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conditions. Three pipe models with diameters of 15 mm, 20 mm, and 25 mm, each
with a length of 1.2 m, were simulated using ANSYS Fluent. The governing equations
of continuity and momentum were solved using the Finite Volume Method (FVM),
with water at 25°C as the working fluid. A uniform inlet velocity of 0.03 m/s was
applied, while a pressure outlet boundary condition of 0 Pa was set at the exit. Mesh
independence testing ensured numerical stability and accuracy. The geometry was
discretized using a multizone mesh, and a grid independence test was performed to
ensure numerical accuracy. Velocity contours revealed the development of the
expected parabolic profile, while pressure results showed a linear decrease along
the pipe length for all diameters. The theoretical pressure drops were compared
with CFD predictions resulting in errors of 19.46%, 32.87%, and 82.70%. The
deviation increased with diameter due to longer entrance length effects, yet the
Keywords: overall flow behaviour remained consistent with laminar theory. The study
Laminar flow; Hagen—Poiseuille law; CFD; demonstrates that CFD can reliably reproduce laminar pipe flow characteristics and
circular pipe; pressure drop; velocity profile  provides quantitative validation of the Hagen—Poiseuille relationship.

1. Introduction

The study of internal fluid flow in circular pipes is fundamental in fluid mechanics, particularly in
applications involving microchannels, biomedical devices, heat exchangers, and pipeline transport
systems [1-4]. Accurate prediction of pressure drops, velocity distribution, and wall shear stress is
essential for validating theoretical laws such as the Hagen—Poiseuille equation. The Hagen—Poiseuille
law represents one of the most fundamental analytical solutions in fluid mechanic which describes
the behaviour of steady, incompressible, and fully developed laminar flow in a circular pipe [5-7].

In recent years, Computational Fluid Dynamics (CFD) has become a powerful tool for analysing
internal pipe flows, providing detailed insight into flow behaviour, velocity gradients and pressure
losses across different pipe diameters and flow conditions. Computational Fluid Dynamics (CFD) has
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become an indispensable tool for analysing internal flows due to its ability to resolve fluid velocity
fields, wall shear stress, and pressure variations with high accuracy [8-11]. In CFD simulations, the
computational domain is divided into a finite number of control volumes or elements where the
governing equations are solved numerically. The accuracy of the results largely depends on how
finely the domain is discretized.

Despite significant improvements in CFD technologies, achieving highly reliable results in internal
flow simulation still presents challenges, particularly related to mesh quality, boundary condition
selection, and appropriate modelling of the near-wall region. Previous studies have highlighted that
mesh refinement is crucial for capturing the result accurately mainly for internal flow problems [12-
15]. While finer meshes greatly enhance accuracy, they also increase computational cost. Therefore,
balancing mesh density between the pipe centre and near-wall region is essential for cost-effective
modelling.

To address this gap, the present study investigates the behaviour of steady, incompressible
laminar flow in straight pipes of varying diameters using CFD. The simulations aim to validate the
Hagen—Poiseuille law by examining the agreement between analytical and numerical predictions of
pressure drop and velocity distribution. The simulations are conducted using ANSYS Fluent, where
meshing, solver setup, and post-processing are performed.

2. Methodology
2.1 Geometry of Straight Pipe Design

The design of this study is based on the development of laminar flow by considering the length
of the pipe before the flow achieves a fully developed laminar flow [16]. Hence, the pipe length of
1.2m has been selected to analysed laminar flow behaviour and verifying the Hagen—Poiseuille law
as shown in Figure 1. Three pipe diameters of the pipe which are 15 mm, 20 mm, and 25 mm in Table
1 are chosen to examine how the size of the pipe influences velocity distribution, pressure drop, and
laminar flow characteristics. These diameters fall within a practical range commonly found in
laboratory experiments, small-scale industrial piping, and fluid transport components, allowing the
results to reflect realistic engineering conditions [17]. The computational fluid domain corresponds
directly to the internal volume of the pipe. Since internal pipe flow is fully constrained by solid walls,
no external domain is required. The pipe length of 1.2 mis sufficiently long to allow the development
of the velocity profile and to analyse the pressure drop along the pipe for the range of inlet velocities
considered.

Fig. 1. Geometry of circular pipe
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Table 1

Straight pipe specification

Model Length, m Diameter, m
A 1.2 0.015

B 1.2 0.020

C 1.2 0.025

2.2 Discretization

In this study, the circular pipe was discretized to enable numerical solution of the governing fluid
flow equations. The continuous domain was divided into finite control volumes using a structured
mesh, ensuring adequate resolution in both the radial and axial directions. This discretization
approach allows the simulation to approximate the parabolic velocity profile predicted by Hagen—
Poiseuille law while balancing computational efficiency and solution accuracy.

2.2.1 Mesh generation of the circular pipe

The computational domain of the circular pipe was discretized using the path-conforming
meshing method to ensure that the mesh accurately follows the curved geometry of the pipe walls.
A multizone mesh was employed to provide flexibility in capturing complex geometrical features,
while body sizing controls were applied to maintain consistent element sizes throughout the domain
as shown in Figure 2. This approach allows for a finer mesh near the pipe walls to optimize
computational efficiency. The combination of path-conforming method and body sizing ensures a
balance between solution accuracy and computational cost. Mesh quality metrics such as skewness
and orthogonality were monitored to ensure numerical stability and reliability of the simulation
results.

Fig. 2. Computational mesh for fluid domain
2.2.2 Grid independence test

The Grid Independence Test (GIT) is a crucial step in Computational Fluid Dynamics (CFD) analysis
used to ensure that the numerical results are not dependent on the mesh size or grid resolution. In
the grid independence process, several mesh sizes are tested by running simulations under the same
boundary conditions and physical parameters. Key output parameters, such as velocity, pressure
drop, or mass flow rate are then compared across the different mesh levels. When further refinement
of the mesh produces negligible changes in these parameters, the solution is considered grid
independent. This procedure helps balance accuracy and computational efficiency by selecting a
mesh that provides reliable results without unnecessary computational cost [18-20].
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2.3 Governing Equation

The simulation of fluid flow inside the straight pipe is modelled as steady-state, laminar,
incompressible, and fully developed internal flow. The fluid properties such as density and viscosity
are assumed uniform throughout the pipe. The numerical solution is based on the Navier—Stokes
equations and solved using the Finite Volume Method (FVM). The governing equations used in this
study are the continuity equation and the momentum equation for incompressible flow. For
incompressible flow, the continuity equation ensures that mass is conserved:

u v ow
= o -, =0 (1)

In vector form, V-V = 0 (2)

where V = (u,v,w) is the velocity vector and V represents the spatial derivative operator. The
incompressible Navier—Stokes equation for steady internal flow is expressed as:

p(V - VV) = —=VP + uv2V (3)

where p= fluid density (kg/m?3), u= dynamic viscosity (Pa-s), P= pressure (Pa). For fully developed
laminar pipe flow (Hagen—Poiseuille condition), axial velocity develops in the x-direction only, and
the simplified form becomes:

dp d?u
& Mo )
This equation forms the basis for the analytical Hagen—Poiseuille solution.

The pressure drop in a circular pipe under laminar flow can be predicted using:

_128uLQ
= D%

AP (5)
where L= pipe length (m), D= pipe diameter (m), Q= volumetric flow rate (m*/s), V,,,= average flow
velocity (m/s). This analytical equation is used as the reference solution for validating CFD results.
The predicted pressure drops and velocity profile from CFD are compared against these theoretical
equations. These comparisons are crucial to evaluate simulation accuracy and to verify whether the
pipe flow behaviour follows the Hagen—Poiseuille law under laminar conditions.

2.4 Boundary Condition

The boundary conditions were defined to ensure a steady-state and fully developed laminar
regime consistent with the Hagen—Poiseuille assumptions. At the inlet, a uniform velocity boundary
condition was imposed with velocity of 0.03 m/s for all pipe diameters. At the outlet, a pressure
outlet boundary condition was specified, with the gauge pressure set to 0 Pa. This setup allows the
solver to naturally determine the static pressure distribution along the pipe length. The use of a zero-
pressure outlet ensures that pressure variations within the domain result solely from viscous effects,
consistent with laminar flow assumptions.
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The pipe wall was defined as a no-slip boundary condition, where the fluid velocity at the wall
surface was set to zero (u = 0). The wall roughness was neglected, assuming an ideal smooth internal
surface, which aligns with theoretical Hagen—Poiseuille flow conditions. The operating pressure was
maintained at 1 atm. (101325 Pa) to simulate standard atmospheric conditions, and the flow was
treated as steady state. The laminar viscous model in ANSYS Fluent was used, with double-precision
calculation enabled to minimize numerical errors.

2.5 Analysis
2.5.1 Velocity analysis

Velocity is a fundamental parameter in understanding fluid behaviour within pipes, as it directly
reflects how the flow develops and responds to viscous forces. Extracting the velocity distribution
allows for the identification of the entrance length, the development of the parabolic profile
characteristic of fully developed laminar flow, and the influence of pipe diameter on flow gradients.
By analysing the velocity profiles along the pipe, it is possible to verify whether the CFD model
accurately captures the balance between viscous resistance and the pressure driving force, as
described by the Hagen—Poiseuille law. This ensures that the simulation provides reliable insight into
the flow dynamics, particularly the maximum centreline velocity and shear effects near the pipe walls
which are critical for validating laminar flow behaviour.

2.5.2 Pressure analysis

Pressure is another critical variable in pipe flow studies, as it quantifies the hydraulic resistance
and energy loss caused by viscous effects. Extracting the pressure distribution along the pipe enables
evaluation of pressure drops for different pipe diameters and allows direct comparison with
theoretical predictions from the Hagen—Poiseuille equation. Monitoring the pressure also confirms
the flow regime and validates that the solver maintains steady-state conditions. By analysing
pressure along with velocity, the study ensures a comprehensive assessment of the CFD model’s
ability to reproduce classical laminar pipe flow, providing a basis for evaluating the influence of pipe
geometry on hydraulic performance.

3. Results
3.1 Grid Independence Test Result

The grid independence test was conducted to ensure that the simulation results are not
significantly affected by the mesh density. Figure 3 shows the velocity distribution along the pipe
length for three different mesh configurations, Mesh 1 (98228 nodes), Mesh 2 (332836 nodes), and
Mesh 3 (102926 nodes). It can be observed that the velocity profiles for the finer meshes closely
overlap, indicating minimal variation in the predicted velocity once the mesh was sufficiently refined.
Mesh 1 shows a slight deviation near the entrance region, suggesting a lower resolution in capturing
the developing flow. Since the difference between Mesh 2 and Mesh 3 is negligible, Mesh 2 was
selected for the subsequent simulations to achieve a balance between computational accuracy and
efficiency.

Pressure was chosen as the key parameter for the grid independence test because it gives a clear
indication of how mesh refinement affects the accuracy of the simulation. In pipe flow, even small
changes in mesh size can influence how the pressure gradient develops along the length of the pipe.
Since this study focuses on verifying the Hagen—Poiseuille law it is important to make sure the
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pressure results are not affected by the mesh density. By checking that the pressure drop remains
nearly the same for different mesh sizes, the simulation can be confirmed to produce a reliable result
for further comparison with theoretical predictions.
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Fig. 3. Pressure chart for grid independence test
3.2 Velocity Contour of Three Different Pipe Diameter

The velocity contours obtained from the CFD simulation show the characteristic parabolic velocity
distribution expected for fully developed laminar flow in circular pipes as shown in Figure 4. Near the
pipe inlet, the flow initially exhibits a relatively uniform velocity profile. However, as the fluid
progresses downstream, viscous effects along the wall gradually decelerate the near-wall region,
allowing the centreline velocity to increase and form the classical parabolic shape. This developing
region corresponds to the entrance length, which depends on the pipe diameter and Reynolds
number.
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Fig. 4. Velocity contour (a) 15 mm (b) 20 mm (c) 25 mm circular pipe
The velocity profile remains unchanged, confirming that the flow becomes fully developed before

reaching the outlet. Among the three pipe diameters analysed, the 15 mm pipe displays the highest
velocity gradient near the wall and the largest maximum velocity at the centreline due to greater
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viscous influence, while the 20 mm and 25 mm pipes exhibit more uniform distributions with smaller
gradients. The smooth and symmetric contours confirm that the flow remains stable and laminar
throughout the domain, demonstrating that the CFD simulation effectively reproduces the
theoretical velocity behaviour predicted by the Hagen—Poiseuille law.

3.3 Pressure Contour of Three Different Pipe Diameter

The results obtained from the CFD simulation as shown in Figure 5 demonstrate the expected
pressure behaviour for laminar flow in circular pipes of varying diameters. For all three pipe sizes, the
pressure decreases steadily along the length of the pipe, confirming fully developed behaviour. The
15 mm pipe shows the highest pressure drop due to greater frictional resistance caused by its smaller
hydraulic diameter. The 20 mm and 25 mm pipes experience progressively lower pressure gradients,
which is consistent with the theoretical inverse fourth-power relation between diameter and
pressure drop.
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I 6.208e-01
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Fig. 5. Pressure contour of (a) 0.15 mm (b) 0.20 mm (c) 0.25 mm circular pipe

The pressure contours from ANSYS Fluent also show uniform flow distribution with no signs of
turbulence or flow instability. This confirms that the chosen inlet velocity of 0.03 m/s results in a
Reynolds number within the laminar regime for all diameters. The simulation results support the
theoretical understanding that pressure losses in laminar pipe flow are dominated by viscous effects
and follow a linear trend along the pipe wall. Overall, the CFD outputs clearly demonstrate how pipe
diameter affects energy losses in laminar flows and validate the use of ANSYS Fluent for modelling
Hagen—Poiseuille behaviour.

3.4 Verification of Hagen Poissule Law

After confirming mesh independence, the CFD results were verified by comparing the simulated
pressure drop with the theoretical values obtained from the Hagen—Poiseuille equation which is
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equation 5. This comparison ensures that the simulation accurately captures the physics of laminar
flow in a circular pipe. The comparison of the results is shown in Table 2. The small percentage error
observed can be attributed to minor discretization and numerical rounding effects, which are
acceptable within the accuracy range of CFD simulations. The percentage error between simulation
and theory can be calculated using:

|APcrp—AP¢heoreticall X 100% (6)
APtpeoretical
Table 2
Comparison between theoretical and simulated pressure drops for different pipe diameters
Model Diameter, m Theoretical AP (Pa) Simulated AP (Pa) Percentage error (%)
A 0.015 5.14 6.14 19.46
B 0.020 2.89 3.84 32.87
C 0.025 1.85 3.38 82.70

The comparison shows that the pressure drop decreases as the pipe diameter increases, which is
consistent with the theoretical relationship where AP is inversely proportional to the square of the
diameter. For the smallest diameter (15 mm), the simulated pressure drop is close to the theoretical
value, with an error of 19.46%. This relatively small deviation indicates that the flow is nearly fully
developed, and the simulation closely follows the laminar flow assumptions used in the Hagen—
Poiseuille derivation. However, as the diameter increases to 20 mm and 25 mm, the percentage error
rises to 32.87% and 82.70% respectively. The larger discrepancy is mainly due to the increased
entrance length required for fully developed laminar flow at larger diameters. Because the pipe
length remains constant, a greater portion of the flow is still developing, causing the simulated
pressure drop to be higher than the theoretical prediction. Additionally, numerical factors such as
mesh resolution and discretization effects contribute to the difference. Overall, although some
deviations exist, the simulation results successfully capture the expected trend and demonstrate
consistent laminar flow behaviour in line with the Hagen—Poiseuille law.

4. Conclusions

In conclusion The CFD analysis successfully achieved the objective of verifying the Hagen—
Poiseuille law for laminar flow in circular pipes of 15 mm, 20 mm, and 25 mm diameters. The
simulated pressure drops of 6.14 Pa, 3.84 Pa, and 3.38 Pa showed the same decreasing trend as the
theoretical predictions of 5.14 Pa, 2.89 Pa, and 1.85 Pa, confirming that pressure loss is inversely
related to pipe diameter. Although the percentage errors increased from 19.46% to 32.87% and
82.70% for larger diameters due to longer developing-flow regions, the simulation still captured the
expected laminar behaviour, including the fully developed parabolic velocity profile and linear
pressure gradient. Overall, the results quantitatively validate that the CFD model can accurately
represent laminar pipe flow and meet the study’s objective of confirming the Hagen—Poiseuille
relationship.
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