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Abstract

This case study is motivated by the need of having a very simple case that can be sim-

ulated in a computational fluid dynamics software. The requirement of the flow case is to

have a known exact solution in order to compare with the simulation results. The objec-

tive is to simulate the flow using OpenFOAM and to compare the results of the simulation

with the exact solution. The simulation was done following the classical computational fluid

dynamics workflow: geometry generation, boundary condition imposition, meshing, solving

and post-processing. The simulation was performed for three different meshes. Finally, the

computational results were compared with the analytical solution. The simulation yielded the

velocity profile for fully developed flow, the pressure profile in the longitudinal direction, and

the pressure variation per unit length. The results are in agreement with the exact solution of

the flow. Therefore, OpenFOAM was able to simulate accurately the flow in terms of velocity

and pressure.

1 Introduction

While OpenFOAM has been widely used for fluid dynamics simulations [Huang et al., 2022, Zhang
et al., 2024], a rigorous comparison between its numerical results and established analytical solu-
tions for laminar flow in a square cross-section straight duct remains limited. This study addresses
this gap by performing a detailed validation of OpenFOAM’s capabilities, presenting a direct com-
parison with a known exact solution. To the best of the authors’ knowledge, such a comprehensive
validation for this specific flow scenario has not been previously presented.

This case study is motivated by the need of having a very simple case that can be simulated
in a Computational Fluid Dynamics (CFD) software with a known solution to compare with the
simulation results. Several tutorial cases exist for many CFD software packages [Mahmudah et al.,
2023], however, for the case of OpenFOAM software [Greenshields, 2023], the tutorials included in
its documentation have complex geometries and often a mix of complex models and physics. Those
tutorials can be difficult to understand for students from a first course in CFD. Additionally, the
tutorials rarely include a comparison with a known solution.

This study attempts to validate the working hypothesis: the application of OpenFOAM in
simulating laminar flow in a square cross-section duct will provide accurate results that align with
theoretical predictions for a fine enough mesh.

This work has two objectives. The first one is to simulate the laminar flow in a square cross-
section duct using OpenFOAM. The second one is to compare the results obtained from the
OpenFOAM simulation with the exact solution of the problem (verification and validation). The
comparison is done in terms of pressure, velocity and friction factor.

This article is organized as follows: first, a literature review on the topic is presented. Then,
the methodology is described. Next, the results obtained are shown. Afterwards, a discussion of
the results is performed. Finally, the conclusions are drawn.
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2 Literature Review

Flow in ducts and pipes is a common phenomenon in various industrial applications across me-
chanical, chemical, and civil engineering. This flow is often referred to as internal flow, Poiseuille
flow, or Hagen-Poiseuille flow. The Newtonian incompressible fluid model is frequently used to
simulate common fluids such as water [Bar-Meir, 2023].

Several factors influence the flow in pipes, including the fluid’s density, the fluid’s dynamic
viscosity, the shape and size of the pipe cross-section, the roughness of the pipe material, and the
pipe’s length [Bar-Meir, 2023, Çengel and Cimbala, 2018, Shah and London, 1978]. The analysis
of flow in pipes can be approached in several ways: analytical approach [Spiga and Morino, 1994,
Moharana and Khandekar, 2013, Wheeler and Wissler, 1965, El-Genk and Pourghasemi, 2019],
experimental approach [Xu et al., 2000, Li et al., 2019], and computational approach [Barmak
et al., 2024, El-Genk and Pourghasemi, 2019, Li et al., 2019, Syrjälä, 1995].

The analytical approach involves solving the flow equations exactly to obtain an analytical
solution. This method provides a deep understanding of the phenomenon and yields an exact
solution [El-Genk and Pourghasemi, 2019]. However, its application is limited to simple geome-
tries or straightforward cases where an exact solution can be found. For the case of square duct
hydrodynamics, Moharana and Khandekar [2013] developed a generalized formulation based on
collocation points to determine the pressure drop.

The experimental approach involves measuring values of interest by conducting laboratory
experiments [Orozco et al., 2022]. This method has the advantage of being as realistic as possible.
However, the challenges of this approach lie in the cost of each experiment and the measurement
instruments.

The computational approach involves solving the flow equations approximately using a com-
puter [González-Estrada et al., 2022]. The obtained solution becomes increasingly accurate as more
elements are used in the computational mesh. This method can be applied to various geometries
and to steady or transient states [Rodríguez-Díaz et al., 2023, Lain and Caballero, 2023]. The
challenges of this approach include having a sufficiently verified and validated simulation software
with the necessary physics implemented [Ashton and Skaperdas, 2019, Noriega et al., 2018].

CFD has been used extensively to model a wide variety of problems ranging from laminar
to turbulent flow, internal and external flow, incompressible and compressible flow; and, two-
and three-dimensional geometries. Additionally, several CFD software have been utilized such as
OpenFOAM, Star-CCM+, ANSYS FLUENT, among others. Furthermore, CFD simulations are
often compared to experimental results, analytical solutions or more advanced simulations (such as
Direct Numerical Simulations) in order to check their accuracy [Neeraj et al., 2023, Quingatuña-
Cali et al., 2022, Shingala et al., 2022, Lumentut and Friswell, 2022]. In this work, we compare
the CFD result to an analytical solution.

In this article, we will use the computational approach using OpenFOAM v11 [Greenshields,
2023]. OpenFOAM is an open-source CFD software that implements the finite volume method un-
der the GNU GPL license (GNU General Public License). It is essential for open science in the field
of computational simulation the use of open-source software [Reina-Rozo and Medina-Cardona,
2021]. Furthermore, within the realm of CFD, the monetary cost associated with commercial soft-
ware packages poses a significant challenge. However, this is where open-source software comes
into play [Liu et al., 2020].

An incompressible (constant density), single-phase, isothermal flow in steady state (also known
as a stationary state) can be described with the velocity vector v(x) = (u(x), v(x), w(x)) and the
pressure p(x), where x = (x, y, z) is any point in space. Velocity and pressure must satisfy the
Navier-Stokes equations.

The flow in ducts and pipes of arbitrary cross section can be characterized by the hydraulic
diameter Dh defined as

Dh =
4A

pc
, (1)

where A is the cross-section area and pc is the perimeter of the cross-section. For square cross-
section ducts of side a, the hydraulic diameter is

Dh = a. (2)
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The average velocity V of the fluid across an arbitrary shape cross-section of area A is defined as

V =
1

A

∫

A

v · ndA, (3)

where dA is the area differential, n is the normal unit vector to the cross-section and the integral
represents a surface integral.

The flow rate of a fluid can be quantified as discharge or volumetric flow rate Q defined as

Q = V A. (4)

Additionally, the flow regime is characterized by the Reynolds Number Re defined as

Re =
ρV Dh

µ
, (5)

where ρ is the density of the fluid and µ is the dynamic viscosity of the fluid. The Reynolds number
allows classifying the flow as laminar flow, transitional flow and turbulent flow. For pipe flow, the
flow is laminar when Re < 2300 [Çengel and Cimbala, 2018]. The fluid viscosity can be expressed
as kinematic viscosity ν defined as

ν =
µ

ρ
. (6)

The pressure as well can be expressed as kinematic pressure P defined as

P =
p

ρ
. (7)

Another important aspect of pipe flow is the concept of developing flow and fully developed flow
characteristics. A flow is said to be fully developed when its velocity profile remains constant in
the direction of flow. On the other hand, the flow is developing when the velocity profile changes
in the flow direction and can be quantified by the entrance length Le defined for laminar flow as

Le = 0.05ReDh. (8)

Pressure drop in a pipe [Bar-Meir, 2023] can be calculated as

∆p = f
L

Dh

ρ
V 2

2
, (9)

where L is the pipe length and f is the Darcy-Weisbach friction factor. Note that some definitions
use the Fanning friction factor (f/4) such as Syrjälä [1995]. In this work we use the Darcy-Weisbach
friction factor and we refer to it simply as friction factor from now on. The friction factor is found
in graphical form in the Moody diagram. For laminar flow analysis in square cross-section ducts
[Shah and London, 1978] it holds

Po = fRe = 56.91, (10)

where Po is the so called Poiseuille number [Moharana and Khandekar, 2013].
The geometry of the duct is presented in Fig. 1.
The velocity profile for fully developed laminar flow in square-cross section ducts [Spiga and

Morino, 1994] can be expressed as

w(ξ, η) = 16
C

π4

∞
∑

n
odd

∞
∑

m
odd

sin(nπξ) sin(mπη)

nm(n2 +m2)
, (11)

where ξ = x/a, η = y/a and C is a constant defined as

C =
a2

µ

dp

dz
. (12)

In addition, the average velocity [Spiga and Morino, 1994] can be expressed as

V = 64
C

π6

∞
∑

n
odd

∞
∑

m
odd

1

n2m2(n2 +m2)
. (13)

The ratio between maximum velocity and average velocity for square cross-section pipes [Shah and
London, 1978] is

wmax

V
= 2.0962. (14)
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Figure 1: Geometry of the duct

3 Methodology

This section describes the methodology used to define the geometry, impose boundary conditions,
generate the mesh, simulate the flow and visualize the results. For more details, the reader is
referred to the files of the simulation. We decided to do the simulation at Re = 640 in such a way
that it is not so low or so close to the 2300 limit. The intention is to always have numbers without
so many decimals, non-unitary and well defined at least in the input data. The idea of having
non-unitary values is that they effectively influence the results by changing their numerical value.
In the results, as will be seen later, most values have many decimal places since the analytical
solution has many decimal places.

The simulation presented in this article is defined by the following fixed quantities taken as
constants as seen in Tab. 1: side of cross section, pipe length, average velocity, density, dynamic
viscosity, volumetric flow , hydraulic diameter and Reynolds number. On the other hand, the
variables that are calculated from the simulation are: velocity field, pressure field, pressure drop
per unit length and maximum velocity.

Table 1: Input data and derived data
Data Value Derived Value

Data
a 0.1 m ν 5E-4 m2/s
L 10 m Dh 0.1 m
V 3.2 m/s Re 640
ρ 2 kg/m3 Q 0.032 m3/s
µ 0.001 Pa s

3.1 Geometry

Fig. 1 shows the geometry of the case and its location with respect to the coordinate axes. The
geometry consists of a duct of square cross section of side a and length L in 3D. We name that
volume spatial domain. The spatial domain extends from point (x, y, z) = (0,0,0) up to the point
(a, a, L). The spatial domain can be expressed as well as (0, a)× (0, a)× (0, L). We took a = 0.1 m
to have a non unitary value of the side length. Then, we take L = 10 m to have a relation
L/Dh = 100 in order to be far from the length of developing flow which, according to Eq. (8) is
Le/Dh = 32.

Due to the geometric simplicity of the spatial domain, we use blockMesh to generate the
geometry, impose boundary conditions and generate the computational grid, all in one step [Bibin
and Jayakumar, 2020]. We needed only one block due to the simplicity of the geometry.

3.2 Boundary Conditions

Tab. 2 summarizes the boundary conditions and Fig. 2 shows the boundary conditions [Riaz et al.,
2022]. In the inlet we specified a fixed flow rate, so we do not impose a velocity profile and hence, the
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velocity profile appears as a result of the simulation. Additionally, we used the extrapolateProfile
OpenFOAM option to attain fully developed flow rapidly. This modifier does not affect the results
since we are only interested in the fully developed velocity profile. In the outlet we used a typical
condition for outlets in internal flow which consists of fixed pressure equal to zero (fixedValue) and
velocity is left free. Finally, in the four walls, we used the non-slip boundary condition since we
are dealing with viscous flow.

Table 2: Boundary Conditions
ID Velocity Pressure
inlet flowRateInletVelocity zeroGradient
outlet inletOutlet fixedValue
wall noSlip zeroGradient

The extrapolateProfile boundary condition extrapolates the velocity profile of the interior to
the boundary. It attempts to impose a fully developed flow boundary condition.
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Figure 2: Boundary Conditions

3.3 Mesh

The mesh is composed by hexahedral elements [Liu et al., 2024]. We used the same number of
elements in x and y direction (Nx = Ny) as the cross-section is square and we expect a symmetric
solution. Additionally, we used an even number of elements to have a node in the middle of the
cross-section to contribute to the symmetry of the flow. We used Nx = 10, 20 and 40, denoted
as Mesh10, Mesh20 and Mesh40 to have three meshes with a progressive refinement with a factor
of 2 to be able to perform a mesh convergence study and mesh sensitivity analysis. Fig. 3 shows
an example mesh for Nx = 10. In addition, we used a uniform element distribution in x and y
direction because the intention is to have a simple spatial resolution and not finding the optimal
element distribution. As we seek a fully developed flow solution, it was desirable to use a small
quantity of elements in the z direction (small Nz) because the simulation is steady-state. However,
we do not use a small quantity of elements to avoid errors introduced by the inlet and outlet
boundary conditions. Hence, we use Nz = 100. The aspect ratio of elements ranges from 10 in
Mesh10 to 40 in Mesh40. Since the exact solution does not change in the z direction, the high
aspect ratio of the elements is not an issue. Fig. 4 shows an example of the mesh for Nx = 10 in
plane yz where 10 elements in y direction and 2 elements in z direction are shown. Fig. 5 shows a
partial view of the mesh in 3D for Nx = 10.

We used blockMesh to generate the mesh. For instance, the mesh obtained for Nx = 10 has
12221 nodes and 10000 hexahedral elements. Tab. 3 summarizes the main characteristics of the
meshes.

3.4 Computational Solution

To solve the flow problem, we used the incompressibleFluid solver [Greenshields, 2023] as the flow
is incompressible, viscous, laminar and steady state. Tab. 4 shows the numerical schemes used to
solve the problem. All the schemes are the usual ones used for the incompressibleFluid tutorials
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Figure 3: Example of mesh in plane xy for Nx = 10
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Figure 4: Example of mesh in plane zy for Nx = 10
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Figure 5: Partial view of the mesh in 3D for Nx = 10

Table 3: Meshes used for the simulation
Mesh Nx Elements Nodes
Mesh10 10 10000 12221
Mesh20 20 40000 44541
Mesh40 40 160000 169781

(i.e. movingCone) with the exception of div(phi,U) where we use the more robust and stable Gauss
upwind scheme.
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Table 4: Numerical Schemes
Scheme Type

ddtSchemes steadyState
gradSchemes Gauss linear
div(phi,U) Gauss upwind

laplacianSchemes Gauss linear corrected
interpolationSchemes linear

snGradSchemes corrected

3.5 Computational Resources

The computational resources used to perform the simulation can be summarized as a laptop com-
puter with operating system Ubuntu 22.04 64bits. The computer has an Intel Core i5-8250U
processor with 16GB of RAM DDR4 2400MHz dual-channel (8GB + 8GB) and a Solid State
Drive disk WD Blue 500GB connected through PCIe.

3.6 Additional Software Resources

The graphs were done using gnuplot [Williams and Kelley, 2022]. Additionally, we used Python
[Downey, 2015] with NumPy [NumPy Community, 2021] to manipulate the results generated by
OpenFOAM and to generate the analytical solution. Furthermore, we used TeX Live [Berry, 2023]
and Geany [Troger et al., 2023] to generate the manuscript.

4 Results

The flow was resolved in all the computational domain. This is, we obtained velocity and pressure
everywhere. In order to be able to compare the computational results with the analytical solution,
we selected three main results: variation of pressure in the axial direction (z-axis) and two velocity
profiles from two different cuts.

4.1 Pressure

Fig. 6 shows the kinematic pressure along the axial direction in the centerline of the pipe.
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Figure 6: Comparison of P vs z for various meshes and analytical solution [Bar-Meir, 2023, Shah
and London, 1978] for x = y = a/2

In order to better visualize the result, we plot the slope of the curve calculated point to point
as shown in Fig. 7. The slope was calculated using a first-order finite difference scheme according
to the following equation:

(

dP

dz

)

=
Pi − Pi−1

zi − zi−1

, i = 1, 2, ..., Nz (15)
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Figure 7: Comparison of dP/dz vs z for various meshes and analytical solution [Bar-Meir, 2023,
Shah and London, 1978] for x = y = a/2

Tab. 5 shows a comparison of the values obtained for dP/dz for different meshes.

Table 5: Comparison of dP/dz, f and Po = fRe at z = 4/5L
Mesh dP/dz f fRe Error (%)

fRe
Mesh10 4.3897 0.0857 54.85 3.62
Mesh20 4.5113 0.0881 56.38 0.93
Mesh40 4.5432 0.0887 56.77 0.25

Analyticala 4.5536 0.0889 56.91 0
a [Shah and London, 1978]

4.2 Velocity profiles

We decided to obtain the velocity profiles at z = 4/5L because according to Fig. 7 it can be seen
that the flow is fully developed in that coordinate. Additionally, at that coordinate we keep a
distance with respect to the outlet surface. Fig. 8 shows the velocity profile for y = a/2 and
z = 4/5L and Tab. 6 shows a comparison between velocities and velocity ratios.
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Figure 8: Comparison of velocity profiles for various meshes and analytical solution [Spiga and
Morino, 1994] at y = a/2 and z = 4/5L

Fig. 9 shows another velocity profile from another cut (a diagonal cut), this time for x = y at
z = 4/5L.
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Table 6: Comparison of wmax and wmax/V at z = 4/5L
Mesh wmax wmax/V Error (%)

wmax/V
Mesh10 6.4099 2.0031 4.44
Mesh20 6.6296 2.0718 1.16
Mesh40 6.6874 2.0898 0.31

Analyticala 6.7078 2.0962 0
a Shah and London [1978]
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Figure 9: Comparison of velocity profiles for various meshes and analytical solution [Spiga and

Morino, 1994] for x = y at z = 4/5L. d =
√

x2 + y2

4.3 Calculation time and memory

Tab. 7 shows the calculation time required for each mesh and the amount of RAM memory con-
sumed.

Table 7: Calculation time and memory
Mesh Time (s) Memory (MB)
Mesh10 10 114
Mesh20 47 172
Mesh40 1073 415

4.4 Dimensionless distance to the wall

Tab. 8 shows the dimensionless distance to the wall (y+) of the first cell adjacent to the wall.
(y+) is shown in order to provide a measure of mesh size near the wall, that is, to know how the
mesh is resolving the flow near the wall. In OpenFOAM notation it is yPlus. We show the global
minimum (min), global average (avg) and global maximum (max). Additionally, we show the local
minimum, local average and local maximum at the fully developed flow zone (z = 4/5L).

Table 8: Values of yPlus for different meshes
Mesh Global Local

min avg max min avg max
Mesh10 2.1 3.3 3.9 2.1 3.2 3.8
Mesh20 0.8 1.7 2.0 0.8 1.6 1.9
Mesh40 0.3 0.8 1.0 0.4 0.8 1.0
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4.5 Mesh sensitivity analysis

Taking into account the ITTC (International Towing Tank Conference) guidelines for uncertainty
analysis in CFD verification and validation [ITTC, 2021], for our case the refinement ratio ri is
2. The solutions for the fine, medium and coarse mesh are S1, S2 and S3 respectively. We take
as reference the value of the Poiseuille number from Tab. 5. Therefore, the change between the
medium and fine mesh is ε21 = S2 − S1 = −0.39. The change between the coarse and the medium
mesh is ε32 = S3 −S2 = −1.53. The convergence ratio is Ri = ε21/ε32 = 0.2549. This convergence
ratio represents monotonic convergence, hence, generalized Richardson extrapolation can be used
to estimate the error. The order of accuracy is pi = ln(ε32/ε21)/ ln(ri) = 1.97. The estimated error
is δ = ε21/(r

pi

i ) = −0.13. Thus, the estimated solution is SC = S3 − δ = 56.90 which is very close
to the exact solution value of 56.91.

5 Discussion

As seen in Fig. 6, the simulation results in terms of kinematic pressure as a function of z is very
good. It behaves linearly and captures very well the slope and the total pressure drop [Bar-Meir,
2023, Shah and London, 1978]. As the simulation error of the pressure is of accumulative nature,
we decided to plot the slope as a function of z as shown in Fig. 7.

In Fig. 7, it is evident the error in the simulation results introduced by the inlet boundary
condition. This error, although significant near the inlet, does not interfere downstream and
lets us see how Mesh40 and the numerical schemes chosen are able to reproduce very well the
fully developed flow analytical solution [Bar-Meir, 2023, Shah and London, 1978, Moharana and
Khandekar, 2013].

Tab. 5 shows a detailed comparison of the pressure gradient, friction factor and Poiseuille
number for the three meshes. There, it can be seen that Mesh40 produces the most accurate
result with an error of just 0.25% with respect to the analytical solution obtained from Shah and
London [1978]. This result is in agreement with Moharana and Khandekar [2013] as well for a
big enough number of collocation points. Additionally, El-Genk and Pourghasemi [2019] focus
on microchannels and microtubes, however, at least graphically, the Poiseuille number is between
55 and 60 for square section without slip which is in agreement with the results obtained in this
work. Moreover, Syrjälä [1995] with another definition of the friction factor determine a value
of 14.227077 for the Poiseuille number which converted to the definition used in this article is
56.908308 which is in agreement with our results. In addition, Barmak et al. [2024] with even
another definition of the friction factor determine a value of 28.43 for the Poiseuille number which
converted to the definition used in this article is 56.86 which is in agreement with our results. On
the other hand, this result cannot be compared to Xu et al. [2000] because all their cross-sections
are rectangular and none is the special case square. Furthermore, this result cannot be compared
to Li et al. [2019] because they focus on the entrance length which is not the focus of this study.

The results and comparison of the velocity profiles are shown in Fig. 8 and Fig. 9. There,
it can be seen that the velocity profiles of the simulation are in agreement with the analytical
solution from Spiga and Morino [1994]. Obviously, Mesh40 offers the best spatial resolution and
it reproduces more accurately the exact solution.

Notice that the velocity profile shown in Fig. 8 looks like the typical parabolic velocity profile
found in circular cross-section pipes. But, the velocity profile in the diagonal cut shown in Fig. 9 is
very different from a parabolic profile. That difference, at engineering level, reflects the difference
in wmax/V and fRe for a circular cross-section pipe with respect to a square cross-section.

Tab. 6 shows the ratio wmax/V . The ratio found for Mesh40 is 2.0898, which is very close
to the analytical value of 2.0962 from Spiga and Morino [1994]. Additionally, the velocity ratio
found in this work is in agreement with the value 2.1 found by Barmak et al. [2024]. On the other
hand, Syrjälä [1995], Moharana and Khandekar [2013] and El-Genk and Pourghasemi [2019] did
not report the velocity ratio for this case, therefore it cannot be compared.

As shown in Tab. 7, the time required to run the simulation is less than 1 minute for the
two initial meshes (Mesh10 and Mesh20) but it required nearly 18 minutes for the finest mesh
(Mesh40). In other words, the time required for Mesh40 is more than 22 times the time required
for Mesh20. This is a huge jump in simulation time considering that the number of elements just
increases by a factor of 4. On the other hand, the memory consumed is not high for any of the
meshes considered and it is below 415MB. Finally, the memory required for Mesh40 is less than 3
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times the memory required for Mesh20. This is below the expected 4 times increase in memory.
This can be interpreted as OpenFOAM using optimal data structures internally.

Tab. 8 shows the values obtained for y+ for all meshes. The global maximum value allows being
sure that y+ is below a certain target value i.e. y+ ≤ 1.0 [Pirozzoli and Orlandi, 2021]. This is an
indicator that the whole simulation has an appropriate mesh size near walls. In addition, the local
maximum value is an indicator that the mesh has a suitable size near walls in the zone of interest.
For Mesh10, the local maximum y+ is 3.8 and the error in terms of maximum velocity is 4.44%,
whereas for Mesh40, the local maximum y+ is 1.0 and the error reduces to 0.31%.

Finally, the mesh sensitivity analysis indicates monotonic convergence in terms of the Poiseuille
number with respect to the mesh size. The order of accuracy attained is nearly 2. The estimated
converged solution was 50.90 which is very close to the exact solution of 50.91.

As future work, the turbulent flow could be analyzed. Turbulent flow in square ducts is expected
to behave in a similar way than in circular ducts with the respective changes in pressure drop and
velocity profile as was seen in this work in the laminar case.

6 Conclusions

The application of OpenFOAM for simulating laminar flow in a square cross-section duct provides
accurate results that align with theoretical predictions for a fine enough mesh. An excellent
agreement was obtained between the computational solution and the analytical solution. It was
confirmed that the Poiseuille number (fRe) obtained computationally is equal to the analytical
value of 56.91 within 0.25% margin. Furthermore, the ratio of maximum velocity to average velocity
wmax/V is is equal to the analytical value of 2.0962 within a margin of 0.31%. Additionally, the
velocity profile obtained computationally is in good agreement with the analytical velocity profile
for both planes analyzed. It was shown that the velocity profile in a diagonal cut is not parabolic.
Furthermore, it was determined that to accurately simulate this phenomena it is necessary to
discretize the square section with around 40 elements per side, that is, 1600 quadrilateral elements
in the entire cross section, although, even with 10 elements per side (100 quad elements in the cross-
section) a fair accuracy is obtained. The case presented in this article serves for verification and
validation in computational fluid dynamics and as a benchmark case for testing other computational
fluid dynamics solvers or schemes. Finally, the results obtained with the mesh sensitivity analysis
performed serve as a guide for mesh size definition in laminar incompressible internal flow.

For this case setup, the simulation time increases dramatically with the number of elements.
Future work should focus on another setup in order to scale better when increasing the number of
elements. Additionally, the inlet boundary condition should be improved in order to produce an
inlet velocity profile more similar to the fully developed velocity profile.
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