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Abstract:

In the present paper, the computational fluid dynamics for one of the most challenging
problems of two-phase flows; namely, the unsteady movements of dam break flow, is
introduced. The governing momentum equations are solved numerically using the
control volume approach over a regular two-dimensional computational grid. The
level set method is applied for predicting the transient movements of the dam break
free surface flow with a high accuracy solution procedure. The effects of the
geometrical parameters of the initial dam shape and the fluid properties such as
density, viscosity and surface tension on the dam front movement and dam
topological changes are investigated. The obtained results showed a faster movement
of the dam front in the downstream direction by increasing the dam height and the
fluid density. However, by increasing the fluid viscosity, a slower motion of the dam
front is obtained. Moreover, the variation of the fluid surface tension showed a slight
effect on the movement of the dam front.
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1. Introduction

Dam break problem is considered to be one of the most important two-phase
applications in engineering and industrial fields, e.g. hydropower stations, marine
hydrodynamics and coastal engineering. Consequently, dam break flow has been the
subject of extensive experimental, theoretical and numerical investigations for more
than a hundred year. Detailed literature review for such problem can be found in [1].

Experimental studies on dam break problem have observed the shape of the water
propagation front and its traveling distance in the horizontal direction. In particular,
the representative experimental investigation, which is considered as a benchmark test
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for dam break problem, is referred to [2]. This experiment was later repeated using
other experimental techniques by [3, 4].

According to the experimental complexity of such problem, exact measurements of
the interface shape are not available; however, some measuring data such as the
reduction of the water column height and the horizontal traveling distance of the water
front can be applied for the validation of the numerical methods through the
quantitative comparison of the obtained results.

Moreover, the theoretical as well as the numerical treatments of the dam break
problem have encountered some constraints related to the nature of the problem as it
includes a transient, non-uniform free surface flow with large spatial and temporal
gradients. Moreover, turbulence characteristics should be considered with the moving
wave front which is driven by gravity developed turbulence. Therefore, most of the
previous numerical treatments of such problem are usually simulated by neglecting
turbulent stresses or using various empirical assumptions about the parameters of
turbulence. Recently, there is a trend to replace the previous attempts with direct
numerical simulations, large eddy simulations and advance turbulence modeling, see
for more details [5, 6].

According to the huge development in the numerical simulation of turbulent two-
phase flows with wide range of length scales, carefully executed simulations in such
context can virtually replace experiments [7]. In general, the numerical predictions of
turbulent dam break dynamics have been limited in accuracy partly by the
performance of three key elements, viz.: development of the computational algorithm,
interface tracking methods, and turbulence prediction models [8-15].

A variety of numerical methods have been recently developed and validated to two-
phase. However, an efficient and complete numerical method is not available. An
extended review of numerical techniques applied for turbulent two-phase flow
including adv/disadvantages can be found in [16]. More recently, the author has
developed a new numerical method, known as Interfacial Marker Level Set Method
(IMLS), for predicting the complete dynamics of turbulent two-phase flows. This
numerical method is validated and its accuracy is estimated through the performing of
a wide range of industrial and engineering applications [17]. This method is also
further applied in the present paper and shortly explained in the following sections.

2. Governing Equations

The governing equations for incompressible flow are mathematically expressed by
the conservation equations of the mass and momentum at each point of the flow field.
These equations can be written in the primitive variables formulation in form of
continuity equation and Navier-Stokes equations, respectively, as follows:

V-u=0 1)
’O(aat_u +V- (uu)) =Vp+ uViu 2)

where r, u, p, m are the density, velocity vector, pressure and viscosity of the fluid. The
fact that there is no pressure transport equation necessitates the consideration of the continuity
equation as a means to obtain the correct pressure field. This is done by a proper coupling
between the pressure and velocity field through the Poisson equation for pressure:
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The Poisson equation is solved by means of the Successive Over-Relaxation
method.

3. Level Set Method

The level set method is a type of capturing methods where a defined phase function
@, is smoothed over the entire computational domain. The level set function at any
given point is taken as the signed normal distance from the interface with positive on
the liquid phase (i.e. ¢>0), and negative on the gas phase (i.e. ¢<0). Consequently, the
interface is implicitly defined as the zero level set of the level set function.

The transport equation of the level set function can be described by the following
equation:

%HT-V;Z}:O 4)

where U is the velocity vector. The geometrical properties of the interface, (normal
vectors and curvature), can be defined as:

Ve
Vel

The original work of level set method in two-phase numerical simulation is referred
to [18]. A review of such works can be found in the cited review [19].

= Kk=V-i (5)

4. Breaking Dam Problem

In order to investigate the present problem, a two-dimensional broken dam problem
is carried out. This test case, although of its simplicity in the initial configuration and
the boundary conditions, it is useful for demonstrating the versatility of the developed
numerical method. In this example, a rectangular hydrostatically equilibrium water
column surrounded by air is allowed to flow out along dry horizontal floor, as shown
in Fig. 1. The pressure jump condition at the interface is due to the gravity force
acting downward, while the surface tension effect is neglected.

F

a gravity

Figure 1. Configuration of broken dam problem.
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The rectangular computational domain with size (L=1m, H=0.5m) is surrounded by
solid walls, at which the free-slip conditions are imposed. The water column is
0.157m in width and 0.314m in height, and it has the density of 1000 kg/m® and the
viscous coefficient of 1.8'10° Ns/m, while the air has the density of 1.0 kg/m® and the
viscous coefficient of 1.5'10”° Ns/m. The computational domain has uniform grid size
in X- and y- directions, respectively. The water surface tension s is considered to be s=
0.07 N/m®,

5. Numerical Procedure

In the current numerical method, a general differential momentum equation for the
dependent variables (u, v) is written for unsteady, Newtonian, two-dimensional and
incompressible flow:

The above level set equation as following equation:
0 0 0 0, . 0p, 0, Op
— +— +— =—(T, —)+—T,—/)+S 6
~(PO)+— () —(pvg)=— (I, )+ (T, ~)+S, (6)

where ¢ is the dependent variable, T, is the diffusion coefficient for ¢, and S is
the source term. The quantities T, and S, are specific to a particular meaning of ¢.

Using the control volume arrangement proposed by [20], the above general
differential equation can be written in terms of the total fluxes over the control
volume faces and the resulting equation is integrated over each control volume. In
similar manner, the continuity equation is integrated over the control volume.

These equations relate the unknown value of dependent variable ¢ at time
t + At located at the pole of the control volume (P) to those neighboring points (E, W,
N, S) and the known value of gg and pp at time t. The source term S is linearized

by splitting it into S which stands for the constant part of S, and S, the coefficient
of ¢.

In our algorithm, one can presume that the velocity field reaches its final value in
two stages; that means

The above level set equation as following equation:

u™ =u"+u, (7)

whereby, u” is an imperfect velocity field based on a guessed pressure field, and
u. is the corresponding velocity correction. Firstly, the 'starred" velocity will result

from the solution of the momentum equations. The second stage is the solution of
Poisson equation for the pressure.

The above level set equation as following equation:
vip, =L v.u 8
P = (®)
where p, will be called the pressure correction. Once this equation is solved, one

gets the appropriate pressure correction, and consequently, the velocity correction is
obtained according to: The above level set equation as following equation:
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The fractional step non-iterative method described above ensures the proper
velocity-pressure coupling for incompressible flow field.

In order to solve the appropriate Poisson equation for pressure, one should assign
the normal and tangential stresses resulting from the existing of the surface tension
force. These stresses must be calculated exactly at the interfacial marker points;
therefore, a suitable interpolation technique should be implemented. Given as
example; the calculation of the local curvature at the marker positions, the average
interface curvature as a function of the level set function ¢ and its derivatives can be
expressed at the regular grid points according to the formula;

(208,05 —b:by — 4, 00)
(¢ +¢,)"

The present surface tension model ensures that both the pressure calculated within
the liquid phase and the surface tension pressure is consistent and dynamically similar,
as their effect is determined in the same way. Accordingly, the pressure drop across
the interface cancels exactly the surface tension potential at the interface. Such
modeling could, to some extent, reduce the spurious current problem that might be
associated with the inconsistent modeling of the surface tension force in two-phase
flow simulation, as the interfacial curvature and, consequently, the interfacial driving
forces are calculated accurately.

k(¢) = (10)

In two-phase flow problems, the interface shape may be of complicated geometry.
In such context, the accurate solution of the surface pressure occurring at transient
fluid interfaces of arbitrary and time dependent topology is a key element of the
proposed method, which involves a special treatment of the discretization at the
interface.

Assuming that a regular mesh is used for the calculation, the curved shape of the
interface causes unequal spacing between the interface and some internal grid points,
the Dirichlet pressure boundary conditions are assigned at the interfacial marker
positions for the calculating of the interfacial liquid pressure according to the case
considered. The source term of Poisson equation is calculated at the main grid points
using the imperfect velocity field calculated from the momentum equations and
approximated at the irregular grid.

In order to solve Poisson equation, it should be first generalized for an arbitrary
computational grid, in which the four neighboring points are at different distances
from the central point of the control volume according to the interface position.

6. Results and Discussion

Figure 2 shows the present numerical results for the time histories of the horizontal
water front location compared with both the experimental values presented in [2] and
the numerical results obtained by using a novel finite-element technique [21]. The
dimensionless time and displacement are given by t*=t(2g/a)®° and x*=x/a. In the
legend of this figure, the computational results are in very good agreement with the
experimental ones.
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Figure 2. Comparison of calculated results with the previous experimental measurements [2]
and previous numerical results [21].

Further, the effects of the ratio of water-to-gas density on the gravity force and
consequently on the horizontal location of the water front are investigated and
illustrated in Fig. 3. The computed results show that, minor difference could be
observed when the density ratio between the two fluids is more than 1:100. However,
the influence of different density ratios is clearly visible.
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Figure 3. Horizontal water front location for horizontal displacement of breaking dam at
different density ratios.

The figures below, figures 4 and 5, show the effect of water viscosity and surface
tension on the horizontal movement of the breaking dam. It can be shown that by
increasing the viscosity value and the surface tension, the front of the breaking dam is
moved slower compared with increased values.
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Figure 4. Horizontal water front location for horizontal displacement of breaking dam at
different water viscosity values.
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Figure 5. Horizontal water front location for horizontal displacement of breaking dam at
different water surface tension values.

Figure 6 shows the computed fluid configurations and the flow field at several time
levels for density ratio 1:1000. Obviously, the present method can successfully predict
the topological changes of the interface and the formation of an entrapped air cavity.
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Figure 6. Fluid configuration and flow field of broken dam at different times.

7. Conclusions

In the present paper, the dam break problem is numerically simulated. The
numerical method is based on solving the system of Navier-Stoke’s equations with a
developed numerical method known as IMLS method developed by the present author
in previous investigations. The tracking and capturing of the dam free surface is
carried out by the level set method. The comparison of the obtained numerical results
showed a good agreement with the previous experimental measurements better than
previous numerical results from the previous publications. The effect of fluid
properties, such as density, viscosity, and surface tension is investigated. Generally, it
can be concluded that the implementation of the developed numerical method in other
two-phase flow applications can be straightforward and the extension of the numerical
model to include a wide range of industrial and engineering applications could be
easily task.
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