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Abstract

Numerous natural and artificial streams, including those for irrigation ditches, wastewater treatment facilities, and
conveyance structures for fish movement, have open channel confluences. The flow dynamics at and around the junction
are intricate; in particular, immediately downstream of the junction, the flow creates a zone of separation on the inner wall
along with secondary recirculation patterns. The structure of this complicated flow depends on several factors, including
the flow rates in both channels, the angle of confluence, the geometry of the channels, including the longitudinal slope and
bed discordance, the roughness of the boundary, and the intensity of the turbulence. It also has a significant impact on bed
erosion, bank scouring, etc. The objective of the current work is to calculate the velocity profile and the separation zone
dimensions for four angles (30°, 45°, 60°, and 75°) through the simulation process, and the best angle using a three-
dimensional model. This work gives a detailed application of the numerical solution (Finite Volume) via Flow 3D software.
Results for two flow discharge ratios, q*=0.250 and q*=0.750 were shown; the numerical model and the experimental
results agreed well. The findings are consistent with past research and demonstrate how the main channel flow pattern is
affected by changes in the channel crossing angle, as well as how greater separation zones are produced in the main channel
when the flow discharge ratio g* (main channel flow divided by total flow) is smaller. Analysis revealed that the separation
zone's smallest diameter will be at the 75° crossing angle.
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1. Introduction

Open channel junctions, which frequently occur in both natural and artificial river systems, including those for
irrigation ditches, wastewater treatment facilities, and conveyance structures for fish movement, have open channel
confluences and exhibit complex flow behavior. A transverse flow is the flow that actually results from the meeting of
two flows that have different or comparable features. An increase in hydraulic resistance to the flow due to the
introduction of a lateral flow into the main channel results in turbulent mixing and energy losses [1, 2]. The water depths
before the junction are raised as a result of the mutual obstruction effects of the main channel and branch channel flows.
The emergence of a shear plane that is skewed to a lesser or greater extent, depending on the difference in flow velocities
of the branch and main channel flows, is another characteristic of open-channel junction flows. An unstable separation
zone forms at the downstream corner of the junction as a result of the branch flow's deflection of the main flow towards
the opposing bank [3, 4].

As a result, the combined flow's capacity in the channel is reduced, speeding the downstream flow and resulting in
bed scouring and bank erosion. The byproducts of erosion may be deposited immediately below the area where erosion
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has taken place or they may be transported over long distances to be deposited in the channels farther downstream. The
turbidity of the water is raised by fine particles that are suspended in the mainstream. The erosion and deposition
processes that take place at these locations alter the channel morphology over time, and the deposition of fine silt at the
channel bottoms may cause the channel bed levels to rise and decrease channel capacities. Numerous variables, including
stream discharge, junction angle, channel geometry, longitudinal slope, bank and bed resistance to flow (geology,
including varieties of sediment), and Froude number, affect flow in channel junctions. Sediment movement at
intersections complicates the flow behavior further; therefore, effective management of local sedimentation processes,
channel scouring, sidewall erosion, and flooding, as well as sustainable river management, depends on a good
understanding of the connections between flow dynamics, sediment transport, and bed morphology. Different methods
have been employed in the past to study the dynamics of confluence flow. Theoretical studies, numerical studies, and
field studies. These investigations offered important knowledge on the water surface, flow deflection, flow separation,
secondary recirculation, shear layers, and velocity vector fields.

The initial research on the flow at open channel junctions was conducted by Taylor [5]. The author proposed an
equation to calculate the water depth upstream of the junction using analytical methods. In their study on the size of the
separation zone, Best & Reid [6] experimented with the effects of various confluence angles and discharge ratios. In
their studies, Gurram et al. [7] looked at the separation zone, flow parameters, and lateral wall pressure force. In
experimental studies at 30°, 45°, and 60° confluences, Hus et al. [8] examined the area downstream of the main channel
where contraction and detachment flow from the inner wall.

Through experimental research, Weber et al. [9] investigated the flow rate, free surface depth, and kinetic energy of
the turbulent flow. Numerous numerical studies utilized the information that these researchers acquired as a thorough
base of data to validate them [10-15]. The velocity changes in post-junctions have been analyzed using a variety of
computational models [13-16]. Using the CFD model, Bonakdari & Zinatizadeh [17] investigated the zone of separation
in various discharges. Focusing on the subject of open channel flow rate measurement typically includes velocimetry,
which is available in several methods. Doppler flow meters are being utilized to continuously measure the flow rate in
open channels. These flow meters are built using measurements of the flow's depth and speed. They determine the flow
rate using the continuity equation and the formula Q=A(h)*U(mean), which is the product of average velocity and wet
cross-section. By taking into account precise geometrical data and the flow depth, cross-section A(h) is determined.
Average velocity calculation requires specific expertise. In Doppler's scanned region, the velocimeter is a conical
volume with a finite limit, and it measures the flow in a confined space [18]. This volume is used to determine the mean
velocity for sensors, which is distinct from the mean cross-sectional velocity [17-21].

Particularly in regions where the velocity distribution is not uniform, such as the post-junction area, the mean velocity
in the cross section differs from the velocity measured by the flow meter. Three-dimensional, rapid changes occur
together with velocity in the region. Because it is derived from a small volume, the velocity measured by the flow meter
cannot accurately represent the mean flow velocity [17, 22]. By numerically examining the impact of flow behavior on
various flowmeters, Hilgenstock & Ernst [23] showed that ultrasonic flow meters may be numerically calibrated in a
variety of situations. A flow meter located in a sewer was calibrated by Bollert & Bares [24] and Bonakdari [19] using
the computational fluid dynamics technique. By using CFD modeling, Bonakdari & Zinatizadeh [17] investigated how
the placement and design of Doppler flow meters affected the ability to monitor flow rates in open channels. They
demonstrated that a straight channel's average velocity could not be determined using the measured velocity from
sensors. If there is no possibility of sedimentation in the channel, the sensor put at the bottom of the channel can generate
an accurate measurement.

By using a 3D computational model, Mignot et al. [25] investigated the flow configurations in junctions. According
to the distance from the junction, the scientists examined how the intersection affected the velocity distribution. They
claimed that the flow meter positioned at the channel's bottom, close to the junction locations, could have a 60% relative
inaccuracy. In 90 open channel junctions, Sharifipour et al. [26] examined the impact of width and discharge ratio on
the flow pattern and flow meter measurement accuracy. Al-Mussawi [27] demonstrates that the outcomes of the
numerical simulation models demonstrate that a larger discharge ratio will require a shorter downstream distance from
the junction to resume uniform flow. As a result, as the discharge ratio rises, so does the contraction coefficient.
Rooniyan [28] Junction angles of 30°, 45°, and 60° were used in order to examine and assess how the shape of the
channel junction affects the flow pattern and the diameters of the flow separation zone at various ratios of flow discharge
(upstream channel discharge to total discharge of the flow).

Pandey & Mohapatra [29] in their numerical analysis focus on how continuous suction and blowing perturbations
affect the reduction of the flow separation zone at a right-angled open channel junction using software for computational
fluid dynamics. The results of the simulations, which were time-averaged, demonstrate that the sinusoidal perturbation
is successful in reducing the size of the flow separation zone and, subsequently, the energy loss and bed shear stress.
Pandey & Mohapatra [30] used the three-dimensional (3D) transient Reynolds-averaged Navier-Stokes equations to
examine the propagation of flood waves at a right-angled merging open channel junction. Pandey et al. [31] calculated
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the equivalent of Manning's roughness in combining open channel junction flows. The findings demonstrate that bed
roughness and discharge ratio both influence the equivalent Manning's roughness in a channel junction flow. Nikpour
& Khosravinia [32] studied the effects of a 45° side slope on the main channel's hydraulic properties of flow were
examined and contrasted them with those at a 90° side slope. In this regard, the velocity field was assessed using an
ADV for side slop angles of 45° and 90°. Using the discharge ratio and the dimensionless coordinates of the measured
sites in the three-dimensional space of the flow field, the horizontal component of the flow velocity in the junction zone
was estimated.

The majority of prior research on open channel confluences was focused on natural river confluences, where it is
more challenging to control the environment. Moreover, open channels with oblique angles do not have any field
modeling. For the researcher, numerical modeling of junction fluxes yields crucial information. It offers a chance to see
how different flow phenomena in experiments produce distinct flow conditions. As a result, current research focuses on
using numerical modeling to investigate junction flow behavior.

It has been thought of as a one-phase flow (water). To confirm that the numerical results have an appropriate level
of accuracy, verification based on the experimental data was done. Cross sections with angles of 30°, 45°, 60°, and 75°
confluence were studied specifically for velocity changes and dimensions of the separation zone. This study's major
objective is to determine the velocity profile, dimension of the separation zone with various confluence angles, and the
ideal angle at channel junctions using a 3D numerical model.

2. Materials and Methods
2.1. Experimental Data

In this study, the weber data were utilized to validate the numerical model. As seen in Figure 1, Weber et al. (2001)
conducted studies in a lab setting using a 90° combined flow flume, the section taken in the current study has the
following dimensionless x"=3 to x"= -9, y*=1 to y"= -2. Different flow conditions could be created at the experimental
facility as shown in Table 1.

xX=9 x=8 x=7 x=6 x=bh x=4 x=3 x=2 x=1 x=0

2195

|
|
outlet main channel o 9*1
‘T ‘— RLLR m
t Qm \
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Figure 1. Experimental channel: Weber et al. (2001) [9]

Table 1. A list of experiments regulating hydraulic conditions

Qum (M°/s) Qv (m?s) Q
0.042 0.127 0.250
0.099 0.071 0583
0.127 0.042 0.750

Header tanks on both the main and branch channels provided varied discharge. The perforated plates and 100 mm
thick honeycomb were put at the main and branch channel inlets to reduce the eddy that was formed at the inlets. The
channel transition pieces were made smooth from vertical to horizontal, and the floor of the entire facility was kept
horizontal to reduce losses on bends. The lengths of the main channel and branch channel are respectively 21.95 m and
3.66 m. 5.49 m downstream of the flume entrance is where the intersection is located. The downstream combined flow
channel, main channel, and branch channel are all 0.914 m wide and 0.51 m deep. A constant downstream Froude
number (0.37) and a constant tail-water average velocity (0.628 m/s) result from holding the total combined flow, 0.170
m? /s, and the tail-water depth, 0.296 m, constant. The values of the three-dimensional velocity indices have been
rendered dimensionless by the usage of the downstream velocity.
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The quantity g* is obtained by dividing the upstream discharge from the main channel, Qm, by the overall discharge,
Q:. The non-dimensionalized coordinates have the designations x*, y*, and z* for, respectively, x/w, y/w, and z/w.

2.2. Assumptions

The problem was made simpler by making the following assumptions to model the junction flow indicated above.
The flow was thought to be incompressible and stable, with average velocity components in the directions of u, v, and
w. As soon as the junction was reached, the water depth in the main and branch channels was deemed to be equal. This
has been demonstrated by both experimental observations and prior analytical models. Side walls and the bed were seen
as smooth walls, a sharp-edged, combined flow flume with horizontal slope was used in their testing setup.

2.3. Numerical Model Description

Over the past few centuries, numerical modeling has advanced quickly as processing power has increased to the
point where it is now possible to solve problems numerically for a variety of applications. This advancement was
causing numerical modeling to be used more frequently as a mainstream design method in many engineering domains.
Despite the wide range of applications for numerical modeling, the fundamental ideas upon which all numerical
models are built on analogous models, problems are set based on partial differential equations that represented the
mathematical formalism of the specific instance. The formulation of a set of algebraic equations expressing the partial
differential equations then makes use of several numerical technique types, such as finite element analysis or the
technique of finite volume. The iterative or matrix solutions to these algebraic equations are then used to obtain an
approximation of the solution. This method, though occasionally computationally taxing, enables the use of modern
computing power, which is crucial for using numerical models. Most of the time, before being used in practice, the
numerical model's alternatives are confirmed or set up by comparing them to observations or experiments involving
physical models. Even after thorough model verification, sound engineering evaluation is still required to ensure the
accuracy of any model output.

Flow 3D was an effective computing tool for mathematical modeling that could address a wide range of problems
involving fluid flow. The aerospace industry, numerous casting types, inkjet printers, and many different hydroelectric
generating stations have all benefited from new software applications. Flow 3D software divided the flow field into a
rectangular-form-groove subdivision mesh into relatively small areas designated as cells, then calculated the numerical
flow value to solve the Cartesian coordinates of the Naiver-stock equations. Choosing an appropriate mesh on which to
base the calculations is one of the most crucial steps in the flow modeling process. While numerical diffusion mistakes
are more likely to occur with coarser meshes, they also take longer to solve. Therefore, it is necessary to strike a balance
between the two. The answers might not be precise because of a variety of mistakes, including discretization and
interpolation errors, depending on how the domain is discretized and the quality of the grid. Certain parameters must be
managed to obtain reliable forecasts. To achieve the necessary accuracy, it's crucial to use the best cell dispersion
possible. The size of the mesh cell could affect the simulation's timing accuracy; thus, it was crucial to lowering the size
of the cell while maintaining acceptable flow details and sufficient resolution to capture key geometric elements. Starting
with a somewhat big mesh and gradually reducing the mesh dimensions until the desired output did not vary appreciably
with further mesh volume reductions has shown to be an effective method for determining the crucial mesh dimensions.
A feature in Flow 3D that increased the amount of meshing in the various blocks. This enables the user to employ
different meshes, including different mesh sizes and configurations, up until the point at which they restart the simulation
using the data from the previous mathematical model's most recent time step.

For the purpose of developing various numerical approximations to the control equations, control volumes are built
around each variable point. Surface fluxes, surface stresses, and body strengths for each control volume can be
determined in relation to the values of the surrounding variables. Following that, these sums are combined to create an
estimate for the protective regulations suggested by the movement equation. The general model was prepared and, in
each example, an incompressible liquid and a free surface were used.

The fluid properties were set to those for water at 20°c for all simulations. Even though there are many more
physical possibilities, just the two needed to be activated to deliver accurate simulations of the data needed for this
inquiry. When gravity's vertical or z-direction acceleration reached -9.81m/s?, the gravity option became activated.
The option of viscosity and turbulence was also active when Newtonian viscosity and a suitable turbulence model
were applied to the flow. As long as the two-equation k-e model is selected, one turbulence model is employed and
one of the Flow 3D models has been completely constructed. The block diagram of the numerical work is shown in
Figure 2.
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Figure 2. Block diagram of the proposed method

2.4. Governing Equations

Based on fundamental tenets of physics, such as the conservation of mass and momentum, the models resolve the
entire set of three-dimensional Navier-Stokes equations. These equations describe how the local pressures and velocities
inside the flowing fluid body are related. The Navier-Stokes equations and the continuity equation can both be expressed
in general conservation from equation 1, making it simple to use them in the numerical program. This assists in
streamlining and organizing the logic of a particular computer program. The net source within the cell is the difference
between the outflow from the cell and the inflow into the cell, according to the fundamental balance or conservation
equation. The dependent variables, such as phase mass, are the amounts being balanced. According to the general
conserved variable "¢" the equations indicating the conservation of mass, momentum, and turbulent quantities can be
expressed in the following way (PHOENICS 3.5 Manual).

3 3
08P + - [pUg-T 2] =s, )

Convection, diffusion, temporal variation, and source terms are each represented by one of four terms in the
balancing equation. Here, u, v, w, the turbulence values k and, etc., as well as other velocity component names, can all
be represented as ¢. p is Fluid density (kg/m®) U - Fluid velocity (m/s), ' is Diffusive Exchange Coefficient for ¢ (kg/
ms), Sy is Source/sink term for ¢ (kg/m?-s2), T' is p (ve+ vi) (kg/m-s); where v (m? /s) and vi (m? /s) are the turbulent and
laminar viscosities respectively. The differential balancing equations are discretized and solved numerically.

3. Validation

In two cases, numerical results have been evaluated ¢"=0.250, and q*=0.750, and comparing the numerical results
with experimental data has allowed for analysis of the numerical model's effectiveness in replicating the flow. Figure 3
and Figure 4 display the velocity, which have been made dimensionless, in q*=0.250 and q"=0.750 respectively, and
X'=-1, X"= -2 cross-section. Both numerical and experimental charts at the inner wall of the main channel downstream
y*=0 at q"=0.250 and x"=-1 show the negative velocity. In the separation zone, negative velocity indicates backflow
toward the upstream. In the computed and experimental results, the high flow velocity has been specified close to the
outer wall y"= 1 cross-section. As the cross-section is positioned farther from the confluence zone, the difference
between the two values decreases. In comparison to the 0.250 discharge ratio, the results for the 0.750 discharge ratio
were more in line with the experimental data. At x"=-1, the simulation error dropped by 24%, and at x"=-2, the error
dropped by 30%.
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In both experimental and numerical simulations, the velocity near the outside wall is lower in the high discharge
ratio compared to the low discharge ratio. The alternate flow won't have the main flow because the majority of the flow
enters the junction from the main channel at a high discharge ratio, according to our analysis of the experimental and
numerical results. As a result, the main flow deviates from its course less than when the discharge ratio is low, there is
less flow turbulence, and the flow stabilizes more quickly after the junction. From Figures 3 and 4 it is clear that the
numerical model used can simulate the flow when compared to the findings of the experiment.

u*- velocity and vector u*- velocity and vector
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Figure 3. Velocity Pattern in Cross-Sections of (a) u*-Velocity contours at Cross Section x*=-1 for q*=0.250; (b) u*-Velocity
contours at Cross Section x*=-2 for q*=0.250
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Figure 4. Velocity Pattern in Cross-Sections of (a) u*-Velocity contours at Cross Section x*=-1 for q*=0.750; (b) u*-Velocity
contours at Cross Section x*=-2 for q*=0.750

4. Results and Discussion

The flow velocity lines at the x-y plate for the four junctions (i.e., 30°, 45°, 60°, and 75°), for flow at the level
Z*=0.278, and for flow close to the bed Z*= 0.014, are shown in Figures 5 to 8. These diagrams were produced at
the highest discharge ratio of flow q*=0.750 and the lowest discharge ratio of flow q*=0.250, according to Table 1.
It was found that the main and tributary channel flow combined to generate a secondary flow that was influenced by
the junction angle and the flow discharge ratio. This secondary flow is turbulent and entirely three-dimensional. The
main channel must be able to accommodate the additional flow as it enters the main channel while still preserving
the overall mass balance. As a result, after the junction, the longitudinal flow velocities in the main channel increase.
Velocity lines for various junction angles come closer to the right bank at the level and the left bank close to the bed.
The free surface behaves like a wall with slip while the channel bed and side walls act as no-slip walls simultaneously.
The overall outcome is a twist in the shear plane between the two interacting streams, which causes the separation
zone from the bed to the free surface to have different sizes as shown in Table 2. This problem is a rise in the flow
momentum differential between the level and the bed, which makes the level's flow separation zone dimensions
bigger than those at the bed. The extent of the separation zone is less or disappeared near the channel bed in both the
down streams and cross-stream directions than at the free surface for both flow conditions of q*=0.250, q"=0.750.
Additionally, it is evident that streamwise velocities rise after the junction in both q*=0.250 and q*=0.750 flow
conditions. According to expectations, the separation zone extent decreases with increasing g* because the main
channel flow contributes more, when the water passes via a small-angle junction, the flow velocity is increased as
shown in Figure 9 and Figure 10.
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Figure 5. Stream lines at 30° junctions for (a) q"=0.250 close to the surface of water; (b) q"=0.250a flow bottom; (c) g*= 0.750
close to the surface of water; (d) a flow bottom
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Figure 6. Streamlines at 45° junctions for (a) q"=0.250 close to the surface of water; (b) g"=0.250 a flow bottom; (c) "= 0.750
close to the surface of water; (d) a flow bottom
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Figure 7. Streamlines at 60° junctions for (a) q"=0.250 close to the surface of water; (b) g*=0.250a flow bottom; (c) g"= 0.750
close to the surface of water; (d) a flow bottom
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Figure 8. Stream lines at 75° junctions for (a) g"=0.250 close to the surface of water; (b) q"=0.250a flow bottom; (c) g*= 0.750

Table 2. Size of a separation zone

close to the surface of water; (d) a flow bottom

0 a* D L W
30 0.25 0.252 2.92 03
30 0.25 0.013 23 0.2
30 0.75 0.252 0.51 0.1
30 0.75 0.013 0 0
45 0.25 0.252 2.22 03
45 0.25 0.013 0 0
45 0.75 0.252 0 0
45 0.75 0.013 0 0
60 0.25 0.252 2.14 0.4
60 0.25 0.013 0 0
60 0.75 0.252 0
60 0.75 0.013 0
75 0.25 0.252 1.62 0.2
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Figure 9. Surface velocity pattern at 30° junctions for (a) g*=0.250 near water surface; (b) g*= 0.250 flow bottom; (c)
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Figure 10. Surface velocity pattern at 450 junctions for (a) g*=0.250 near water surface; (b) g*= 0.250 flow bottom; (c)
g*=0.750 near water surface; (d) g*= 0.750 flow bottom

The u*-v*vector field in Figures 5 to 8 shows how the branch channel flow's entrance conditions alter noticeably
between the surface and the bed. The surface flow is entering at a greater angle to the main channel, and the branch flow
near the bed is significantly skewed downstream. As a result, the separation zone near the bed is smaller than the
separation zone near the free surface. A recirculation zone is created when flow splits from the side wall at the junction's
downstream corner. This could be explained by the fact that at lower discharge ratios, the flow from the branch channel
is greater and the flow from the main channel is pushed more in the direction of the outer bank, resulting in a wider
separation zone when q*=0.250. Figure 3 shows the v*-w* vector field as flow advances downstream from x*=-1 to
x*=-2. Because there is more lateral momentum near the surface than towards the bed, the flow at x*=-1 shows surface
water approaching the junction opposite the wall at y*=1. The oncoming main channel flow somewhat deflects the
surface water because there is a significant velocity component in the wall. Due to the weight of the water itself, it has
been shown that the secondary recirculation pattern weakens as the flow moves downward and downstream.

5. Conclusion

This article investigates the flow profile and flow separation zone size at four junction angles of 30°, 45°, 60°, and
75° for flow ratios of g*=0.250 and q*=0.750 using Flow3D. This study was conducted because of the ongoing
advancements in numerical modeling, the dearth of numerical studies on open channels with oblique angles, and the
inability to control the dimensions, angles, discharge, etc. of the natural rivers that have been the subject of most prior
studies. The results showed that the separating zone’s size in the main channel will be smaller or non-existent when the
main channel discharge is high and the discharge ratio is g* = 0.750 because most of the produced turbulence will be
drawn into the tributary channel. In addition, for a discharge ratio of g* = 0.250 and at the junction angle, the high
momentum of the tributary channel causes a turbulent zone to appear on the left side of the main channel. Additionally,
the longitudinal velocity vectors are negative here. A separation zone's size increases from bed to level at a particular
junction angle and constant flow ratio. The flow separation zone exists for all three discharge ratios, all junction angles,
and at the 75°junction, where it reaches its minimum value for both flow ratios, making it the best angle for channel
junctions, according to simulation data. For a particular junction angle, the size of the flow separation zone downstream
of the main channel shrinks or disappears as the flow discharge ratio increases. Also, with a given discharge ratio and
increased junction angle, separation zone dimensions shrink, a process that is apparent at level and close to the bed.
Using channels of various lengths, angles, and discharges, as well as field models of inclined angles, it will be feasible
to undertake a fresh study on open channels in the future. It will also be possible to simulate the results using another
digital program.
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