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Abstract

In this paper a complete three-dimensional and two phase CFD model for flow distribution in an open
channel investigated. The finite volume method (FVM) with a dynamic Sub grid-scale was carried out
for seven cases of different aspect ratios, different inclination angles or slopes and convergence-
divergence condition. The volume of fluid (VOF) method was used to allow the free-surface to deform
freely with the underlying turbulence. The discharge through open channel flow is often evaluated by
velocity-area integration method from the measurement of velocity at discrete locations in the measuring
section. The variation of velocity along horizontal and vertical directions is thus very important to decide
the location of the sensors. The aspect ratio of the channel, slope of the channel and divergence-
convergence of the channel have investigated and the results show that the depth of water at the end of
the channel is higher at AR=0.8 against the AR=0.4 and AR=1.2. Also it is clear that by increasing the
inclination angle or slope of the channel in casel, case4 and case5 the depth of the water increases. Also
it is clear that the outlet mass flow rate is at a minimum value at a range of inclination angle of the
channel.
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1. Introduction

Open channel flows are found in Nature as well as in man-made structures. In Nature, tranquil flows are
observed in large rivers near their estuaries: e.g. the Nile River between Alexandria and Cairo, the
Brisbane River in Brisbane. Rushing waters are encountered in mountain rivers, river rapids and torrents.
Classical examples include the cataracts of the Nile River, the Zambesi rapids in Africa and the Rhine
waterfalls[1].

In contrast to empirical studies, numerical investigations of open channels are limited because it is much
more difficult to model flow in open channels than in closed conduits. This is because flow conditions in
open channels are complicated by the fact that the position of the free surface is likely to change with
respect to time and space. Recently Direct Numerical Simulation (DNS) for open channel flows have
been reported, but most of these simulations assume (1) that the free surface is a rigid slip surface and its
vertical movement is neglected, as was the case in Nagaosa [2], or (2) simply apply the linearized free-
surface boundary conditions, as in the case of Borue et al. [3].
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Mathematical models of the velocity profile in circular pipes are available [4] and have been used for
determining the most appropriate locations of current meters/acoustic transducers for minimizing the
systematic error in discharge measurement in circular penstocks. However, to the best of authors’
knowledge, such mathematical models are not available for open channels. In the open channel flow, the
velocity distribution along the vertical direction (depth) is theoretically represented by a logarithmic
function of the depth of flow [5]. It is very difficult to describe the velocity distribution along the width
theoretically. However, some of the investigators have proposed empirical equations for the velocity
distribution based on experimental and field data [6-9].

In this work a three-dimensional and two phase CFD model for an open channel flow has investigated to
study the flow distribution for different open channels with different aspect ratios and convergence-
divergence geometries. This CFD model developed for a real open-channel was first validated by
comparing the velocity profile obtained from it with that obtained by actual measurement in the same
channel. All the geometries are modeled with similar operating and boundary conditions. Fluent 6.3.26®,
a finite volume computational fluid dynamics package, was used to solve the non-linear system of
equations.

2. Numerical model

The three dimensional equations together with the continuity are solved using the finite volume method
with implicit formulation and first order discrete method that the relation of the pressure and velocity is
with the simple algorithm. Transport equations for turbulence kinetic energy k and its dissipation ¢ are
solved for “closing” the system of equations. In addition a modified volume of Fluid (VOF) method was
employed for computing the free surface.

The model was implemented into the commercial CFD code FLUENT 6.3.26 with custom developed
user-define functions (UDF)

The VOF formulation relies on the fact that two or more fluids are not interpenetrating. For each
additional phase a variable is introduced, the volume fraction of the phase in the computational cell. In
each control volume, the volume fractions of all phases sum to unity. The fields for all variables and
properties are shared by the faces and represent volume averaged values. Thus the variables and
properties in any given cell are either representative of one of the faces, or representative of a mixture of
the faces, depending upon the volume fraction values. The flow involves existence of a free surface
between the flowing fluid and the atmospheric air above it. The flow is generally governed by the forces
of gravity and inertia. In VOF model, a single set of momentum equations is solved for two or more
immiscible fluids by tracking the volume fraction of each of the fluids throughout the domain. The
mathematical formulation adopted is described briefly below.

In the current study, it is assumed that the density of water is constant through the computational domain.
The governing differential equations of mass and momentum balance for unsteady free surface flow can
be expressed as:

Z—erV.(pU) =0 M
A, V.(U0) = —le +V.(W0)+§ )
ot p

where U is the velocity vector in the three directions; P is the pressure; v is the molecular viscosity; § is
the gravitational acceleration in the three directions, and p is the density of flow.

Small high-frequency fluctuations are present even in steady flow and, to account for these, time
averaging procedure is employed, which results in additional terms. These additional terms need to be

expressed as calculable quantities for closure solutions. The standard k-€ model has been used in the
present case. It is a semi-empirical model based on model transport equations for the turbulent-kinetic

energy ‘K’ and its dissipation rate ‘€’, and is expressed by the following equations:
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The dissipation of k is denoted &, and modeled as:

ou; (ou, . 2
a—g+uj O0s _ 0 ¥ Oc +C Ly 1) + +C s (5)
ot oX; 0x;| o, 0X, k"~ ox;lox  0x

The constants in the k-¢ model have the following values: €,=0.09, C_ =1.44, C,,=1.92, 5, =1.0 and

o,.=1.30.

The properties appearing in the transport equations are determined by the presence of the component
phases in each control volume. For a N-phase system, the volume fraction-averaged density takes the
following form:

,o:z:oqutI (6)

For “tracking” the free surface the continuity equation for the volume fraction is used. For the qth phase,
this equation has the following form:

oa oo
q +U q

——=0 7
ot oo @)

The volume fraction equation is solved for each phase except the one that is defined as primary. For the
primary phase the volume fraction is computed based on the following constraint:

>a, =1 ®)
g=1

The physical problem considered in this paper is the three dimensional model of the open channel as

w

shown in Figure 1 that the dimensionless parameter in this paper named aspect ratio, AR = ﬁ ,is

defined to characterize the geometric effect of the channels. In Table 1 the characteristics of the channels
such as depth, width, length and slope are shown.
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Figure 1. The simulation domain
Table 1. Detail of the different cases

Case H(cm) W(cm) L(cm) Slope(deg)
1 12.6 15.2 60 0.057

2 12.6 10.08 60 0.057

3 12.6 5.04 60 0.057

4 12.6 10.08 60 0.1145
5 12.6 10.08 60 0.573

6 (convergence) 12.6 10.08 -5.04 60 0.057

7 (divergence) 12.6 5.04-10.08 60 0.057

2.1 Boundary condition

Appropriate condition must be specified at domain boundaries depending on the nature of the flow. In
the present study, pressure inlet boundary condition for the inlet of the channel and pressure outlet
boundary condition for the outlet of the channel is specified, and the results of wall shear stress across
the main channel and branch compared corresponding to the Knight et al. Experiments in casel at Table
1 [10]. The no-slip boundary condition is specified to set the velocity to be zero at the solid boundaries
and walls and bed assumed to be rough. At the top surface above the air, the pressure outlet boundary
condition is specified. A mesh with 35x45x30 nodes was found to provide required spatial resolution for
different channel geometry. The solution is considered to be converged when the difference between
successive iterations is less than 10~ for all variables.

3. Results and discussion

In order to show that the program in this study can handle the revenue of the channel, we apply the
present method to solve the whole domain of an open channel as described in the Knight et al.
Experiments [10]. The mesh employed for the comparison with the reference was 35x45x30. The steady-
state solution is obtained by the numerical procedure as mentioned in the previous section. As shown in
Table 2, the result of the present predictions of the wall shear stress agreeing fairly closely with Knight et
al. [10] gives one confidence in the use of the present program.

Table 2. Comparison between experimental results [10] and present study

Inlet Velocity (m/s) Shear Stress(N /m?)

Knight et al. 0.38 0.415
Case 1 Present study 0.38 0.432
Knight et al. 0.418 0.468
Case 2 Present study 0.418 0.506
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Figure 2 shows the effect of aspect ratio of the channel on the outlet mass flow rate for casel (AR=1.2),
case2 (AR=0.8) and case3 (AR=0.4). It is clear that by increasing the aspect ratio of the channel the mass
flow rate increases that this is due to the velocity of the water at the outlet of the channel that this is
because of the low depth of water against the width of it.
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Figure 2. Effect of aspect ratio of channel on outlet mass flow rate

Figure 3 shows the effect of inclination angle (slope) of the channel on the outlet mass flow rate for
casel (6=0.057°), case4 (6=0.1145°) and case5 (0=0.573°). It is clear that by increasing the inclination
angle from 06=0.057° to 6=0.1145° the outlet mass flow rate decreases but when it increases to 6=0.573°
the mass flow rate increases. Therefore it is clear that the outlet mass flow rate is at a minimum value at a
range of inclination angle of the channel.

Velocity profile is considerably affected by a change in the width and slope of the channel. The effect of
slope, aspect ratio of the channel and divergence and convergence of it due to change in channel width is
investigated in Figure 4 at Z=0.55m and at the middle of the channel. It is seen that by increasing the
aspect ratio from 0.4 to 1.2 for casel, case2 and case3 the maximum of velocity in the channel increases
and is near the bed of the channel. Also it is clear that by increasing the slope of the channel from
0=0.057° to 6=0.1145° for casel and case4 the maximum velocity of the flow decreases but when the
slope increases from 6=0.1145° to 6=0.573° the maximum velocity increases and the location of the
maximum velocity moves to near the free surface of the flow that it is due to this may be attributed to
accelerating flow in the channel. Also it is clear that the velocity profile is flat when the slope of the
channel decreases. A very interesting result of this section is the effect of convergence and divergence
channel on the velocity profile in case6 and case7. It is clear that the difference between maximum
velocity at the convergence and divergence channel is very high and the velocity is at higher value for
divergence channel against the convergence channel. Also it is clear that the location of maximum
velocity is nearer the bed for the convergence channel.
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Figure 3. Effect of inclination angle of channel on outlet mass flow rate
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Figure 4. Velocity profiles along vertical direction

Figure 5 shows the volume fraction of the air at the outlet of the channel (Z=0.6m) for casel to case7. It
is clear that the depth of water at the end of the channel is higher at AR=0.8 against the AR=0.4 and
AR=1.2 for casel, case2 and case3. Also it is clear that by increasing the inclination angle or slope of the
channel in casel, case4 and case5 the depth of the water increases. Also a very interesting result of this
section is the effect of convergence and divergence channel on the depth of water at the end of channel. It
is clear that the depth of water is at lower value when the channel is divergence and it is at higher value
when the channel is convergence that it is due to volume of the water at the end of channel.
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Figure 5. Volume fraction of air along vertical direction at outlet of channel

Figure 6 shows the contours of volume fraction of air for casel to case7. It is evident that the water
surface is different for different aspect ratios, different inclination angles and convergence-divergence
state even in a channel with the same water depth (h =0.11 m) in the inlet. It is clear that the surface
tension is moderate and allows the water surface to deform freely in space for AR=1.2 and AR=0.8. The
water surface has limited freedom to deform in space when the AR=0.4, because of the strength of the
inertia force. This condition is also confirmed for slope of the channel because with increasing the slope
in caseS the water surface has limited freedom to deform in space. In case6 and case7 for convergence
and divergence channel it is clear that the water surface has the higher value for convergence and lower
value for divergence condition.
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Figure 6. (Continued)
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Figure 6. (Continued)
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Figure 6. (Continued)
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Figure 6. Contour of volume fraction of air at middle of the channel for (a) case 1, (b) case 2, (c) case 3,
(d) case 4, (e) case 5, (f) case 6 and (g) case 7

4. Conclusion

A complete three-dimensional and two phase CFD model with finite volume method (FVM) and a
dynamic Sub grid-scale for prediction of flow distribution in an open channel investigated. The results of
this paper are in good agreement with experimental results of Knight et al.[10]. The results show that by
increasing the aspect ratio of the channel the mass flow rate increases but by increasing the inclination
angle from 6=0.057° to 6=0.1145° the outlet mass flow rate decreases and when it increases to 6=0.573°
the mass flow rate increases. Also it is clear that the difference between maximum velocity at the
convergence and divergence channel is very high and the velocity is at higher value for divergence
channel against the convergence channel.
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