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ABSTRACT

Challenges of open-channel flow are discussed, with emphasis on energy dissipation and the
difficulties brought by channel design for hydraulic pressure and velocity measure. The
influence of the rheology of the slurry on channel design is also complicated. The objective of
this work is to study the flow behavior in open channels of different shapes and with variable
wall stability (fixed and movable). ANSYS Fluent (Release 2, 2021) Computational Fluit
Dynamic (CFD) simulations were performed for the velocity distribution and pressure profiles
in four configurations of channels: parallel, zigzag, wavy and curved. The study examines the
effects of channel height variations and various inlet velocity (6, 3, and 0.3 m/s) on flow
behavior. Findings indicate that increasing channel height reduces internal pressure, while
lowering the height increases it, with pressure also varying by channel geometry. The curved
channel shows the maximum pressure at a height of 0.5 m, and the channel with wavy shape
exhibits the maximum pressure at 2831.92 MPa, with the curved channel reaching 3384.85 MPa

under fixed-wall conditions.
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1. INTRODUCTION

A deep hollow surface with its top surface often subject to the surroundings is called an open
channel (Al-Bedyry et al., 2023). Open channel flow is the movement of a fluid across a deep
hollow surface (channel) that has an atmosphere-covered top surface (Al-Naely, Al-Khafaji, et
al., 2019; Al-Naely, Majdi, etal., 2019; Tao et al., 2024). Rivers, lakes, ditches, sewers, flumes,
and streams are examples of open channels in motion (Khlewee et al., 2024; Tao et al., 2021).
A passage for flow of fluid under air pressure is called an open channel (Al-Khafaji et al., 2022).
Conversely, a fluid that is flowing under pressure—involving that which flows through sewage
pipes—is referred to as being in closed-channel flow or pressurized flow, where the flow is
entirely enclosed within the conduit, and its behavior is governed by pressure variances rather
than open atmospheric interaction (Roshankhah et al., 2023). Open-channel flow is often
classified based on its uniformity. The flow is deemed steady if the velocity at any observation
location does not change over time; if it does, the flow is deemed unsteady. The flow was shown
to be uniform when the velocity was always constant throughout the channel; the flow has been
demonstrated to be non-uniform. Variable flow is non-uniform flow that is unstable, while
varying flow is non-uniform flow that is also stable. The movement of substances from a region
of higher concentration to a lower concentration is a fundamental process influenced by various
factors, including gravity (Benedini & Tsakiris, 2013; Wu, 2015). This phenomenon,
commonly referred to as diffusion, is central to the understanding of many natural and
engineered systems. Diffusion entails the passive transport of particles down their concentration
gradient, driven by molecular motion and other physical forces.

Numerical investigations on different channel geometries have been conducted. Tokgoz, (2019)
employed Particle Image Velocimetry (PIV) to obtain detailed information during an
investigation of the flow patterns within corrugated ducts. In this context, the PIV technique
was applied in their experiment to gain essential insights regarding the flow phenomena inside
corrugated channels. The features of flow are investigated as four characteristic function
Reynolds numbers, i.e., Re = 2000-5000. Based on the findings, it is possible that corrugation
of the channel enhanced energy and momentum transmission, which resulted in an increase in
heat transfer rate. The entrainment between the wake and core flows above was mainly owing
to the onset of turbulence in a corrugated channel near a sharp-corner geometry. The
experimental findings were confirmed by calculations, using the identical model geometry and
position of measurements obtained in the side view plane. Data comparison presented that the
pattern of velocity profile changed continually and there was a well compatibility between

experimental and simulation findings. A curved wavy channel has been proposed by (Zhang et
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al., 2022) to improve the existing wavy channel thermal performance. With the development of
a 3D model of the curved wavy channel, the overall curvature was determined. Interaction
analysis between the temperature fields and velocity revealed the mechanism underlying the
observed behaviors. The findings show that the Nusselt numbers in curved wavy channels may
be increased by 15.3 and 44.3percent, respectively, in contrast to the traditional wavy channels
with amplitudes of 0.80 mm and 0.40 mm. In determining the heating transfer intensity in the
channel with relatively small wavelengths, the field synergy angle has limitations. This occurs
because very chaotic flow patterns caused by narrow wavelengths generate negative partial
derivatives of temp variance and velocity over a large region.

According to (Memon et al., 2021) used Galerkin’s approach's least square technique to analyze
the steady flow of a Newtonian fluid down a sine-curved channel. Using Comsol Multiphysics
5.4, the entire simulation is practiced. Sine-curved channels were used with amplitudes between
10 cm and 30 cm and Reynolds numbers between 1000 and 10,000 to investigate the fluid flow
through these channels. The pressure and flow rates were checked at the exit. The maximum
pressure settled into a negative relationship with the Reynolds number as the Reynolds number
grew, and the maximum speed is recorded to grow linearly along the Reynolds number at the
exit. A comprehensive three-dimensional, two-phase CFD model for flow distribution in an
open channel was examined by (Khazaece & Mohammadiun, 2012). The finite volume method
(FVM) with a dynamic Sub grid-scale has been utilized in seven cases with varying proportions,
inclination degrees or slopes, and convergence divergence circumstances. Utilizing the volume
of fluid (VOF) technique, the free surface was let to change freely in line with the underlying
turbulence. The velocity-area integration method is frequently used to calculate the discharge
through open channel flow from the measured velocity at discrete sites in the measuring section.
Thus, it is crucial to consider the fluctuation of velocity in both horizontal and vertical directions
when choosing where to place the sensors. (Harikrishnan et al., 2021) used finite volume-based
open-source field operations and modification to numerically examine flow transition
mechanisms in wavy channels. Kelvin-Helmholtz and centrifugal instabilities are shown by the
two wavy channel forms. Sinusoidal walls with out-phase and in-of-phase channel topologies
were considered. By changing Reynolds number, two channel topologies change steady flow
to chaotic. Detailed flow regime maps are given for the two wavy channel layouts. is0-Q
surfaces, vorticity contours, velocity contours, and Instantaneous streamlines showed unstable
flow features. Cross correlation recurrence quantification study revealed coordinated channel
flow. SOP setup with Re=200 and 220 organizes vortices approximately symmetrically around

the centerline. The first two dominating unstable modes have an alternate vortex pattern in the
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flow direction. SIP setup with Re = 102 showed a spanwise vortex pattern. Re increased vortex'
flow direction inclination

Open-channel flow poses several special difficulties; energy loss, hydraulic pressure and
velocity profiles depend on the rheological behaviour of the fluid as well as the form of channel.
While flow behaviour has been studied in various channels, there is a lack of detailed interaction
between flow stability with velocity and pressure at different geometry for multiple inlet
configurations at different conditions. Experimental investigations, such as those by
(Bahaidarah, 2009), indicated augmented flow characteristics in wavy channels, but did not
fully consider the intricate relationship between geometry and flow stability. Numerical
experiments of (Harikrishnan & Tiwari, 2020; Khazaee & Mohammadiun, 2012) investigated
instabilities associated with wavy channels, but the effect of channel geometry on pressure and
velocity has not been addressed systematically for various types of flow. The present study fills
these gaps by a characterization of flow over four different open-channel configurations
(namely, parallel, zigzag, wavy, and curved) through Computational Fluid Dynamics (CFD).
To explore how the aspect ratio of channel geometry affects velocity and pressure distributions,
in this work our focus on providing a better understanding about nature characteristic of flow
stability tendency and pressure change behaviour under different geometries. In addition, this
article investigates the effect of variation in channel height and inlet velocity (6, 3 and 0.3 m/s)
on flow behavior. The significance of this work is to provide a comprehensive understanding
of the geometric and stability relationship in diverse types of open-channels, resulting in
improved design parameters for near-optimal open-channel systems uses (i) hydraulic

engineering applications, and (i1) flow management facilities.

2. THREE-DIMENSIONAL MESH GENERATION
Dividing this process into subsequent steps, with two major meshing control difficulties, would

make it more robust.

2.1. Meshing the Models

(Stebbins et al., 2019) described the domains, channel boundary types, exit and entrance area
kinds (velocity outlet and inlet), and geometry built with a single volume. Consequently, the
channels' walls were generated by employing a similar meshing technique with quad dominant,
and the construction has been meshed using T-grid tetrahedral components technique. The

ANSYS grid generator, which consists of around 3 to 4.5 million computational cells, was
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selected for multiple scenarios. As explained in Fig. 1, the grids for the wavy channel are

configured.

Fig. 1. Channel computational grids: (a) parallel; (b) wavy; (c¢) zigzag; (d) curvature.

2.2.  Governing Equations

Most CFD difficulties seem to be based on the solutions to the (mass, energy, and momentum)
equations and the transportation equation for simulating turbulence viscosity and the scaling.
These were clearly stated below and appeared to be in a stable state (ANSY'S, 2011).
Regarding chaotic flow:

Mass Conservation
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whereas:

Sij: The strain tensor's average rate of change.

The eddy viscosity in turbulent flows
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K2
He = pCu— (10)
The magnitudes of the modeling constants have been identified using RNG theory. These
settings are used by ANSYS Fluent by default.

2.3. The Boundary Conditions

The proper specification of boundary conditions is essential for accurate CFD simulations,
particularly when solving the Navier-Stokes, mass, and energy equations. In the present
investigation, boundary conditions were specified carefully to guarantee validation of the
FLUENT calculations. Table 1 Boundary conditions for outlet and inlet of the computational
domain imposed. The flow parameters at the boundaries of the physical model 5 (involving
velocity, pressure and temperature) are characterized by means of boundary conditions. At the
base of the channel a no-slip condition was employed, respecting to the main design
characteristic of this channel. This guarantees that the fluid velocity normal to the boundary is
zero, an essential assumption of practical applications. Physical dimensions and flow behavior
within fixed and movable setups of the channel were well represented in selected boundary
conditions. By these approximations and boundary definitions, the number of variables
dramatically decreased that gave a computationally simplifying analysis as well as more reliable
findings.

2.4. Checking For Convergence

Monitoring the residuals (Zakhour et al., 2023) is an approach to testing the convergence of the
solution. Convergence occurs when all the parameters' requirements for convergence are
satisfied. If the residuals mentioned above (10—4) and (10-7) are satisfied, the solution is
deemed to be converging. As seen in Fig. 2, all the scaling residuals were significantly lower
than 10-4 and 10-7. Using a computer cluster with 8 nodes, each with an Intel® CORE(TM) 17
CPU running at 1.65 GHz and 8 GB of RAM, it normally takes more than 300 iterations to get

a converged result, which usually takes around 30 minutes.

2.5. Turbulence Intensity

In the two phases, the intensity of turbulence (I) is expressed as the ratio of fluctuations in
velocity (u) to the mean velocity (uave). The magnitude of turbulence at the center of a
completely constructed channel flow may be determined using the following equations, which
were derived from an equation for flow fluid.

U

I =

= 0.16 x (Re)~1/8 (11)

Uave

The typical intensity of the turbulence set was five percent (medium intensity) (ANSY'S, 2011).



164 Zamzeer et al.

Havcals
[ cectingy
R L] 0% 3
ek
—t

epesze

x 0 @ a2 " v 10
Iterations

Fig. 2. Convergence history of solving discrete conservation equations.

Table 1. Various channels details obtained from ANSYS software program.

Objects Parallel Zigzag Wavy Curved
Sizing

Bounding Box Diagonal (mm) 4123.1 4179 4087.6 4257.6

Mean Surface Area (mm?) 4x10° 4x10° 2.0408 x10°  4.0036 x10°
Min Edge Length (mm) 1000 704.47 500 1000
Statistic

Nodes 0.5628x10*  0.6027x10* 0.3980x10* 0.6253x10*
Elements 0.5453x10*  0.5853x10* 0.3816x10* 0.6073x10*

2.6. Simulation Cases
The scenarios for modeling fluid in various channel geometries, utilized to investigate the
impact of channel geometries on fluid dynamics, are detailed in Table 2.

Table 2. Outline for all chosen cases situations.

Sets ID Details
Case 1 (velocity=0.3 m/s)  Case 2 (velocity=3 m/s)  Case 3 (velocity=6 m/s)
Fixed channels with viscous fluid and different heights (m)

1 0.5 0.5 0.5
1 1 1
3 1.5 1.5 1.5
Moving channels with viscous fluid and different heights (m)
4 1 1 1

3. RESULTS AND DISCUSSION

This section delineates the numerical findings acquired for numerous factors, including channel
morphology, movement, wall stability, and flow type, pertaining to parallel, wavy, zigzag, and
curved channels. The influence of different channel layouts is further shown with graphs
showing changes in velocity and pressure.

3.1. Impact of Velocity Variation on 0.5m Height

Fig.3-6 illustrated the variations in velocity inside the channel for several configurations
(parallel, wavy, curved, and zigzag) when the velocity inlet was altered to 6, 3, and 0.3 m/s,
with a channel height of 0.5 m. Fig.3-6 depicts the disparity in velocity between the velocity
intake and the mean velocity for an open channel including several wall configurations (parallel,

wavy, curved, and zigzag). The findings indicate that the curvature channel exhibits the greatest
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mean velocity of 13.78 m/s among all examined instances, whilst the zigzag channel is the
lowest average velocity relative to the other channel configurations. Furthermore, the findings
indicated that the channel's geometry influences the velocity within the channel by modifying

the adjacent layer, which subsequently leads to changes in pressure and the formation of

vortices, thereby creating a velocity disparity.
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Fig. 6. Velocity for curvature channels geometry for set 1 case: (a) 1; (b) 2; (c) 3.

Figs.7 to 11 showed the variance of entry pressure and velocity in different channel structures.
The findings indicate that when along the curved channel, the pressure and velocity variance
are largest. The variance in findings between curved and parallel is remarkable. The argument
is that different geometries of the neighboring layers create a larger number of vortices. The

large gap in the geometry of the next layer creates great variances between curved and straight.

This variance is caused by the increased production of vortices (Tran et al., 2017).
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Fig. 101. Pressure for curvature channels geometry for set 1 case: (a) 1; (b) 2; (¢) 3.
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Fig. 11. The impact of velocity variations (6, 3, and 0.3 m/s) on pressure
for different channel geometries in set 1.
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3.2. Impact of Velocity Variation on 1m Height

Figs. 12 to 15 illustrate the variations in velocity across several channel geometries (parallel,
wavy, zigzag, and curved) under three distinct scenarios with entrance velocities of 6, 3, and
0.3 m/s, revealing a consistently low velocity dispersion despite the alterations in entry velocity
magnitudes. The wavy channel had the maximum velocity among all examined input velocities,

measuring 6.19 m/s.
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Fig. 12. Velocity for parallel channels geometry for set 2,
viscous fluid and velocity (m/s): (a) 0.3; (b) 3; and (c) 6.

(b) T (©)

Fig. 13. Velocity for wavy channels geometry for set 2 cases: (a) 1; (b) 2; (c) 3.
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Fig. 14. Velocity for zigzag channels geometry with for set 2 cases: (a) 1; (b) 2; (¢) 3.
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Fig. 15. Velocity for curvature channels geometry for set 2 cases: (a) 1; (b) 2; (c) 3.
Figs. 16-19 show selected profiles of the ratio of input velocity and pressure for different
channel geometries. The pressure and maximum velocity are both normalized as zero for the
curved channel configuration with a height of ‘1 meter’ in this case study with fixed channel’s
wall. The large variance in the findings between the curved and parallel channels is because the
different channel geometry, even if they have similar input height and velocity. To induce the

flow regime shift from laminar to turbulent, which can be represented by a larger vortex and a
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considerable pressure variance (Nezu & Nakagawa, 2017). In addition, the pressure in this study
grew as the input velocity increased for all selected channel types where the maximum pressure

value was found in wavy channel with approximately 2831.92 MPa in comparison to other type

of channels.
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Fig. 16. Pressure for parallel channels geometry for set 2 cases: (a) 1; (b) 2; (c) 3.
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Fig. 17. Pressure for wavy channels geometry for set 2 cases: (a) 1; (b) 2; (¢) 3.
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Fig. 19. Pressure for curvature channels geometry for set 2 cases: (a) 1; (b) 2; (c) 3.
3.3. Impact of Velocity Variation on 1.5m Height
Figs.20 to 23 demonstrate the influence of variation in velocity entry from (6, 3, and 0.3 m/s)
for channel height equivalent to 1.5 m on the velocity inside the channel in various channel
forms (wavy, curved, parallel, and zigzag). The distribution of velocity for different channel
geometries with a height of 1.5 meters is comparable to that of channels with a height of 1
meter but with lower velocities. This discovery accords with Bernoulli's Principle, which

suggests an adverse correlation between height and velocity (Kumari & Kumar, 2022).
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Fig. 22. Velocity for zigzag channels geometry for set 3 cases: (a) 1; (b) 2; (¢) 3.
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Fig. 23. Velocity for curvature channels geometry for set 3 cases: (a) 1; (b) 2; (c) 3.

The modification in the channel's elevation findings in changes in both pressure and velocity.

The present set illustrates the pressure fluctuations following the increase in the amplitude of

channels with diverse geometrical forms (parallel, wavy, zigzag, and curved) to 1.5m, as

depicted in Figs.24 to 27, respectively. Figs. 24 to 27 illustrates that the curvature channels

register reverse pressure magnitude for all designated entry velocities, with an increase in

velocity from 0.3 to 6 m/s leading to a transition from positive to negative pressure magnitudes

of (-1009.22 MPa). The objective is to reduce the channel's width in some sections while

expanding it in places designated for the curved channel. The reduction in channel width leads

to in increased velocity for equivalent discharges once the relationship between velocity and

cross-sectional area is inversely proportional; an increase in one findings in to a reduction in

the other, as dictated by the Continuity Equation (Seis, 2017). Conversely, the relationship

between cross-sectional area and pressure is directly proportional, according to Bernoulli's

principle (Kumari & Kumar, 2022).
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Fig. 27. Pressure for curvature channels geometry for set 3 cases: (a) 1; (b) 2; (c) 3.
3.4. Impact of Walls Stability and Movement

The variances between the entry velocity and velocity variance for different channels with

anchored and shifting walls are displayed in Figs.28 to 31, for set four with shifting wall of

channels, the height = 1m, viscous fluid and velocity a) 0.3 m/s b) 3 m/s, and ¢) 6 m/s., when

comparing this set with the second set, the findings of the comparison indicate that the

distinction between both sets is just in the scenario of a rapid entry velocity due to the motion

of both the upper and lower walls with high entry velocity result to alterations in direction of

the flow. Regarding the remaining scenarios, there are almost no substantial changes. When

both sides channel are immovable, these findings in regular flow, yet in the event of moveable

channels’ walls findings in eddy forming. Nevertheless, when both the top and bottom walls

are shifting in opposite direction of the flow, these findings in turbulent flow, and the
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development of a vortex alongside of the shifting wall is bigger than the constant wall, as
illustrated in Figs.28 to 31.

However, wavy channel forms with varied inlet velocities suggested the maximum velocity
compared with other channel forms from (6, 3, and 0.3 m/s) resulting in an increment of the
velocity from 0.333 to 6.18 m/s along with other channel forms recording about equivalent
increasing ratio. Moreover, Figs.28 to 31 illustrate the velocity distribution for the parallel form

in example 1 with 0.3 m/s input velocity showed notable changes when compared to other

velocities.
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Fig. 28. Velocity for parallel channels geometry for set 4 cases: (a) 1; (b) 2; (¢) 3.
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Fig. 29. Velocity for wavy channels geometry set 4 cases: (a) 1; (b) 2; (c) 3.
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Fig. 30. Velocity for zigzag channels geometry set 4 cases: (a) 1; (b) 2; (¢) 3.
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Fig. 313. Velocity for curvature channels geometry set 4 cases: (a) 1; (b) 2; (¢) 3.
The variations in pressure and input velocity for different channel configurations for set 4 with
adjustable walls of channel are shown in Figs.32 to 35. The findings show that curve channels

have the maximum-pressure magnitude for all selected entry velocities and that increasing the
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inlet velocity also findings in an increase in pressure. The greatest pressure recorded for curve
channels was 3384.853 MPa, which is less than the greatest pressure for fixed channels’ wall

with the same height and entry velocity, which has been 2831.92 MPa.
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Fig. 33. Pressure for wavy channels geometry set 4 cases: (a) 1; (b) 2; (c) 3.
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4. CONCLUSION
Results indicate that the influence of the channel geometry on flow characteristics in open
channels is very important. The optimization of open-channel designs can be directly assisted
by numerical simulations, the results from which are as follows:
e The highest outlet velocity of 6.18 m/s was generated by wavy channel, indicating its

suitability for application with requirement on maximum flow efficiency. The zigzag channel
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on the other hand, had a constant lowest velocity (3.33 m/s at the maximum inlet velocity of 6
m/s) —supporting their applicability to slower flow systems.

e In the case of parallel and zigzag channels, incrementing the height channel (from 0.5 to 1.5
m) significantly increased outlet velocities for inlet velocities of 0.3, 3 and 6 m/s. At 6m/s inlet
velocity, for these configurations, outlet velocity became 13.78 m/s for curved geometry. For
wavy and curved channels, however, the outlet velocity decreased with the increase in height
at 0.3 and 3 m/s inlet velocities with a reduction to 5.16 m/s for the wavy channel at an inlet
velocity of 3 m/s (Figures S3(b) and S4).

e In the curved channel, the maximum pressure was obtained at an inlet velocity of 0.3 m/s
which was 3384.85 MPa indicating a great potential for high pressure holding applications. In
contrast, the pressure drop in all inlet velocities decreased with an increase in parallel and zigzag
channels height which is offset against systems where pressure relief is necessary.

e Higher outlet velocities were achieved by increased inlet velocity for all channel cross
sections. For example, wavy channel created an outlet velocity of 6.18 m/s for an inlet velocity
of 6 m/s as opposed to only 0.333 m/s at an inlet velocity of 0.3 m/s.

In conclusion, the wavy channel, achieving velocities up to 6.18 m/s, is recommended for
designs prioritizing high velocity and stable pressure. Meanwhile, the curved channel's ability
to maintain high pressure makes it advantageous for pressure-intensive applications. Future
work should investigate the energy efficiency and flow stability of these configurations under

varying operational conditions.
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