical solution and the exact
phenomenon, propagations of the bore is close to the exact phenomenon. However, this problem will be much more complicated
if the dam break flow is initially with downstream ambient water
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(Which refers to as dam break flow with a wet bed). Fig. 1 shows
the sketch of a typical wet bed dam break experiment. The reservoir water and ambient water is initially separated by a gate, and
dam break flow is generated by the sudden removal of the gate.
This flow process is not only involved with free surface deformation, but also involved with the mixing between reservoir and
ambient water. Research about dam break with a wet bed is few
compared with that in dry bed case (Crespo et al., 2008). Stansby
et al. (1998) conducted a series of experiments about dam break
flow with a wet bed. During their experiments, the free surface
flow phenomenon was studied (e.g. a mushroom-like jet was firstly
investigated), but the mixing between reservoir water and ambient
water was not investigated. Following Stansby’s research, Jánosi
et al. (2004) and Ozmen-Cagatay and Kocaman (2010) conducted
experiments of dam break flow with a wet bet. In their experiments, reservoir and ambient water were dyed with different colours, which enables the study of the mixing process by the
investigation of water-water interface.
In recent years, numerical study has been widely used to study
dam break flow. Numerical models based on shallow water equations (SWEs) have been widely adopted in studying dam break
flow (Prestininzi, 2008; Ozmen-Cagatay and Kocaman, 2010;
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Fig. 1. Sketch of dam-break experiment and imaging measurement positions.

Chang et al., 2011; Kao and Chang, 2012). However, SWEs based
models fail to accurately reflect the actual situation especially during the initial stage of the dam break flow (Kocaman and OzmenCagatay, 2015). Thus the emphasis of research has shifted to the
development of models based on Navier–Stokes equations. Models
based on Navier–Stokes equations can be generally classified into
two categories: mesh-based model and mesh-free model.
Mesh-based model uses an Eulerian description, computing and
capturing free surface are always challenging works. One of the
most popular methods dealing with free surface motion is the
VOF method, which captures free surface by the reconstruction
of volume function in computational grids (Hirt and Nichols,
1981). Another widely used method is the level set method, which
implicitly determines the free surface by the zero-contour of a
signed distance function (Sussman et al., 1994). Models based on
these two methods have been widely applied in the studies of
dam break flow with ambient water (Ozmen-Cagatay and
Kocaman, 2010; Oertel and Bung, 2012; Trontin et al., 2012). The
initial condition of those numerical studies is shown as Fig. 1.
The reservoir and ambient water are treated as the same phase
during their numerical simulations. Although they performed well
in free surface motion and pressure, they failed to study the mixing
process because they did not distinguish reservoir and ambient
water in their studies. Owing to the property of Eulerian grids, even
the accurate capturing of an interface is a challenging work. In this
problem, two interfaces including free surface and water-water
interface are captured simultaneously, showing a greater computational challenge than those problems involved with one moving
interface. Thus it is not easy to trace both free surface and waterwater interface under the framework of Eulerian formulation. In
some recent studies, water-water interface tracing has been
achieved by applying particle markers in Eulerian grids and computing those particles in a Lagrangian way and has been successfully applied to the studies of breaking wave and drop impact
process (Yasuda et al., 1999; Lubin et al., 2006). Those models
are capable of tracing the water-water interface, but they are usually much more complicated than the original VOF or level set
model, and they have not been applied in the study of dam break
flow.
Mesh-free model is not involved with the problem of interface
tracing. The fluid is usually described as particles. The Lagrangian
description of the particles traces the motion of every particle,
making the study of water-water interface rather straightforward.
Once the reservoir water and ambient water particles are marked
in different colours as initial condition as shown in Fig. 1, the colour of every moving particle will be kept in the subsequent computational steps. Thus both free surface and water-water interface
could be obtained automatically by different colours of the particles. Owing to this advantage, mesh-free methods, such as SPH
method and MPS method, have been widely applied in the numerical study of dam break flow, with both free surface and waterwater interface studied (Crespo et al., 2008; Khayyer and Gotoh,

2010; Shakibaeinia and Jin, 2011; Jian et al., 2015). Although some
mesh-free methods such as SPH method have successfully modelled the motion of both free surface and the interface between
two liquids, they have to face the challenge of the stability problem
caused by boundary condition implementation, and also the computational cost is usually high.
In the present work, the main objective is to numerically investigate both free surface and water-water interface in dam break
flow with a wet bed. A two-liquid method is proposed to trace both
free surface and water-water interface under the Eulerian description. To correct the intersection between liquid phase, an intermediate step is applied to modify the value of volume function. Only
little complexity is added in two-liquid VOF method when compared with original VOF method. Furthermore, this two-liquid
VOF method is coupled with an immersed boundary method to
achieve the modelling of fluid–structure interaction. The twoliquid VOF based model is applied to study dam break flow with
a wet bed. Both the initial stage of dam break flow and dam break
flow propagating in long channel with a vertical wall are
investigated.
The outline of this paper is described as follows. In Section 2.1,
the two-liquid VOF method will be explained. Section 2.2 describes
the coupling of two-liquid VOF method with immersed boundary
method. Numerical procedures and schemes are presented in Section 3 and the two-liquid VOF method will be validated with Zalesak’s advection test (Zalesak, 1979) in Section 4. Section 5
investigates the initial stage of dam break flow with both shallow
and deep ambient water, in which the effect of gate velocity, gate
thickness and ambient water depth are discussed. Section 6 investigates the long channel case of dam break flow with a vertical wall
locating at the downstream. Finally, we will draw some conclusions in Section 7.
2. Two-liquid VOF method
Models based on VOF method has been widely used to address
dam break evolution. The VOF method is a methodology which
deals with free boundary within Eulerian formulation. Hirt and
Nichols (1981) firstly proposed the VOF method, then it has been
improving to achieve higher accuracy and efficiency. During the
past decades, this method has been successfully applied in numerical modelling and has been proved to be an efficient way of dealing with violent free surface flow.
Typical VOF function can be expressed as

@F
þ~
u  rF ¼ 0;
@t

ð1Þ

where F indicates the volume function. In this subsection, F is
referred to as the volume function of liquid phase. The free surface
of liquid phase can be constructed by solving Eq. (1) with VOF
method. However, this one-liquid phase method does not have
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the ability of solving the inner interface in liquid phase. Therefore,
we propose a two-liquid VOF method to construct the interface
between different liquid phases with same physical property.


F nþ1
ki;j ¼ MAXðF ki;j ; 0Þ;

ð7Þ


F nþ1
ki;j ¼ MINðF ki;j ; 1:0Þ;

ð8Þ

2.1. Algorithm of two-liquid VOF method

where k ¼ 1 or 2 and n þ 1 indicates the new time step. Then the
final value of the total volume function values is updated by taking
summation of two liquid phase:

It is not hard to divide the liquid phase F into two parts and
mark the two sub-liquid phase in different volume functions F 1
and F 2 as the initial condition. Here F 1 and F 2 satisfy the
relationship

F 1 þ F 2 ¼ F;

ð2Þ

which means the summation of sub-liquid phases equals to volume
of total liquid phase. The evolution of volume functions F 1 and F 2
can be described as

@F 1
þ~
u  rF 1 ¼ 0;
@t

ð3Þ

@F 2
þ~
u  rF 2 ¼ 0:
@t

ð4Þ

Eqs. (3) and (4) can be solved by VOF method separately and the
total volume function can be obtained by the relationship in Eq.(2).
Both the whole liquid phase interface and the interface between
two liquid phases can be constructed.
However, direct implementation of VOF method to Eqs. (3) and
(4) could be involved with the intersection problem between two
liquid phases: during the reconstruction process in VOF method,
total volume function of each computational grid cell F i;j may be
greater than 1.0 when taking summation of F 1i;j and F 2i;j . This intersection problem will cause error in multiphase computing, and this
error may amplify if there is no modification applied to eliminate
this intersection problem.
In order to avoid the intersection problem, an intermediate step
is taken to correct the volume function at water-water interface
instead of the direct implementation of VOF method. The first step
is to calculate intermediate values F i;j , F 1i;j and F 2i;j separately from

nþ1
F nþ1
¼ F nþ1
i;j
1i;j þ F 2i;j :

ð9Þ

This step may cause a bit more mass loss when compared with
typical one-liquid VOF method, but the implementation of the
method to dam break simulation shows this difference is negligible. More details about the difference of mass conservation and
numerical error will be demonstrated in the coming chapters.
2.2. Coupling of two-liquid VOF method with gate motion
2.2.1. An empirical formula for gate motion
In our previous study (Ye et al., 2016), an empirical gate motion
formula was derived from the experimental data (Hu and Sueyoshi,
2010) and applied in the numerical study of the dam break flow.
The vertical displacement of the moving gate in Fig. 1 can be
approximately divided into two periods: (1) acceleration period
and (2) uniform motion period, which is expressed as

(

yðtÞ ¼ 12 at 2 ;

t 6 t0

yðtÞ ¼ 12 at 20 þ v 0 ðt  t 0 Þ; t > t0

;

ð10Þ

where y is the vertical displacement of the gate, t is time, v 0 indicates the velocity of the uniform motion period which can be predicted theoretically, t 0 stands for the duration of the acceleration
period, and a ¼ v 0 =t 0 stands for the acceleration of the gate in the
acceleration period.

where k ¼ 1 or 2, and ⁄⁄ indicates another intermediate value. Without taking this step, although the volume function of each subliquid phase is between (0,1.0), the summation of F 1i;j and F 2i;j

2.2.2. Treatment of moving gate with two-liquid-phase model
An immersed boundary method (Peskin, 1972) under fixed
Cartesian grid is used to treat the fluid–solid coupling (or coupling
of gate motion and fluid motion). In our previous research, the
immersed boundary method has been successfully used in dam
break flow (Ye et al., 2016) and interaction between water wave
and a floating body (Zhao et al., 2014). Here, since there are two
liquid phases, the coupling of immersed boundary method with
fluid motion is slightly different. Similar to our previous dam break
study based on one-liquid VOF method (Ye et al., 2016), a volume
function /m is adopted to indicate the phase and determine the
interface. Since there are different sub-phases for liquid, a slightly
different notation is used in this study: here, single subscript
m ¼ 1, 2, and 3 indicate water, air and solid phase and double subscript m ¼ 11 and 12 indicate reservoir and ambient water, /1 ; /12
and /22 also satisfy the relationship in Eq. (2). Firstly we treat liquid phase and solid phase as one phase /1þ3 , the governing equation for the water and body is as follows

may be greater than 1.0 or smaller than 0. This unphysical value
indicates intersection. After taking implementation of this step,


the summation of F 
1i;j and F 2i;j , which equals to F i;j , is restricted in

@/1þ3
þ~
u  r/1þ3 ¼ 0;
@t

nth step values F ni;j , F n1i;j and F n2i;j by solving Eqs. (1), (3) and (4). Vol-

ume function values F 2i;j and F 1i;j calculated by VOF method fall

between the value (0,1.0) themselves, but the total volume function value of F 1i;j and F 2i;j may be greater than 1.0. Thus, an interme-

diate value F i;j is used to modify F 1i;j and F 2i;j shown as

F 1i;j ¼ F 1i;j þ

1
 ½F i;j  ðF 1i;j þ F 2i;j Þ;
2

ð5Þ


F 
2i;j ¼ F 2i;j þ

1
 ½F i;j  ðF 1i;j þ F 2i;j Þ;
2

ð6Þ

between (0,1.0). The intersection has been eliminated in this step.
Actually this step only makes difference to the grids involved in
intersection problem, for other grids without intersection, values



F 
1i;j ¼ F 1i;j and F 2i;j ¼ F 2i;j . However, the modification in Eqs. (5) and

(6) may cause some side effect: values F 
1i;j and F 2i;j may be greater

than 1.0 or smaller than 0. Physical properties in those grids would
not fit the real situation if there is no correction applied to those

grids. So another modification is applied to F 
1i;j and F 2i;j to get the
final value of the computational step:

ð11Þ

where /1þ3 ¼ /1 þ /3 ¼ /11 þ /12 þ /3 . The value of the liquid and
solid phase /1þ3 is calculated by VOF method. The volume function
of solid phase /3 is calculated by a Lagrangian method (Hu and
Kashiwagi, 2009) and the value of whole liquid phase /1 is obtained
by the relationship /1 ¼ /1þ3  /3 . Intermediate values /11 and /12
are calculated by applying VOF method to the following equations
separately

@/11
þ~
u  r/11 ¼ 0;
@t

ð12Þ
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@/12
þ~
u  r/12 ¼ 0:
@t

ð13Þ

Similar to Eqs. (5)–(9), the modification to /12i;j ; /11i;j and /12i;j is
applied to eliminate the intersection problem. Physical properties k
~ are calculated by the following formulas
and U

k¼

3
X

ð14Þ

/m km

m¼1

~b þ ð1  / Þ~
~
u ¼ /3 U
3 u

Capturing with slope weighting (THINC/SW) scheme (Xiao et al.,
2011). The THINC/SW is derived from the THINC (Xiao et al.,
2005) scheme. Instead of the Heaviside step function in the original
VOF method proposed by Hirt and Nichols (Hirt and Nichols, 1981),
a tangent hyperbolic function is adopted as a smoothed Heaviside
function in the THINC formulation. It can improve the isolated
small fluid involved with the original VOF method. In the THINC/
SW method, a variable steepness parameter is adopted instead of
the constant steepness parameter used in the original THINC
scheme, which helps to keep the sharpness of the interface.

ð15Þ

~b is the local velocwhere k indicates the density q or viscosity l. U

ity of the solid body and ~
u denotes the flow velocity obtained from
the fluid flow solver. In this study, only the vertical motion is considered, which means a single-degree of freedom gate movement.
~b are initially determined from the given gate
In this study, / and U
3

motion.
3. Numerical schemes and procedure
3.1. Governing equations
The numerical model contains a CIP-based flow solver for the
flow field, an immersed boundary method for the moving gate
modelling and a two-liquid VOF method for free surface and
water-water interface capturing. The governing equations for
two-dimensional incompressible viscous fluid are the continuity
and Navier–Stokes equations, which are expressed as

r ~
u ¼ 0;

ð16Þ

@~
u
1
l
þ ð~
u  rÞ~
u ¼ rp þ r2~
u þ~
F;
@t
q
q

ð17Þ

where ~
u and t are the velocity vector and time, respectively; ~
F is the
external force including gravitational force; q and l denotes the
density and viscosity, respectively.
A volume function /m is adopted to indicate the phase and
determine the interface. The governing equations for volume function /m

@/m
þ~
u  r/m ¼ 0:
@t
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ð18Þ

3.2. Momentum and VOF solver
A staggered grid system is used for the spatial discretization.
Grid points are concentrated near the bottom, right-hand wall
and the moving gate. The gate position and velocity is given by
the gate motion equation Eq. (10). The volume function of /3 is
obtained by using a virtual particle method (Hu and Kashiwagi,
2009). For the fluid flow solver, a fractional step procedure is used
to solve the governing equations. First, the advection term is calculated by a high-order finite difference scheme, the Constrained
Interpolation Profile (CIP) Scheme (Yabe et al., 2001). Then first
part of the non-advection term is calculated by central difference
method, and the velocity is finally updated by the pressure calculated from the Poisson equation. Detailed discussion and validation
can be found in our previous study (Zhao et al., 2014).
After solving the flow field, the volume function is calculated by
a VOF scheme. There are different schemes for VOF method, with
different reconstruction processes (Hirt and Nichols, 1981;
Youngs, 1982; Harvie and Fletcher, 2001; Aulisa et al., 2003; Xiao
et al., 2005; Cervone et al., 2009; Xiao et al., 2011). In this study,
the interface is calculated by the Tangent Hyperbolic Interface

3.3. Solution algorithm
The implementation of the numerical model is as follows:
(Step 1) Set initial and boundary conditions.
(Step 2) The advection term in Eq. (17) is calculated by a thirdorder finite difference scheme: CIP scheme.
(Step 3) The first part of the non-advection term in Eq. (17) is
calculated by central difference method.
(Step 4) Pressure Poisson equation in second non-advection part
of Eq. (17) is solved by successive over-relation algorithm and the velocity is finally updated by pressure.
(Step 5) The position of the gate at time t is obtained from Eq.
(10).
(Step 6) /1þ3 is solved by THINC/SW scheme, /3 is calculated
according the position of gate and /1 is obtained by
the relationship of /1 ¼ /1þ3  /3 .
(Step 7) Solve intermediate /11 and /12 separately by using
THINC/SW scheme.
nþ1
nþ1
Eq. (5) to Eq. (9).
(Step 8) Calculate modified /nþ1
11 ; /12 and /1
(Step 9) Update viscosity and density of the whole computational domain.
(Step 10) Repeat step 2 to step 9 until the end of the calculation.

3.4. Initial and boundary conditions
The sketch for the computational domain corresponds with the
experimental set-up in Fig. 1. The x-direction zero coordinate is set
at the left edge of the gate and the y-direction zero coordinate
locates at the bottom of the numerical tank. Reservoir and ambient
water are initially filled with height h0 and h1 , respectively. Volume
function /11 is used to mark the reservoir water and /12 is used to
mark the ambient water. The gate with the width d0 is initially
inserted to separate the reservoir and ambient water. No-slip
boundary condition is applied to left hand side, right hand side
and bottom wall and outflow boundary condition is applied to
the top of the computational domain. Besides, the no-slip boundary condition of the moving gate is modelled by an immersed
boundary condition.
4. Validation of two-liquid VOF method
The rigid body rotation of the Zalesak’s disk in a constant velocity field (Zalesak, 1979) is one of the most popular scalar advection
tests. However, typical Zalesak’s test is modelled with a single
phase of notched disk, which does not fit two-liquid-phase test.
Similar to Zalesak’s test, two phases are modelled as initial condition as shown in Fig. 2. The summation of /11 and /12 are modelled
as a circular disk, in which the first phase /11 is modelled exactly
the same as the notched disk in a typical Zalesak’s test, with the second phase /12 filling the rest part of the circular disk. The whole
computational domain is divided into 100  100 uniform grids,
the diameter of the disk equals to the spacing of 40 grids and the
width of /12 equals to 15 grids. A velocity field is given by
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u ¼ ðy  0:5; 0:5  xÞ with dt ¼ 2p=628 so that the disk completes
one revolution every 628 time units. We compared the accuracy
of our modified two-liquid based model (Which is referred to as
modified model) against the direct implementation of THINC/SW
scheme to each phase (Which is referred to as original model).
Numerical convergence study is performed for Zalesak’s problem. There are two typical criteria for the numerical results: error
and mass error. They are defined as


P  n
ex 
i;j F K i;j  F K i;j 
P ex
ErrorK ¼
i;j F K i;j

ð19Þ

corners in Fig. 3. The mass belonging to lower corners in exact
solution goes into the circular disk and causes the intersection.
The error and mass error of the computational results are listed
in Tables 1 and 2, which are calculated by Eqs. (19) and (20). Compared with original result, the error of modified result reduces
owing to the modification process. Although the mass error is
slightly greater than the original result, mass still conserves well
in modified result. The results of advection test indicate that our
proposed two-liquid-phase model is proper for calculating both
free surface and inner interface without facing with intersection
problem.
5. Numerical modelling of dam break flow: initial stage

P
M ErrorK ¼

n
i;j F K
P exi;j
i;j F K i;j

:

ð20Þ

n
Here, K indicates phase, /ex
K i;j is the exact solution of /K i;j . Error

indicates the averaged difference of volume function in every computational grid, thus it is used to estimate the difference of the
shape of the interface. The mass error estimates the mass conservation of the total volume function.
Figs. 3–5 show the solutions after one revolution for the modified model and the original model. In each figure, contour line
/ ¼ 0:5 is used to indicate the shape of interface and other contour
lines are used to validate the compactness and intersection of the
interface. Numerical results of /11 in Fig. 3 do not show much difference between original result and modified result except for the
down corners. The sharp corners are better kept in the modified
result. While in Fig. 4, /12 results of original and modified are very
close. Although the numerical results of original and modified
results in /11 and /12 are close, it makes difference when taking
summation of /11 and /12 . In Fig. 5, contour line / ¼ 1:0 is used
to check the areas involved with intersection problem. In Fig. 5
(a), there are some areas that the volume function /1 is greater
than 1.0. The maximum value of /1 is 1.2202 in this case. While
the modified result, with the modification process to avoid intersection, does not see any value greater than 1.0 in Fig. 5(b). Furthermore, contour line / ¼ 0:5 in Fig. 5 demonstrates that the
shape of modified /1 result is almost the same as exact solution,
while two small notches appear at the down edge of the shape in
original result. These notches correspond with the loss of the sharp

Fig. 2. Sketch of advection test.

In this section, study about the initial stage of the dam break
flow will be taken based on the experiment of Jánosi et al.
(2004). We first compare the numerical results of two-liquid model
with experimental data, SPH results of Jian et al. (2015) and our
original one-liquid model (Ye et al., 2016) to validate our numerical model to dam break flow problem. Then the effect of gate thickness, gate removal velocity and depth of ambient water will be
discussed.
5.1. Model setup and computational parameters
The sketch for experiment of Jánosi et al. (2004) and our numerical study is shown in Fig. 1.
The experiments were conducted in a channel separated by a
vertical gate located at x = 38 cm. The length of the downstream
part is 955 cm and the width of the channel is 15 cm. The initial fill
depth of the reservoir water d0 for our comparisons is taken as
15 cm. The initial water depth of the ambient water in the channel
downstream h1 varies in experiments: shallow ambient layer with
depth h1 = 1.5 cm and deep ambient layer with h1 ¼ 3:0 cm, 5.8 cm
and 7.0 cm, respectively.
Since we focus on the initial stage of the dam break flow, we do
not model the whole channel in this case. The total length of the
channel is 150 cm, the length of the reservoir water column is
38 cm, which is exactly the same as in the experiment and the
length of downstream part has been shortened, which tremendously reduces the computational cost. The height of the channel
is 30 cm in this case. A variable grid system is adopted with the
minimum grid size 1.0 mm in each direction. The total grid number
is 567  100 with the minimum grid spacing of 1 mm. The time
step is 1:0  104 s.
In our previous study (Ye et al., 2016), the effect of gate motion
on dam break flow has been discussed. The gate motion is found to
affect the water front propagation, free surface motion and pressure on the downstream wall in dry bed case. In this study, we
try to investigate the effect of gate motion in wet bed case. Details
about the gate removal is not demonstrated in Jánosi et al., 2004,
while in the existing numerical studies based on this experiment,
the gate removal velocity was set as a constant v gate ¼ 1:5 m=s,
and they did not present details about the thickness of the gate
(Crespo et al., 2008; Lee et al., 2008; Khayyer and Gotoh, 2010;
Shakibaeinia and Jin, 2011; Jian et al., 2015). Here, we will consider
the effects of the gate thickness and removal velocity on dam beak
flow at the initial stage. Different from the widely applied constant
removal velocity, we adopted Eq. (10) to describe the gate motion
as a constant motion coming after an acceleration motion. The
motivation of the modification to gate motion is that during dam
break experiments, the gate needs an acceleration motion from
its static condition to constant motion although this acceleration
time is very short (Ye et al., 2016). Therefore, Eq. (10) is closer to
the real physical process than the constant removal description.
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Fig. 3. Results of advection test of /11 , shaded area indicates the exact solution of /11 .

Fig. 4. Results of advection test of /12 , shaded area indicates the exact solution of /12 .

Fig. 5. Results of advection test of /1 , shaded area indicates the exact solution of /1 .

In comparison with existing numerical studies, we set the maximum removal velocity v 0 in Eq. (10) as v 0 ¼ v gate ¼ 1:5 m=s as
the benchmark case in our study. The acceleration duration is set
as t0 ¼ 0:01 s and the thickness of the gate is 10 mm as the benchmark when studying about the effect of gate parameters.

5.2. Results of the shallow ambient layer
5.2.1. Comparison between one-liquid and two-liquid results
Fig. 6 shows our numerical results computed by our original
one-liquid VOF model (Ye et al., 2016) and present two-liquid
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Table 1
Errors for Zalesak’s test problem.
Phase

Original

Modified

/1

1

2:244  10

1:360  101

/11

1:052  101

6:518  102

/12

1:192  101

5:092  102

Table 2
Mass Errors for Zalesak’s test problem.
Phase

Original

Modified

/1

11

1:112  10

1:311  1011

/11

1:620  1011

1:842  1011

/12

5:744  1012

2:052  1011

VOF based model for the case of h1 ¼ 1:5 cm. The numerical results
are also compared against the experimental data of Jánosi et al.,
2004 and SPH results of Jian et al. (2015). Good agreement can
be seen when compared our computed free surface profile with
the experimental data and SPH result. Main features such as the
formation of mushroom-like jet and subsequent wave breaking
are well reproduced in both one-liquid VOF and two-liquid VOF
results. That means our present two-liquid VOF based model keeps
as high resolution as our original one-liquid VOF based model in
computing free surface flow in this case.
The mixing process of reservoir and ambient water is also plotted in Fig. 6. At t ¼ 0:196 s, after the removal of the gate, the collapse of reservoir water mixes with ambient water, the waterwater interface is almost vertical in two-liquid VOF and experimental results, while in the SPH result, the water-water interface
is slightly oblique at this time. As time passes by, the waterwater interface in the experimental result become oblique (See
Fig. 6(a)). The slope of water-water interface in SPH result comes
more towards the downstream than the experimental results
(See Fig. 6(b)). This profile difference also exists in other particle
based results (Crespo et al., 2008; Khayyer and Gotoh, 2010;
Shakibaeinia and Jin, 2011). In our two-liquid VOF result, this profile difference has been improved. At t ¼ 0:261 s and 0.327 s, the
water-water interface profile are very close to the experimental
results, while at time t ¼ 0:392 s, the water-water interface come
little towards to the downstream comparing with the experimental
results, but still keeps reasonable agreement with experimental
result (See Fig. 6(a) and (d)).
Fig. 7 shows the evolution mass ratio for both one-liquid VOF
based model and two-liquid VOF based model. It can be seen that
the mass ratio of two-liquid VOF based model has a rapid decrease
at the beginning of the computation. As we have mentioned in Section 2.1, the modification in two-liquid VOF based model may
cause mass loss. This mass loss may be more serious at the beginning of the dam break flow when there is strong interaction among
gate, reservoir water and ambient water. As time passes by, the
gate has been totally removed and the interaction between reservoir and ambient water becomes less violent, the loss of mass
becomes gradual after t ¼ 0:5. Although there exists a lose of
mass, the mass ratio still keeps in a very high level (approximately
99.997%). Compared with one-liquid VOF result, although the conservation of mass of two-liquid VOF based model is not as good,
both of them perform very good in the mass conservation.
The extra computational cost is produced during the modification to volume functions. Using an Intel i7-3770 3.40 GHz CPU, the
performance of two-liquid VOF based model for this case is about
1298 s CPU time for 0.6 s of computations, while the time

consumption for our original one-liquid VOF based model is about
1193 s CPU time. This shows that our two-liquid VOF based model
is almost as efficient as our original one-liquid based model.

5.2.2. Effect of the gate parameter
Parameters of gate motion, for example thickness, acceleration
and velocity could affect the result of dam break flow. However,
those parameters for gate motion were not demonstrated in the
experiments of Jánosi et al. (2004). We discuss the effect of gate
motion parameters by applying different thickness and motion
parameters in our numerical models. Test matrices for thickness
and motion parameters are listed in Tables 3 and 4.
According to Lauber and Hager (1998), a non-dimensional
pﬃﬃﬃ
1=2
removal period t  ¼ ðg=h0 Þ t smaller than 2 is defined as a sudden removal, where g is the gravitational acceleration and h0 is the
reservoir depth. In this case, the sudden removal criterion is
t ¼ 0:175 s. The removal duration corresponding with each case
in Table 3 can be obtained by substituting acceleration and velocity
in Eq. (10). The cases with maximum velocities v 0 ¼ 1:5 m=s and
3.0 m/s satisfy the sudden removal criterion, corresponding with
the removal duration t ¼ 0:105 s and 0:054 s (non-dimensional
time t  ¼ 0:085 and 0.044). While the case with maximum velocity
of v 0 ¼ 0:75 m=s should be defined as a gradual removal because
its removal duration is t ¼ 0:205 s, (non-dimensional time t ¼
1.65), which is greater than the sudden removal criterion.
The computed results with different gate removal velocities
(See Table 3) at t ¼ 0:131 s are shown in Fig. 8 with the comparison
with MPS results of Shakibaeinia and Jin (2011) and experimental
results of Jánosi et al. (2004). The MPS results include both no-gate
and with-gate results as shown in Fig. 8(b) and (c) (A constant gate
removal velocity 1.5 m/s is applied in with-gate case). The computed no-gate results in Fig. 8(d) is very close to the no-gate result
of Shakibaeinia and Jin (2011) in Fig. 8(a). Without the gate restriction, the whole reservoir water collapses as soon as the simulation
starts, leading the water-water interface moving oblique towards
the downstream. After the implementation of gate in the numerical model, profiles of free surface and water-water interface
change due to the restriction and the friction from the gate. Water
near the gate moves upwards with the gate due to the friction
between water and gate, this interaction among reservoir water,
ambient water and gate can cause complex free surface motion like
splash and merging (See Fig. 8(e) to (g)). The upper part of the
reservoir water does not collapse down immediately due to the
restriction of the gate. This prevents the water-water interface
from going too oblique, which makes the numerical results close
to the experimental result. It is observed in Fig. 8(d) to (g) that with
the decrease of the gate removal velocity, the water-water interface becomes less towards the downstream direction. For the case
v 0 ¼ 1:5 m=s, the water-water interface is almost vertical to the
bottom of the tank, which is very close to the experimental result
in Fig. 8(c). With the velocity keeps going lower, the water-water
interface comes towards the upstream direction when
v 0 ¼ 0:75 m=s (See Fig. 8(g)). Also this restriction enables the
development of the inverse flow at the top of the water-water
interface. With the decrease of the gate removal velocity, more
ambient water comes up towards the upstream direction and
forms more reverse current.
Fig. 9 shows the evolution of dam break flow with different gate
removal velocities in Table 3. After the snapshot at t ¼ 0:13 s in
Fig. 8, free surface and water-water interface keep on propagating.
The no-gate case, which does not see any reverse flow in Fig. 8(d),
keeps on forming a jet flow towards the downstream and breaks,
the water-water interface also keeps on leaning obliques to the
downstream (See Fig. 9(a)). While the reverse flow in Fig. 8(e) to
(g) induced by gate motion forms different patterns as
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(a) Experimental results

(b) SPH results

(c) Computational results(one-liquid VOF)

(d) Computational results(two-liquid VOF)

Fig. 6. Computed mixing patterns compared with experimental results of Jánosi et al. (2004) and SPH results of Jian et al. (2015) at t = 0.196 s, 0.261 s,0.327 s and 0.392 s for
shallow flow depth h1 ¼ 1:5 cm.

Table 3
Test matrix for different gate removal velocity.

100.002%

Case

One-liquid VOF
Two-liquid VOF

100.001%

Case
Case
Case
Case

V/V0

100%
99.999%

(m=s2 )

Maximum velocity
(m/s)

Removal
duration (t  )

/
75
150
300

/
0.75
1.5
3.0

/
1.65
0.85
0.44

Acceleration

1 (no gate)
2
3 (benchmark)
4

99.998%
99.997%
Table 4
Test matrix for different gate thickness.

99.996%
99.995%

0

2

4

t(g/h0)1/2
Fig. 7. Conservation of mass.

6

8

Case
Case
Case
Case
Case

Thickness (mm)
1
2 (benchmark)
3
4

5
10
15
20
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(a) No-gate MPS result

(b) With-gate MPS result

(c) Experimental result

(d) Computed no-gate re-

(e) Computed 3.0 m/s re-

(f) Computed 1.5 m/s re-

(g) Computed 0.75 m/s re-

sult

sult

sult

sult

Fig. 8. A snapshot of the two-phase computed results with different gate motions at t = 0.13 s, computed results are compared against experimental result of Jánosi et al.
(2004) and MPS results of Shakibaeinia and Jin (2011).

mushroom-like jets. A time difference is also observed in the formation and breaking of the wave in different cases. The breaking
wave has fallen into the ambient water at t ¼ 0:261 s for no-gate
case and v 0 ¼ 3:0 m=s case, while for the case of v 0 ¼ 1:5 m=s, it
has just reaches the ambient water at t ¼ 0:327 s and the case of
v 0 ¼ 0:75 m=s still do not reach the ambient water. With the
increase of removal velocity, the formation of the wave and the
propagation become earlier than the slower removal case (In this
study we consider the no-gate case as the fastest removal case).
The water-water interface is also observed to be affected by the
gate removal velocity. With the increase of removal velocity, the
formation and slope of the water-water interface is greater
towards the downstream direction. Numerical results of withgate cases all vary from the no-gate cases. For the case of
v 0 ¼ 3:0 m=s, whose removal duration is much less than the criterion of a sudden removal, is close to the result of no-gate case especially after t ¼ 0:261 s. While for the case of v 0 ¼ 1:5 m=s, even the
removal of the gate satisfies the criterion of a sudden removal, the
result still varies much with the no-gate result. Besides, the profile
of water-water interface of the gradual removal case of
v 0 ¼ 0:75 m=s has the best agreement with the experimental
result.
It is interesting to point out that the profile of the water-water
interface in Fig. 8(d) to (g) are different from each other, but the
bottom position of the interface is very close. Same phenomenon
has also be observed in Fig. 9: although there exists time difference
in the waveform, the bottom of the interface is very close. We also
calculated the evolution of the bottom layer of the water-water
interface in our numerical study and plotted in Fig. 10. With different gate removal velocity, the bottom propagation of the waterwater interface is very close especially when t < 3 corresponding
with the evolution time in Figs. 8 and 9. It indicates that the gate
motion affects the profile of water-water interface, but has little
effect on the bottom propagation of the water-water interface at
the initial stage of dam break flow.
The thickness of the gate could also affect the dam break flow.
Fig. 11 shows the evolution of dam break flow with different gate
thickness in Table 4. The motion of free surface at t ¼ 0:131 s
becomes increasingly violent with the increase of the gate width.
Especially for width d0 ¼ 20 mm case, splash is observed near

the top of the jet flow (See Fig. 11(d)). Also a slight time difference
for the formation and evolution of wave is observed. The formation
and breaking of dam break wave would happen earlier if the width
of the gate increases. As the thickness of the gate increases, the gap
between reservoir and ambient water becomes larger when the
gate starts moving upwards. The wider the gap is, the longer time
it will be before reservoir and ambient water meet, the velocity of
each component is also larger. The velocity of the jet flow induced
by the interaction between reservoir and ambient water will be
larger, which leads to the earlier formation of jet flow and the
breaking phenomenon. The bottom evolution of the water-water
interface is plotted in Fig. 12. With the same removal process of
the gate, the thickness of the gate causes little effect to the evolution. Also, the profile of the water-water interface in Fig. 11 is not
observed to have much difference with different gate width. Compared with the effect of the gate removal velocity, the gate thickness plays less important role in the evolution of free surface and
water-water interface.

5.3. Results of the deep ambient layer
Three cases with different downstream flow depths
h1 ¼ 3:0 cm, 5.8 cm and 7.0 cm have also been analysed in comparison with the experimental result of Jánosi et al. (2004) and SPH
result of Jian et al. (2015). The snapshots at t ¼ 0:3 s and 0.6 s
are shown in Figs. 13 and 14, respectively. Formations of the waveform in our computed results at both t ¼ 0:3 s and 0.6 s have good
agreements with the experimental results, while the SPH results
show a faster waveform. For the water-water interface, a faster
propagation is observed in both present computation and SPH
results, especially for the case of h1 ¼ 3:0 cm. The profile of the
water-water interface is also observed to be different from numerical results (including SPH and present results) and experimental
results.
Fig. 15 shows the bottom propagation of water-water interface.
The propagation of the water-water interface becomes faster with
the decrease of the height of ambient layer. As the height of the
ambient layer deceases, the gradient of hydrostatic pressure
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(b) v = 3.0 m/s

(a) no gate

(c) v = 1.5 m/s (benchmark)

(d) v = 0.75 m/s

Fig. 9. Comparison among computed results with different maximum gate removal velocities at t = 0.196 s, 0.261 s, 0.327 s and 0.392 s for shallow flow depth h1 ¼ 1:5 cm.
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No-gate
v = 3.0 m/s
0

v = 1.5 m/s
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0

x/h0

v0 = 0.75 m/s
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0
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t(g/h0)

3

4
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profile of water-water interface in experimental result for
h1 ¼ 3:0 cm case is close to a curve vertical to the bottom, while
the distortion of water-water interfaces for h1 ¼ 5:8 cm and
7.0 cm are observed to be more serious (See Fig. 14). The position
of the bottom is marked red in Figs. 13(a) and 14(a), which is
observed to lag behind the maximum propagation position of the
water-water interface for the cases of h1 ¼ 5:8 cm and =7.0 cm at
t ¼ 0:6 s. When taking the position of the red mark as the location
of bottom of water-water interface, it is consistent with the relationship in Fig. 15. Comparing with the shallow water case, the difference between computed and experimental results is slightly
larger, it falls in reasonable difference.

1/2

Fig. 10. Bottom propagation of the water-water interface with different gate
removal velocities, including no-gate and maximum velocity v 0 ¼ 3:0 m=s, 1.5 m/s,
0.75 m/s cases.

between reservoir water column and ambient layer increases,
which leads to a faster propagation.
In Fig. 15, the slope of every curve become constant after
t  ¼ 1:0, but it is not consistent with the experimental results in
Figs. 13 and 14. When t ¼ 0:3 s (t ¼ 2:42), the propagation of
water-water interface in h1 ¼ 3:0 cm case is faster than those at
h1 ¼ 5:8 cm and 7.0 cm cases (See Fig. 13(a)), but the maximum
propagation position becomes very close at t ¼ 0:6 s (t  ¼ 2:42)
in Fig. 14(a), which is not consistent with Fig. 15. At t ¼ 0:6 s, the

6. Model application: dam break flow mixing in a long channel
6.1. Model setup and computational parameters
Here the experiments of (Kocaman and Ozmen-Cagatay, 2015)
are used to compare with the computed results. The sketch of their
experimental flume is shown in Fig. 1. The experiments are performed in a rectangular flume of 8.90 m in length, 0.30 m in width
and 0.34 m in height with horizontal bottom. The initial reservoir
water height is 0.25 m. While initial depths of ambient water is
0.10 m, representing depth ratios of 0.4. The gate is quickly
removed vertically from a released system above the gate within
a very short time t = 0.06–0.08 s (non-dimensional time
t ¼ 0:34  0:46), which satisfies the sudden removal criterion of
pﬃﬃﬃ
t < 2(Lauber and Hager, 1998).
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(a)

d0 = 5 mm

(c)

(b)

d0 = 15 mm

d0 = 10 mm(benchmark)

(d)

d0 = 20 mm

Fig. 11. Comparison among computed results with different gate width at t = 0.196 s, 0.261 s, 0.327 s and 0.392 s for shallow flow depth h1 ¼ 1:5 cm.
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d = 15 mm
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d = 20 mm
0

1

0

0

1

2

t(g/h0)
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Fig. 12. Bottom propagation of the water-water interface with different gate width
of d0 ¼ 5 mm, 10 mm, 15 mm, 20 mm.

The computational domain is 8.90 m in length and 0.4 m height.
Variable grid system is adopted in our model, which enables
refinement in significant areas. Fine grids are applied to regions
near the gate, flume bottom and right side wall with the minimum
grid spacing of 1 mm, the gate is modelled within 4 grids in x direction. The total computational cell is 1830  145. A gate with
0.4 mm thickness is initially set between reservoir and ambient
water, the zero coordinate of x directions is located at the left side
of the gate, which is 4.65 m from left side wall. With the consideration of the gate thickness, a volume of fluid in the reservoir 4.65 m
long and 0.25 m high is defined as an initial condition. The lengths
of the ambient water in both cases are 4.246 m, and the height is
0.1 m with respect to height ratios of 0.4. The maximum velocity
of the gate is 6.0 m/s and the removal duration is 0.07 s. Time step
is 1:0  104 in this study. The computational CPU time is about
6.6 h for 10.0 s of simulation.
6.2. Numerical results

During these series of experiments, the reservoir water and
ambient water are coloured by two different colours for the sake
of a better observation of the flow behaviour. These experiments
are recorded by three high speed CCD cameras with a three-step
image process applied for synchronous recorded images. By analysing the synchronous images, the time evolution of water depth
is obtained at six virtual wave probes. Positions of virtual wave
probes are shown in Table 5. More details about the experiments
and image process can be found in Kocaman and Ozmen-Cagatay
(2015).

6.2.1. Evolution of dam break wave
Snapshots of dam break flow in the long channel are plotted
Fig. 16. Both no-gate and with-gate results are plotted to compare
with experimental results of (Kocaman and Ozmen-Cagatay, 2015).
The free surface is plotted in solid line for computed results. At
t ¼ 0:20 s, with the effect of gate motion, a reverse jet flow is
observed in the result of with-gate case, which shows better consistence to experimental results than the result of no-gate case
(See Fig. 16(a)). With the propagation of dam break wave, it is
observed from the experimental results that a solitory wave is
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(a) Experimental results att = 0.3 s
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(b) SPH results at t = 0.3 s

(c) Computed results t = 0.3 s
Fig. 13. Computed mixing patterns compared with experimental results of Jánosi et al., 2004 and SPH results of Jian et al. (2015) at t = 0.3 s for deep flow depth h1 ¼ 3:0 cm,
5.8 cm and 7.0 cm.

firstly formed at t ¼ 0:38 s and propagates (See Fig. 16(b) to (d)),
then it breaks at t ¼ 0:92 s (See Fig. 16(e)) and keeps on propagating (See Fig. 16(f) to (i)). During this process, the with-gate results
show a better consistency with experimental results during the
process of wave formation and initial propagation, after the solitory wave breaks, the difference between no-gate and with gate
results become small. In Fig. 16(j), the propagation of dam break
wave is stopped by the vertical wall and water climbs up on the
wall at t ¼ 3:26 s. As time passes by, water falls down from the
wall and forms a reverse wave (See Fig. 16(k)) and propagates
towards the reservoir (See Fig. 16(i) to (p)). During the reverse evolution of the wave, second break of wave happens at t ¼ 5:50 s
(Fig. 16(o)).
Fig. 17 shows the evolution of water levels at the height probes
H1 to H6. Computed results (Including no-gate and with-gate
results) are compared with both RANS and experimental results
(Kocaman and Ozmen-Cagatay, 2015). For probes H2 to H6, the
first peak of water level occurs when the dam break wave first

arrives at the probe, and the second peak indicates the arrival of
the reverse wave reflected by the vertical wall. While for H1 probe
locating at the upstream of the gate, the water level firstly
decreases, the first peak corresponds with the arrival of reverse
wave. Main difference between no-gate and with-gate results
exists at the first peak at probes H2 to H5, which indicates that
the gate motion can cause effect to the front of dam break wave,
and this difference gradually disappears after the evolution of
dam break wave. Generally, the no-gate and with-gate results are
close to each other, both of them have good agreement with the
RANS results and experimental results.
The percent relative errors in computed and RANS results are
shown in Table 6 and plotted in Fig. 18. The mean absolute percentage errors are estimated with respect to the experimental data.
The errors of with-gate results at probes H2 and H3 are smaller
than those of no-gate results, while for the rest of the probes the
errors are larger. The maximum errors of no-gate and with-gate
results are 2.08 and 2.33 and the average errors of no-gate and
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(a) Numerical results at t = 0.6 s

(b) SPH results at t = 0.6 s

(c) Computed results t = 0.6 s
Fig. 14. Computed mixing patterns compared with experimental results of Jánosi et al., 2004 and SPH results of Jian et al. (2015) at t = 0.6 s for deep flow depth h1 ¼ 3:0 cm,
5.8 cm and 7.0 cm.

Table 5
Positions of water level probe.

3
h = 1.5 cm
1

h = 3.0 cm
1

2

x/h0

h1 = 5.8 cm
h1 = 7.0 cm

1

0

0

1

2

3

4

5

t(g/h0)1/2
Fig. 15. Bottom propagation of the water-water interface with different gate
removal velocities, including ambient water depth h1 ¼ 3:0 cm, 5.8 cm and 7.0 cm
cases.

with-gate results are 1.86 and 1.92. Generally speaking, the error of
no-gate and with-gate results are very close to the experimental
results, both of them are smaller than the RANS results.

Probe

Position (mm)

H1
P1
P2
P3
P5
P6

15
15
75
150
250
350

6.2.2. Evolution of inner water-water interface
As shown in Fig. 16, the water-water interface in experimental
results becomes gradually smear owing to the three-dimensional
mixing between reservoir and ambient water, while the waterwater interface in two dimensional results is always a sharp interface. At t ¼ 0:20 s, the water-water interface of with-gate and
experimental results are almost vertical to the bottom, while the
no-gate result shows an oblique towards the downstream (See
Fig. 16(a)). With the propagation of dam break wave, the waterwater interfaces in experimental and with-gate results become
oblique towards the downstream and the slope of water-water
interface increases until t ¼ 4:78 s when water-water interface
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(a) t = 0.20 s

(b) t = 0.38 s

(c) t = 0.56 s

(d) t = 0.72 s

(e) t = 0.92 s

(f) t = 1.42 s

(g) t = 2.18 s

(h) t = 2.68 s

(i) t = 2.94 s

(j) t = 3.26 s

(k) t = 3.60 s

(l) t = 4.14 s

(m) t = 4.78 s

(n) t = 5.18 s

(o) t = 5.50 s

(p) t = 6.04 s
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Fig. 16. Comparison of free surface profiles evolution, each sub-figure contains experimental result of Ozmen-Cagatay and Kocaman (2010) (upper), no-gate result (middle)
and with gate result (bottom).

meets the reflected reverse wave. While the water-water interface
of no-gate results is almost perpendicular to the bottom of the tank
during its propagation until it meets the reverse wave. The profile
of water-water interface in no-gate and with-gate results is different during their evolution, but their general positions are close to
each other.
It is observed that after the water-water interface meets the
reverse wave, it almost stops propagating forward (See Fig. 16

(m) to (p)). We further plotted both with-gate and no-gate results
in Fig. 19. From t ¼ 6:5 s to 8.5 s, the position of water level waterwater interface does not change much, only the top of water-water
interface starts moving backwards (See Fig. 19(a) and (b)). After
that, water-water interface starts going back towards the
upstream. The location of water-water interface t ¼ 4:78 s
(t ¼ 29:93) is close to P5 probe locating at x ¼ 250 mm. It is
observed in Fig. 17(e) that after the second peak, although there
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Fig. 17. Evolution of water depth in water level probes H1-H6, both no-gate and with gate results are plotted to compare with the RANS result of Kocaman and OzmenCagatay (2015) and experimental result of Ozmen-Cagatay and Kocaman (2010).

Table 6
Mean absolute percentage errors of computed and RANS results.
Probe

RANS (%)

No-gate (%)

With-gate (%)

H1
H2
H3
H4
H5
H6
Aversge

2.69
3.87
2.59
2.21
2.35
2.79
2.79

1.47
2.31
2.08
1.79
1.62
1.87
1.86

1.49
1.95
1.96
1.85
1.95
2.33
1.92

is fluctuation, the mean water level almost does not change until
t ¼ 45 (t ¼ 7:18 s), then it starts decreasing. The evolution of
water-water interface after meeting the reverse wave is mainly
driven by the change of water level. As the water level decreases,
the top layer of ambient flows back first, then the whole ambient
water starts moving back.
The bottom evolution of the water-water interface is plotted for
both no-gate and with-gate cases in Fig. 20. It can be observed that
the bottom propagation of the water-water interface is almost in a
constant velocity. The with-gate result is slightly faster than that of
no-gate result. Then at about t ¼ 30, it reaches the maximum and

Fig. 18. Percentage errors of computed and RANS results Kocaman and OzmenCagatay (2015) at probes H1 to H6.

almost stop moving. After about t  ¼ 50, the bottom of waterwater interface starts moving backwards and it is moving faster
as time evolves. The bottom evolution of the water-water interface
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(a) t = 6.5 s
0
F surface (With-gate)
W-W interface (With-gate)
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(b) t = 8.5 s
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Fig. 21. Bottom propagation of water-water interface compared with the propagation of dam break wave front in a long channel with a downstream vertical wall.
In the legend, F surface is short for free surface and W-W interface is short for
water-water interface.

(c) t = 9.0 s

and bottom of water-water interface meets at around t ¼ 30.
Right after this meeting, the water-water interface stops going
forwards.

(d) t = 9.5 s
7. Concluding remarks

(e) t = 10.0 s
Fig. 19. Further evolution of free surface and water-water interface, each sub-figure
contains no-gate result (upper) and with gate result (bottom).

is further plotted with the evolution of the front of dam break wave
in Fig. 21. The difference between no-gate and with-gate results in
the propagation of dam break wave is negligible. The dam break
wave propagates towards the downstream with almost constant
velocity and reaches the downstream vertical wall at about
t  ¼ 20 (Corresponding with t ¼ 3:26 s in Fig. 16(j)). The propagation of dam break wave is faster than that of the water-water interface. After the dam break wave reaches the vertical wall, a reverse
wave reflected by the vertical wall propagates backwards with
almost constant velocity. The position of dam break wave front

12
10
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6
4
With-gate
No-gate

2
0

0

20

40

60

1/2
0
Fig. 20. Bottom propagation of water-water interface in a long channel with a
downstream vertical wall.

A numerical study has been carried out to investigate the wet
bed dam break flow based on a two-liquid VOF based model. A
modified two-liquid VOF method has been proposed to calculate
both free surface and water-water interface. The results of Zalesak’s advection test indicates that our proposed method can accurately predict evolutions of both free surface and water-water
interface without facing with the intersection problem between
different interfaces. The two-liquid VOF method has been further
coupled with our immersed boundary method and flow solver then
applied to dam break flow. The comparison with one-liquid VOF
results and experimental results shows that the proposed twoliquid VOF based model keeps the efficiency level in one-liquid
VOF based model without losing the level of accuracy and mass
conservation. Furthermore, computed water-water interface has
good agreement with experimental results.
Dam break flow at the initial stage of wet bed dam break flow
has been numerically studied by our proposed two-liquid VOF
based model. Considerable attention is paid to the effects of gate
thickness, gate velocity and ambient water depth, drawing the conclusions that.
(1) The velocity of gate removal affects evolutions of free surface and water-water interface profiles (Even a removal satisfies the sudden removal criterion). With the increase of
gate velocity, the formation and evolution of jet flow and
dam break wave will become earlier and water-water interface tends to be more oblique towards the downstream in
shallow ambient water depth.
(2) The thickness of the gate also affects the free surface and
water-water interface profiles, but the effect is smaller than
the effect of gate velocity.
(3) The bottom evolution of water-water interface is not sensitive to the gate motion, but with the increase of ambient
water depth, the evolution gets slower.
We have also investigated propagation of dam break flow in a
long channel with a downstream vertical wall. The comparison of
the numerical results and experimental data shows that.
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(1) The propagation of dam break wave is faster than the propagation of inner water-water interface. The forward propagation of water-water interface stops when it meets the
reverse wave reflected by the downstream vertical wall
and gradually moves backwards after that.
(2) When satisfying the sudden removal criterion, the gate
motion has little effect to dam break flow in a long channel
except for the shape of water-water interface.
All the results come to the conclusion that our proposed twoliquid VOF based model is proper of studying the evolution of both
free surface and water-water interface during dam break flow. The
gate motion can cause significant effect to the profile of waterwater interface and free surface evolution at the initial stage, but
plays little role in a long channel propagation. The bottom propagation of the water-water interface is not affected by gate motion
in both initial stage and long channel dam break flow, but it is sensitive to the change of ambient water depth.
Besides, it is interesting to find the time difference between the
propagation of dam break wave and water-water interface. The
detailed relationship between these two propagation process is
still unclear. Further studies about this issues could be addressed
with the implementation of both experimental and numerical
study aiming at finding the mechanism behind this phenomenon.
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