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Abstract: Compound channels are hydraulic sections that consist of two parts including the main channel
and the floodplain. The main channel conveys the usual runoffs and the basic discharge that often flows in
the river. Predicting the flow characteristics in the prismatic compound channels includes the effect of the
interaction between a fast flow in the main channel and a slower one in the floodplains. This speed difference
creates a shear layer at the interface between the main channel and the floodplain, which results in the exchange
of the size of the movement between the main channel and the floodplains. The result is a reduction in the
flow-conveyance capacity of the main channel and its increase in the floodplains, which should be considered
in flow modeling. On the other hand, Flow3D software is a great software for Computational Fluid Dynamics
that is used to solve complex geometry problems. The main objective of this study is to evaluate the Flow3D
model in numerical simulation of behavior of hydraulic flow characteristics such as velocity distribution,
shear stress distribution and in prismatic compound channels. In this study, Volume of Fluid Method (VOF)
was used to simulate water surface profiles and the dimensional Buckingham m theorem was used to extract
parameters without effective dimension; besides, the model’s precision was tested by an experimental analysis
in a rectangular flume. The results showed that the Flow3D numerical model has high accuracy in computing
the flow passing the prismatic compound channel and has been able to model the hydraulic parameters of the
flow and provide appropriate results.
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INTRODUCTION

An important aspect of rivers’ hydraulics is the lateral distribution of velocity and boundary shear stress. The
rivers appear to be in the form of a compound cross section at their extreme ends, such that water overflows
from the main channel of the river and enters the floodplains during floods. Due to their proximity to the river
bank and their high latitude and fertile soil, floodplains have always been considered for various recreational,
commercial, agricultural and residential purposes. Therefore, the awareness of the flow hydraulic in the
floodplains is essential for the protection of humans, as well as the structures and installations in them.
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The existence of floodplains in compound channels causes the flow to face an extensive wet surrounding as soon
as it exits the main channel, resulting in imposing a considerable shear force to the flow due to the considerable
exchange of mass and the movement size between the sub-sections of the channel.This shear force significantly
reduces the flow velocity in the floodplainscompared to the main channel, and this velocity difference between
the floodplain and the main channel leads to the formation of an interaction zonewhich produces a complicated
flow in the compound channel that is seen as awhirlpool flow on the plan. Therefore, numerical simulation of
the flow pattern of these channels is very complicated. Many researchers have worked on compound sections.
The results of these studies have shown that the flow hydraulic in the compound sections is fundamentally
different with simple sections. In compound sections, significant shear stress is created on the interface
between the main section and the floodplains, which reduces the total flow discharge. This phenomenon was
first described by Sellin (1964) and was also studied by researchers such as Myers and Elsawy (1975) and
Werramliton et al. (1982). By conducting an experimental analysis on prismatic compound sections, Sellin
(1964) showed that shear layer and strong structures of turbulence caused by the transfer of momentum
from the main channel to the floodplains led to a decrease in the flow discharge of the entire section.Knight
et al. (1984) presented an experimental method for calculating the average shear stress in the bed and wall
of direct rectangular channels. Knight and Hamed(1984) carried out experiments to examine the distribution
of apparent shear stress and presented equations for calculating the apparent shear force in compound
prismatic sections with coarsefloodplains.Shiono and Knight (1998) presented a two-dimensional analytical
model based on the Navier-Stokes equation for solving the lateral distribution of velocity and shear stress in
simple and compound sections; finally, the effect of secondary flows was also considered by investigating the
turbulent flow in the open channel with varying depth throughout the channel in 1990 and by modifying this
model in1991. Using experimental data and based on Navier-Stokes equation, Ervine et al. (2000) developed
two-dimensional analytic models for expressing the lateral distribution of velocity in prismatic compound
channels. Moreover, Osman and Valentin (2006) used nonlinear K-€ turbulence model and Reynolds Stress
Model to model velocity distribution in compound sections. Most of these studies focused on the calculation
of flow discharge, apparent shear stress, distribution of depth averaged velocity and boundary shear stress
in compound sections whileassuming uniform flow. Safarzadeh and Rezaei(2016) tried to conduct numerical
simulation of the flow field in prismatic compound channels, including lateraldistribution of depth averaged
velocity and shear stress by using the -ANSYS CFX software. Comparing the numerical simulation’s results
obtained from solving theReynolds averaged Navier-Stokes equationusing K-¢ turbulence model along with the
experimental data show that there is a comparative interaction between them.

Numerical studies with Flow3D software are very limited in terms of flow passing a compound channel. In this
regard, a study conducted by Najafian et al. (2016) can be referred to. They came up with physical and numerical
hydraulic modeling of the flow through the compound sections of the non-prismatic and coarse floodplains. In
this research, numerical modeling was performed using the Flow3D model. The results of the study showed
that coarseness of the floodplains has a significant effect on flow characteristics. Comparing numerical results
with the experimental model showed that the Flow3D model with the use of the RNGK-¢ turbulence model has
a good accuracy in simulating the flow in these sections.

Areview of the studies showed that a small number of numerical modeling has been performed on the prismatic
compound channel. Despite the development of computational and computerized systems as well as the
existence of unmeasurable complexities in this experimental model, using numerical simulation with Flow3D
software can be very effective in the hydrological investigation of such flows. Considering the importance of
the issue, the hydraulic flow in the prismatic compound channel is simulated in the present study by using this
software and its results are compared with the results of the experimental study.
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MATERIALS AND METHODS

Efforts are made to first run and calibrate the Flow3D mathematical model for the prismatic compound channel
using the experimental data Rezaii (2006). Then, the ability of Flow3D software to perform the numerical
simulation of the flow pattern in the prismatic compound channel is evaluated. Experiments were carried out
in a channel of 18 meters in length, %2 m in width and 1 meter in height, in which a prismatic compound channel
is embedded so that the main channel’s width is 0.4 meters. Figure (1) shows the layout and characteristics of
the used experimental channel Shayannejad et. al. (2017).

s |

Figl. Experimental model used for modeling

The experimental results of the flow with different hydraulic flow and geometric conditions of the physical
model were used to evaluate the numerical modeling of the flow in the prismatic compound channel (Table 1).

Tablel. The range of experiments used to simulate the flow pattern

Parameter Changes in Parameters
Inflow discharge (liter per second) 15 21 27 35 45
Width of main channel (meter) 0.4
Width of floodplain (meter) 0.1 0.2 0.3 0.4
DIMENSIONAL ANALYSIS

The first step in simulation and modeling is to identify the variables that affect the physical phenomenon.
Dimensional analysis is a method in which the variables affecting the physical phenomenon are expressed in
terms of dimensionless variables by using the concept of homogeneity of dimensions. Then, empirical relations
are obtained based on these variables and experimental studies. To do dimensional analysis, there are several
methodsincluding cataloging method, Buckingham m theorem, step by step method, and Hunziker and Wright
Meyer method. In this study, the Buckingham 1 method, which has a wider application, is discussed and used.

The variables affecting the flow through the prismatic compound channel are:
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1. Channel’s inflow discharge, Q; 2. Main channel width, B; 3. Floodplain width, b; 4. Channel length, L; 5. Main
Channel’s Depth, H; 6. Depth of ﬂoodplain,hs; 7. Depth of inflow, H; 8. Channeloutflow depth, H; 9. Acceleration
of gravity, g; 10. Specific weight of water, p; 11. Dynamic water viscosity, y; (equation 1).

(1) FO.B.b.L.bh.h,. H.Hyg. 2. p.u)=-
FLow3D SOFTWARE

Flow3D software is a powerful software based on limited volume method which has succeeded in numerical
coding. Flow3D is a great software for fluid mechanics which is produced, developed, and supported by Flow
Science, Inc.

Flow3D is a perfect model for solving complex fluid dynamics problems which is, compared to other models,
user friendly and has a very powerful graphical interface that makes it easier to work with. This software uses
a finite volume method to solve equations governing theflow by using regular networking and volume of fluid
method to calculate free water level in open channels. Navier-Stokes equations are the basic equations used in
this model; in this software, standard flow equations such as Navier-Stokes equations and continuity equations
for the entire computing space are numerically solved.

Also, five turbulence models of Prandtl mixing length, one equation turbulence energy model, two equation k-¢
model, renormalized group model, and large eddy simulation (LES) model are used to solve characteristics of
turbulent flows.

This model includes many physical patterns including shallow waters, viscosity, cavitation, turbulence, and
porous environments. The Flow3D model has a wide range of applications and capabilities in comparison with
other models in the field of computational fluid dynamics.

In this software, standard flow equations such as Navier-Stokes equations and continuity equations for the
entire computing space are numerically solved. The general form of the continuity equation is expressed as
follows:
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Where V,_ is the coefficient of free flow towards flow and the value of R in the above equation is the coefficient
of the coordinate in the form of Cartesian or cylindrical. The first expression on the right side of the continuity
equation is related to the propagation of turbulence and can be defined as follows:
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The second expression on the right side of equation (3) denotes the origin of density, which is important for
modeling the material mass injection.
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The general form of momentum equations in the three-dimensional mode is as follows:
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In the above equations, G, G v and G, are related to the volume acceleration. The parameters fx, f ” and fZ are
accelerations caused byviscous flows, and b, b}, and b, also contain equations related todecrease in porous
environments.

SPECIFICATIONS OF THE SOLUTION FIELD

The boundary conditions used in the model and its range are such that the upstream boundary is selected
based onVolume Flow Rate, the downstream boundary based on outflow, boundary in the bed based on wall
conditions, and the boundary of the water surface is selected based onsymmetry conditions (Table 2).

Table2. Boundary condition in Flow3D Software

Channel entrance Channel outlet Lateral walls of the channel Channel bed Channel roof
Inflow discharge Outflow Wall Wall Symmetry

To properly solve the governing equations, proper networking is one of the most important points that must be
observed in numerical simulations. In all numerical experiments, the network dimensions were determined in
a way that the network control parameters such as the network’sMaximum Aspect Ratio were selected along
the longitudinal and depth directions and theMaximum Adjacent Cell Size Ratio were selected in different
directions and in the vicinity of each other. In order to obtain accurate results, the values of each of the two
parameters above should be close to 1, the network’s Maximum Aspect Ratio should be adjacent to each other,
and the network’s Aspect Ratio in different directions should be1.25 and 3, respectively (Flossines, 2008, Ostad-
Ali-Askari et. al., 2015). Accordingly, in simulating the flow pattern, flow network meshing was considered as
three-dimensional and the network dimensions in all the three dimensions were considered to be between 0/7
and 1 cm. The total number of meshes for each modeling is approximately 1,000,000 cells (Table 3).

Table3. Investigating the size of different cells in the model’s flow field with a discharge of 35 liters per second for
the flow level in the prismatic compound channel (per meter)

Experiment Mesh size (m) Floodplain | Experimental | Numerical Error Average of error
width (m) depth depth | percentage (%)

1 0.012x0.012x 0.012 0.1 0.086 0.0943 9.65

2 0.012x0.012x 0.012 0.2 0.083 0.0896 7.95 8.499
3 0.012x0.012x 0.012 0.3 0.0808 0.0874 8.17 '

4 0.012x0.012x 0.012 0.4 0.079 0.0855 8.23

5 0.01x0.01x0.01 0.1 0.086 0.0921 7.09

6 0.01x0.01x0.01 0.2 0.083 0.0887 6.87 6/807
7 0.01x0.01x0.01 0.3 0.0808 0.0861 6.56

8 0.01x0.01x0.01 0.4 0.079 0.0843 6.71

9 0.008x0.008x0.008 0.1 0.086 0.0913 6.16

10 0/008x0/008x0/008 0.2 0.083 0.0875 5.42 6.026
11 0/008x0/008x0/008 0.3 0.0808 0.0857 6.06 '

12 0.008x0.008x0.008 0.4 0.079 0.0841 6.46

13 0.01x0.008x0.007 0.1 0.086 0.0897 4.3

14 0.01x0.008x0.007 0.2 0.083 0.0869 4.69 4879
15 0.01x0.008x0.007 0.3 0.0808 0.0849 5.07 '

16 0.01x0.008x0.007 0.4 0.079 0.0833 5.44

In numerical modeling of hydraulic phenomena, one of the most important parameters used in calibration is
the choice of the best turbulence model in order to more accurately simulate the hydraulic phenomenon. In this
study, RNG k-¢, k-€ and LES turbulence models were evaluated in order to calibrate the model and simulate the
flow (Shayannejad et al., 2015).
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RESULTS AND DISCUSSION

In Fig. 2, the flow velocity distribution for the four floodplain modes is shown as color contours. Also, Chart (1)
shows the effect of the floodplain width on the distribution of flow velocity across the channel. The results show
that the maximum flow velocity for the floodplain width is 0.2 m below the rest of other states (Ostad-Ali-Askari

etal, 2015).
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Fig2. Distribution of flow velocity along the channel width for a discharge of 21 liters per second, with the width

of the floodplain.
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Figl. Distribution of flow velocity along the channel’s width for a discharge of 27 liters per second
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Fig3. Distribution of the Froude number distribution along the length of the floodplain for a discharge of 35

liters per second and floodplain width of 1 meter.

In order to evaluate the results of numerical simulation of the flow and to select the best turbulence model, we

first compare the results of the flow levels obtained from the turbulence models k-g, RNG k-¢, and LES. Table 4

shows the results of the evaluation of turbulence models. The results show that two turbulence models of RNG

k-€ and k-€ can accurately estimate the flow level.
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Table4. Evaluation of software turbulence models with a discharge of 35 liters per second for flow level in prismatic

compound channel (per meter)

Experiment Turbulence Fl9odplain Experimental Numerical pefc::tgge Average of

model width (m) depth depth %) error

1 LES 0.1 0.086 0.0917 6.63

2 LES 0.2 0.083 0.0893 7.59

3 LES 0.3 0.0808 0.08702 7.69 773

4 LES 0.4 0.079 0.0861 8.99

5 RNGK-¢ 0.1 0.086 0.0897 4.3

6 RNGK-¢ 0.2 0.083 0.0869 4.69

7 RNGK-¢ 0.3 0.0808 0.0849 5.07 +879

8 RNGK-¢ 0.4 0.079 0.0833 5.44

9 K-g 0.1 0.086 0.0901 4.77

10 K-g 0.2 0.083 0.0871 4.94 c 185

11 K-g 0.3 0.0808 0.08511 5.33

12 K-g 0.4 0.079 0.0835 5.69

Models based on RNG k-¢ rely less on experimental constants. The RNG k-€¢ model uses equations that are
similar to the k-€ turbulence model equations, but the constant values of the equation that are practically found
in the standard k-€ model are explicitly taken from the RNG k-¢ model. Therefore, the RNG k-¢ model has a
wider operational capability than the standard k-e model. Particularly, the RNG k-€ model is more suitable for a

precise description of the turbulence of less intense flows.

Also in Figures (3) and (4), the flow velocity distribution and flow shear stress distribution were calculated
using the model and measured in the laboratory in order to evaluate the ability of the RNGK-¢ turbulence model
in Flow3D software in modeling the pattern of the flow in the prismatic compound channel. It was concluded
that the software has a high ability to calculate the hydraulic parameters of the flow.
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Fig4. Comparing the flow discharge across the prismatic compound channel in numerical and experimental
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conditions for a discharge of 45 liters per second and a floodplain width of 0.3 meters
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Fig5. Comparing the flow shear stress across the prismatic compound channel in numerical and experimental
conditions for a discharge of 45 liters per second and a floodplain width of 0.3 meters

Finally, it is concluded that the Flow3D numerical model is a software with high precision in the calculation of
the flow in the prismatic compound channel and has been able to model the hydraulic parameters of the flow
and provide good results.

CONCLUSION

A. The Flow3D numerical model is a suitable model for estimating the flow level in a prismatic compound
channel.

B. Simulation results of the flow regime in the prismatic compound channel show that the turbulence models of
k-g and RNG k-¢ are highly accurate in simulating turbulence parameters.
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