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This research investigates the study of fluid dynamics in a rectangular channel, focusing
on the effect of bend shapes on velocity profiles and flow efficiency. Computational
Fluid Dynamic (CFD) simulations of velocity and pressure distributions are carried out
in confined flow spaces, with three bend angles 90°, 120°, and 150°. The simulations
use a uniform inlet velocity of 10 m/s and the k-g turbulence model, suitable for high
Reynolds number flows, with zero-gauge outlet pressure. This work further explores
how boundary conditions, along with turbulence models and flow characteristics, play
a role in the development of flow, from uniform velocity to fully developed turbulent
flow. The results showed that the increase in bend angle resulted in the stability of
flow, reducing the variation in velocity magnitude near the wall. A bigger radius of
curvature in 120° and 150° bends reduced flow separation, which caused the
uniformity in the velocity distribution. Provide insights for improvements in flow
systems in energy-efficient HVAC applications. Maximum velocity comparison shows
distinct characteristics of flow, the velocity at 90° is 21.05% higher than 120° and
11.87% higher than 150°, while the velocity at 150° is 8.23% higher than that at 120°.
So, the order of magnitude of velocities is as follows, 90° has the maximum value,
followed by 150°, and 120° has the minimum value. The analysis further showed that
the pressure difference for a 90° bend is 466.2 Pa, exceeding the pressure difference
at 120° by 105.7 Pa and that at 150° by 38.9 Pa. Correspondingly, its percentage
difference is the highest at 90°, amounting to 279.64%. The pressure difference of 150°
outshines 120° by 66.8 Pa, but its percentage difference remains a minimum and
amounts to 145.3%. Overall, 90° presented the maximum value of pressure and
percentage difference, followed by 150°, and then 120°.

1. Introduction

Understanding fluid dynamics in rectangular channels has a vital relevance to a wide range of
industrial applications, mainly HVAC systems and piping networks. In particular, the development of
velocity profiles within these channels plays an important role in optimizing flow efficiency, system
design, and energy use in general. For example, velocity distribution in HVAC systems needs to be
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correctly anticipated and regulated to ensure proper air distribution and thermal comfort inside
buildings [1,2]. Some of the more basic challenges of designing such systems involve understanding
the complex mechanisms that influence flow characteristics, which include separation, recirculation
zones [3], pressure losses, and turbulence. The nature of these phenomena is usually very sensitive
to geometry and boundary conditions and may change substantially in confined geometries such as
a rectangular channel. Flow prediction is a crucial aspect of air supply system design [4], it is for these
reasons that computational fluid dynamics (CFD) as a means of analysis has become quite
indispensable. CFD simulations can predict velocity and pressure distributions within confined flow
spaces and provide insight into the intricate behaviour of fluid flow [5]. CFD simulation methodology
cannot be underestimated in this respect, since this is the only method whereby a level of detail can
be achieved [5], which practically could not be established by experimental methods alone.

In a rectangular channel, the flow in the channel is subdivided into flow-through regions and
recirculation (or stagnation) zones [2]. The dynamics of flow can be influenced by several factors,
including Reynolds number, geometry of the channel, and flow conditions that, in turn, may lead to
significant changes in the flow behaviour [6-9]. For instance, flow detachment, recirculation zones,
and pressure losses commonly occur at bends or blockages along the duct, especially if the turns are
sharp or geometries irregular. Such effects lead to a loss in efficiency; hence, their consideration is
very essential during the design of fluid flow systems, notably in applications where energy
conservation is needed. In order to reduce such losses and enhance the efficiency of flow in HVAC
curved channels, a proper understanding of the mechanisms associated with losses is critical [3]. The
given work has been designed with an emphasis on the analysis of the velocity profile development
from the channel inlet through the outlet, at the same time considering the influence of boundary
conditions and turbulence models, particularly the k-€ model, on the distribution of velocity. The
deeper understanding of these very aspects will be rewarding in presenting valuable insight into ways
of improving the design and performance of flow systems, particularly within the confined spaces of
ventilation ducts and piping networks.

The importance of flow characterization and modelling in ducts is an issue relevant not only to
HVAC design but also to many other different industrial applications [1]. An example is the process
of aerosol transfer within ventilation systems; the dynamics of the flow, as of the movement of the
particles within the air, affect system performance in terms of the health of the individuals subjected
to contaminants [10,11]. With HVAC systems, for instance, this will be important in assessing the
energy consumed, reducing the noise, and both are very necessary for residential and industrial
comfort [11,12]. To capture the complex behaviour of turbulent flows in rectangular ducts, CFD
simulations are employed in this study. These simulations allow for a detailed prediction of how the
velocity profile evolves under different flow conditions, providing a clearer picture of fluid behaviour
[13], pressure variations, and turbulence effects. The study will focus on the k-€ turbulence model,
which has been considered to be well fitted for simulating high Reynolds number flows that are
usually noticed within rectangular ducts [14,15]. This model thus captures the main characteristics
of turbulence, such as viscosity, kinetic energy, and dissipation-very much essential for the simulation
of turbulent flow passing through complex geometries with enhanced accuracy.

The aim of the study is to trace the development of the velocity profile from the inlet to the outlet
and investigate the influence of boundary conditions, turbulence models, flow conditions, and
various angles on the said development. In particular, the research will be focused on how different
angles of bend-90°, 120°, and 150°-will affect the velocity profile in a rectangular channel. It is
predicted that the simulations will indicate how the flow is transformed from a uniform inlet velocity
to a fully developed turbulent profile by the time it reaches the outlet [16,17]. This will result in the
growth of boundary layers near the channel walls, translating to higher velocities at the channel
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centreline. The research also explores how the bend geometry, for example, 90°, 120°, and 150°,
affects the distribution of flow separation and recirculation zones, especially at the bend and corner
areas of the channel. These areas, characterized by acceleration and deceleration of flow, show
significant variation in both velocity and pressure. The angle of the bend can augment these
variations and might alter flow separation and, consequently, the patterns of velocity and pressure
distribution along the channel. The dynamics in such areas are of vital importance since
understanding them bestows an enabling capability in the design of more efficient flow systems,
particularly those applied in HVAC systems, where stable airflow is essential for proper performance
and energy efficiency [18,19]. The close examination of these factors in detail by this study is
expected to contribute to the greater understanding of confined flow and the impact of various bend
angles on velocity development. It will aid and improve the design and operation of fluid systems in
several other industrial applications.

2. Methodology
2.1 Detail Design of Rectangular Channel

Figure 1 shows the design of a rectangular channel with labeled dimensions in a 3D isometric
view. The diagram illustrates the key measurements, including length (L), width (W), height (G),
thickness (T), and other structural dimensions, providing a clear representation of the duct's
geometry. This image is sourced from a technical drawing, showcasing the typical layout and
specifications used in duct design for HVAC systems and industrial applications. The detailed design
created with Ansys Fluent's Design Modeler is shown in Figure 1(c). The length of the pipe is within
the range dimension indicated in the Ruskin Company catalog [20].

(a) (b) (c)
Fig. 1. Design of rectangular channel (a) 3D design (b) Technical drawing (c) Design 1

The detailed design of the rectangular channel consists of three configurations with varying bend
angles. V1 is the extruded length, acting as the diameter, while V2 is the vertical and H5 is the
horizontal width of the channel. The vertical height of the rectangular section is represented by V7,
and the inlet length is defined by H3 and L6 is the outlet length of the channel, Al represents the
bend angle, which varies between 90°, 120°, and 150° in the three designs, as shown in Table 1.

Table 1

Detail dimension of rectangular channel

Design V1 (mm) V2 (mm) V7 (mm) H3 (mm) H5 (mm) L6 (mm) Al (°)
1 400 300 1000 1000 300 2600 90

2 400 300 1000 1000 300 2600 120
3 400 300 1000 1000 300 2600 150
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2.2 Discretization

The computational domain of the rectangular channel was discretized to enable precise
numerical simulation of the flow while retaining computational efficiency. A methodical approach
was adopted to generate an outstanding mesh that could capture the complex flow characteristics
around the junction. The discretization procedure guarantees that the numerical solution accurately
depicts the fluid behaviour inside the channel.

2.2.1 Generate mesh

Meshing represents a critical phase in CFD analysis, given that the quality of the mesh directly
influences both the accuracy and computational efficiency of the simulation [5]. The mesh generation
was performed using the multizone method with mapped type hexa/prism, which is well-suited for
capturing the sharp surfaces of the pipe and the geometry of the. Body sizing techniques were
applied to control the element size throughout the computational domain.

Figure 2 shows the meshing is designed to discretize the flow domain into smaller elements,
enabling computational simulations to solve fluid dynamics equations. Near the walls of the duct, the
mesh may be refined to capture the boundary layer effects and the sharp turns in the rectangular
channel. This refinement helps improve the accuracy of flow predictions, especially in turbulent
regions near the walls and bends. The mesh is crucial for simulating the velocity distribution, pressure
drops, and other flow characteristics within the channel.

(a) (b)
Fig. 2. Mesh of fluid domain for Design 1 with element size 8.4 mm
(a) Isometric view of mesh (b) Detail view of mesh

2.2.2 Grid independence test

The grid independence test (GIT) is an important step in computational fluid dynamics (CFD)
simulations to make sure that the results are not overly affected by the size or resolution of the grid
(mesh). In simple terms, GIT helps confirm that the simulation results are reliable, and that refining
the grid further won't lead to big changes in the outcome. This process ensures that the results you
get are accurate and can be trusted. By running the test, you essentially check if the grid resolution
is fine enough to give meaningful results. If refining the grid (making the mesh smaller) doesn't
significantly change the results anymore, you're confident that your solution is stable and accurate.
This step is crucial because it helps avoid wasting computational resources on unnecessarily complex
grids and ensures the conclusions you draw from the simulation are valid and based on realistic flow
behaviour. The truncation error will be computed using Eq. (1) for each mesh configuration.
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2.3 Governing Equation

In CFD, the governing equations are derived from conservation laws. The two-fundament
equation that used in this analysis are Continuity equation (conservation of mass) and Momentum
equation conservation of momentum (Navier-Stokes).

2.3.1 Continuity equation (mass conservation)

Eg. (2) represents the principle of mass conservation in fluid flow, stating that the change in
density within a small control volume, combined with the net mass flux exiting the volume, must
equal zero. Practically, this means that fluid cannot suddenly appear or disappear; whatever enters
must either accumulate or flow out. In CFD, the continuity equation ensures that the discretized flow
field adheres to this basic physical law, preventing the creation of artificial mass sources or sinks that
could otherwise distort the solution, as stated below

%, .
5 T V- (pu) (2)
where p= fluid density, u= velocity vector t= time.

2.3.2 Momentum equation (Navier—Stokes)

Eqg. (3) represents the conservation of momentum by applying Newton's second law to a fluid
element. It indicates that the change in momentum (on the left-hand side) results from various forces
acting on the fluid, including pressure gradients that push the fluid, viscous stresses that resist
motion, and body forces like gravity that add or remove momentum. In CFD, this equation is crucial
as it governs how velocity fields evolve under the influence of these forces, capturing how pressure
and friction (viscosity) affect flow behaviour, such as acceleration, deceleration, and shear.

p<z—’;+|7-(pu))=—|7p+|7xr+pb (3)

where p= pressure, T= viscous stress tensor, b= body force per unit mass.
2.4 Boundary Condition

The boundary conditions for this simulation were set to accurately model velocity development
within the rectangular channel. Air was chosen as the working fluid, which commonly used in piping
systems. The inlet velocity was set to 10 m/s [18] to establish a steady, measurable flow entering the
domain. Turbulence effects were modelled using the k-g turbulence model. This model is the most
generally [20] for internal flows due to its stability and accuracy in predicting turbulent kinetic energy
and dissipation. As for pressure in the outlet, the condition of zero-gauge pressure was applied
allowing the fluid to exit freely without any additional pressure constraints. All pipe walls were
assigned a no-slip condition, ensuring that the fluid velocity at the wall is zero, reflecting realistic
viscous interactions. The solution was initialized using hybrid initialization to generate a physically
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reasonable starting field, and the simulation ran for 1000 iterations to achieve convergence and
stable flow predictions across the domain.

2.5 Velocity Analysis

The analysis of velocity development in the flow via a rectangular channel is important to
understand the behavior of fluid while it negotiates regions of confinement, mainly when bends are
involved. The velocity profile indicates how well the fluid is flowing and how the geometry of the
channel may influence flow dynamics. It is from the study of the distribution of velocity that some
regions can be detected where flow separation or turbulence can take place, which causes
inefficiency in the system. More precisely, the fluid gains a uniform velocity at its entrance into the
channel. However, while negotiating the flow through the bend, such as 90°, 120°, and 150°, the
distribution of velocity is different. Considering sharp bends, such as the 90° bend, the flow
experiences deceleration along the walls and eventually forms recirculation zones. Such a situation
increases energy losses. On the other hand, larger bend angles (120° and 150°) will facilitate the
transition of the flow in a smooth way, which reduces the negative effects of separation and
consequently enhances the stability of flow. Moreover, the variation of velocity distribution will
explain the degree at which different geometries of the bend influence overall flow efficiency, which
is vital in application fields, such as HVAC systems, which require steady airflow and minimum loss of
energy.

2.6 Pressure Analysis

On the other hand, pressure analysis is equally as vital for understanding how the fluid is
interacting with the walls of the channel, particularly at bends. The distribution of pressure also
corresponds to the velocity profile and reflects the forces acting on the fluid as it flows. By
investigating pressure at different bend angles, we can gain insight into where flow is being
redirected and where it may meet some resistance. In contrast, in channels with sharp bends, the
pressure is significantly higher on the inside of the bend due to the need for acceleration of flow
around the curve, whereas on the outer regions, the flow decelerates, which gives rise to a drop in
pressure. The variation in pressure can cause inefficient flow, especially when energy consumption
is considered. From the analysis of how the variation in the bend geometry influences pressure, it
may be possible to devise channel geometries that minimize such pressure drops, and this can lead
to more efficient systems. With the increase in bend angle from 90° to 120° and 150°, the distribution
of pressure becomes more uniform, indicating that the transition of the flow is smooth. This stability
of pressure plays a key role in the reduction of losses and to ensure flow maintains a steady and
predictable pattern-a factor that is crucial for the optimal performance of fluid systems in many
industrial applications.

3. Results
3.1 Grid Independence Test (Pressure Drop)

Meshes with varying element size from 8.4-10 mm were execute and the corresponding pressure
values were recorded to verify the best element size, as shown in Table 2. The truncation error was
computed using Eq. (1) for each mesh configuration listed in Table 2. The mesh with the lowest error,
while maintaining an acceptable level of computational efficiency, was chosen for the final
simulations, element size of 9.6 mm was selected. This process ensures that the numerical results
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accurately represent the physical behaviour of the flow, without being influenced by discretization

error.

Table 2
Grid independence test (GIT)

Elements size (mm)  Elements Pressure inlet (m/s) Pressure outlet (m/s) Truncation Error (%)
8.4 978236 252.87171 0 -

8.8 849948 230.37291 0 9.766

9.2 748530 247.16850 0 6.795

9.6 657083 254.44618 0 2.860

10.0 583430 237.84089 0 6.981

3.2 Velocity Profiles Along the Rectangular Channel

The velocity profiles within rectangular channels at different bend angles 90°, 120°, and 150° were
analysed using computational fluid dynamics (CFD) results obtained from ANSYS Fluent (Figure 3). In
the case of the 90° bend, the flow velocity is relatively high at the inlet, but as the fluid approaches
the sharp bend, the velocity decreases significantly, especially near the outer walls of the channel.
This reduction in velocity is primarily caused by flow separation and the formation of recirculation
zones, which are typical in sharp bends. The central region of the channel experiences higher
velocities compared to the walls, which indicates the growth of the boundary layer.

Velocity

Contour 2  e—

' 2.735e+01

2.461e+01
- 2.188e+01
- 1.914e+01
- 1.641e+01
- 1.367e+01
- 1.094e+01
- 8.205e+00
- 5.470e+00
I 2.735e+00
0.000e+00

[m s*-1]

Fig. 3. Contour velocity of rectangular channel at different bend angle (a) 90° (b) 120° (c) 150°

(c)

Subsequently, the velocity contour clearly shows a transition from high velocities (red) at the
centreline to lower velocities (blue) near the walls, with the flow accelerating along the centreline
and decelerating near the walls due to adverse pressure gradients and separation. With a bend angle
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of 120°, the velocity distribution becomes more uniform as the larger bend radius allows the flow to
adjust more smoothly to the curvature, resulting in a reduction in the severity of flow separation and
recirculation zones compared to the 90° case. Consequently, the reduction in velocity near the outer
walls is less pronounced. The velocity contour indicates a wider region with moderate velocity in the
centre of the channel, and the flow near the walls experiences less deceleration. The overall velocity
profile is more balanced, with a smoother transition between high and low velocities. As the bend
angle increases further to 150°, the flow undergoes the least disruption due to the gradual curvature
of the channel. The larger bend radius allows for a more cohesive flow, with minimal flow separation
or recirculation. The velocity distribution becomes the most uniform of the three cases, with higher
velocities maintained near the walls compared to both the 90° and 120° bends. The central region of
the channel also exhibits slightly higher velocities, but the flow remains stable throughout the
channel.

The contours demonstrate a more consistent velocity profile with reduced variation across the
width of the channel. The velocity contour plot provides insight into the velocity distribution, with
the colour scale ranging from 0.00 m/s (blue) to 2.735 m/s (red). As the bend angle increases from
90° to 150°, the peak velocity (red) is more centrally located within the channel, and the overall
velocity distribution becomes less variable. In the 90° bend, the outer regions of the flow exhibit a
significant drop in velocity (blue), whereas in the 120° and 150° bends, the reduction in velocity near
the walls is less severe. This indicates that the flow near the walls in the larger bends remains more
stable, with less energy loss due to the more gradual turns.

The obtained maximum velocity at the three angles of 90°, 120°, and 150° show a significant
difference in the flow characteristics. At 90°, the maximum velocity is recorded with a value of 27.35
m/s, which is 21.05% higher compared to that at 120° (22.59 m/s) and 11.87% higher than at 150°
(24.45 m/s). Moreover, it follows that the velocity magnitude at 150° is 8.23% higher than that at
120°. From the forgoing, it results that the flow at 90° possesses the highest velocity, followed by
150°, while at 120°, this quantity acquires a minimum value. Such an analysis underlines the strong
difference in flow intensity among the considered three angles. Consequently, the flow at the angle
of 90° is the most dynamic one, whereas at the angle of 120°, the current is less energetic.

3.3 Pressure Distribution Along the Rectangular Channel

The analysis of flow through rectangular channels with varying bend angles 90°, 120°, and 150°
was conducted using pressure contour plots to examine pressure distribution across the channel at
different angle geometries (Figure 4). In the case of the 90° bend, the pressure distribution reveals a
significant pressure increase near the inner bend where the flow is abruptly redirected. The outer
bend region experiences relatively lower pressure, creating a noticeable pressure gradient that
pushes the flow towards the inner wall. The pressure drops near the inner bend, indicated by blue
colouring, reflects the resistance encountered by the flow in making the sharp turn. This sharp
contrast in pressure between the inner and outer regions of the bend highlights the effects of the
geometry on the flow, with the inner bend showing notably lower pressures compared to the outer
bend. Following the 90° bend, the pressure recovers in the outlet section of the channel, with higher
pressure values (represented in red) compared to the inlet. In the 120° bend, the pressure
distribution is more gradual, with the pressure difference between the inner and outer regions of the
bend being less pronounced than in the 90° case, as the flow is more smoothly redirected. While
there is still a pressure drop near the bend, the gradient is less severe, and the pressure distribution
across the channel becomes more uniform.
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Pressure
Contour 1
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Fig. 4. Pressure contour of rectangular channel at different bend angle (a) 90° (b) 120° (c) 150°

The pressure near the inner bend is higher compared to the 90° bend, indicating a smoother flow
transition. In the 150° bend, the pressure distribution becomes the most uniform, with a reduced
pressure drop near the bend, as the flow undergoes the most gradual turn. The pressure difference
between the inner and outer bend is much smaller, resulting in a smoother flow with minimal
resistance. The outlet pressure is relatively uniform, reflecting the cohesive flow after the bend. The
pressure contour plot further illustrates the range of pressures, from the highest at 2.992e+02 Pa
(represented in red) to the lowest at -2.940e+02 Pa (represented in blue), with the inner bend
showing lower pressure and the outer bend showing higher pressure. This contour helps visualize the
regions where flow separation and recirculation could occur, with the highest pressure at the outlet
suggesting a more stable flow following the bend. The results highlight that, as the bend angle
increases from 90° to 150°, the flow becomes progressively more stable, with less drastic pressure
variations and a more uniform distribution across the channel.

From pressure difference and percentage difference analysis on the three angles 90°, 120°, and
150°, there appear large differences. At 90°, the pressure difference exhibits the maximum value at
466.2 Pa, which surpasses that at 120° by 105.7 Pa (360.5 Pa) and 150° by 38.9 Pa (427.3 Pa). It can
thus be suggested that there is a larger pressure difference at 90° as compared with 120° and 150°.
Also, as per percentage difference, 90° depicts maximum difference at 279.64%, which depicts
43.79% larger difference as compared with 120° at 235.85%, and 134.34% larger difference as
compared with 150° at 145.3%. Conversely, at 150°, pressure difference surpasses that at 120° by
66.8 Pa. However, percentage difference at 150° distinctly reveals lower difference as compared with
90° and 120° at 134.34%, and 90.55%, respectively. It thus implies that 150°, an angle with larger
pressure difference as compared with 120°, still depicts smallest percentage difference, suggesting
less varying pressure as per compared parameters. Hence, 90° depicts larger pressure difference as
well as percent difference as compared with 120° and 150°, and then 150°.
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4. Conclusions

The research has effectively explored the effects of bend angles, boundary conditions, and
turbulence models on flow dynamics in a rectangular channel. As the bend angle varied from 90° to
150°, it was sighted that there was more uniform velocity with reduced flow disruption and velocity
gradients near the walls. Notably, as the bend varied from 90° to 120° and then 150°, there were
fewer effects of flow separation and recirculation. From the pressure contour plot, it can be noticed
that the pressure profile for a 150° bend is more stable with minimal pressure loss and better-
cohesive flow. The result obtained from maximum velocity comparisons showed that velocity at 90°
(27.35 m/s) had 21.05% and 11.87% more velocity compared to velocity at 120° (22.59 m/s) and 150°
(24.45 m/s), respectively. The result from pressure difference comparisons showed that 90° had a
pressure difference of 466.2 Pa, which was 105.7 Pa and 38.9 Pa more compared to 120° and 150°,
respectively. Additionally, percentage difference was 279.64%, which showed larger variability.
Overall, the study confirms that larger bend angles reduce flow separation and stabilize pressure
profiles, improving flow efficiency in rectangular channels. The findings highlight the importance of
bend angle, turbulence models, and boundary conditions in optimizing fluid systems for better
performance.
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