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ABSTRACT

In modern times, there has been a significant increase in the use of software to simulate
fluid dynamics. There exist a variety of closed-source software packages that are utilized
for both modeling and simulating fluid behavior. These proprietary programs have
become increasingly common and are widely utilized in numerous industries that require
advanced simulations. This work focuses on the use of a commercial software package
designed for computational fluid dynamics (CFD) problems to model laminar flow
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through a pipe, with the objective of gaining a deeper understanding of the dynamic
structures and interactions that occur within the laminar flow. In this paper, an accurate
computation of two-dimensional flow is performed using the Time Volume Element
Methodology. A grid sensitivity analysis with Richardson extrapolation is conducted to
determine the grid-independent solutions, ensuring that the results obtained are reliable
and accurate. The findings of this study suggest that the relationship between various
parameters, such as velocity and pressure, is heavily influenced by the position and shape
of the pipe through which the flow occurs. The investigation utilized a grid sensitivity
analysis with Richardson extrapolation to determine the percentage error between the
analytical and grid-independent solutions for different parameters, revealing that the
errors are on the order of 10-1 %.

Keywords: ansys fluent, CFD, validation.

RESUMO

Nos tempos modernos, houve um aumento significativo no uso de software para simular
a dindmica de fluidos. Existe uma variedade de pacotes de software de codigo fechado
que sdo utilizados para modelar e simular o comportamento de fluidos. Esses programas
proprietarios tornaram-se cada vez mais comuns € sdo amplamente utilizados em vérios
setores que exigem simulacdes avangadas. Este trabalho foca no uso de um pacote de
software comercial projetado para problemas de dindmica de fluidos computacional
(CFD) para modelar o escoamento laminar através de uma tubulagc@o, com o objetivo de
obter uma compreensao mais profunda das estruturas dindmicas e interacdes que ocorrem
dentro do escoamento laminar. Neste artigo, um célculo preciso do fluxo bidimensional
€ realizado usando a Metodologia de Elementos de Volume de Tempo. Uma andlise de
sensibilidade da rede com extrapolacdo de Richardson é conduzida para determinar as
solucdes independentes da rede, garantindo que os resultados obtidos sejam confidveis e
precisos. As descobertas deste estudo sugerem que a relacdo entre varios parametros,
como velocidade e pressdo, é fortemente influenciada pela posi¢do e formato do tubo
através do qual ocorre o fluxo. A investigacdo utilizou uma andlise de sensibilidade da
grade com extrapolacdo de Richardson para determinar o erro percentual entre as solu¢des
analiticas e independentes da grade para diferentes parametros, revelando que os erros
sdo da ordem de 10-1%.

Palavras-chave: ansys fluente, CFD, validacdo.

1 INTRODUCTION

Researchers have extensively investigated laminar flow in channels and sub-
channels of nuclear research reactors, conducting both theoretical and experimental
studies. The main focus of these endeavors is to establish fresh correlations that enable
the calculation of the convective heat transfer coefficient within the developing regime

or laminar flow regime, specifically for Reynolds numbers ranging from 400 to 1700 [1,

2].
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While most heat exchangers operate in the turbulent flow regime to achieve high
heat transfer coefficients, there are still many heat exchangers that operate in the laminar-
turbulent transition regime. By analyzing the fluid dynamics in this transitional regime,
researchers can develop new methods to improve the performance of heat exchangers and
design more efficient heat transfer system [3].

The analysis of channels flow is very important from the engineering point of
view. A lot of engineering problem dealt with it. The analysis of channel flow is of utmost
importance due to its rigorous engineering applications and implications. In this regard,
it is crucial to consider the viscous effects exhibited by real fluids in laminar flow
conditions.

This study focuses on the numerical analysis of laminar flow in the inlet of a pipe
for all incompressible fluids. By utilizing a numerical technique that provides a closer
approximation to the basic equations of fluid motion than previous investigations, the
results show significant differences in both velocity profiles and development lengths
compared to previous work.

The aim of this study is to use computational methods to investigate the nature of
fully developed laminar flow in a pipe and determine various parameters. Grid
refinements were utilized to calculate the parameters, and a grid sensitivity analysis was
performed with Richardson extrapolation to compare the results. The accuracy of the
simulations was verified by comparing the grid independent solution to analytical values.
To conduct the study, the ANSYS-FLUENT code was used, a commercial software

package designed for computational fluid dynamics (CFD) problems.

2 THEORETICAL LAMINAR FLOW THROUGH A PIPE

In the literature, the physical principles utilized for the development of
mathematical modeling of fluid motion are commonly presented as: conservation of mass,
second Newton's law, and conservation of energy [4, 5]. Based on these principles and
the continuum hypothesis, the balance of mass, linear momentum and energy are obtained
from the so-called equations of continuity (1), conservation of momentum in an inertial
(non-accelerating) reference frame (2) and energy (3) respectively in differential form

using the Eulerian framework:
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dp . (D
—+V-(pv)=0
r (V)
5PV V- (pW) =-V-p—V-T +pg
a 1 2 23 1 2 3 = = = = A (3)
a(zpv +pU)+V-[(§pv +pU)v]+V-q+V-(Pv)+V-(T-v)—p(v-g)—G =0
Additional equations may be required when additional models are used, for
example for the analysis of structural behavior or in the presence of chemical reactions.
The governing equations and the boundary conditions are formulated based on following
assumptions:
a) Non-Newtonian fluid, single phase and incompressible flow, the fluid
properties, such as dynamic viscosity and density are constant.
b) Isothermal flow, local changes in temperature are small or nonexistent; this
eliminates the need for a differential energy equation.
C) An internal flow through a (circular) pipe infinitely long in the z-direction,
nothing special about any z-location since the pipe is infinite in length—the flow
is fully developed.
d) Axisymmetric about the center line, which makes the problem two
dimensional (1,z) instead of three dimensional (,0,z).
e) The effects of gravity is ignored and steady state flow.
With assumptions a) and b) the governing the equations of fluid dynamics of the
continuity, momentum and energy are simplified:
pvV-v=20 4)
dp
—+ V- (pV) =0
5% (V)
d &)

P, @) +p¥ V@) =-V-p+uv*@) + pg

Both the continuity equation (4) and the Navier-Stokes equation (5) involve the
velocity term, which leads to their coupling in the context of fluid dynamics. In addition,

pressure appears in all three components of the Navier—Stokes equation, and thus the
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velocity and pressure fields are also coupled. These equations in cylindrical coordinates

with assumptions c), d) and e) are simplified:

%;_r (rv.) + aa_z (v,) =0 (0)
Radial direction v, d(10 0%v,
p [”r TV 52 ] g\ rar ) |+ 5
(7)
Axial direction avZ oV, oP 10/ 0v,\ 0%y,
p[vr ZB_]:__ Ir@r( ?) azzl

In steady, incompressible, laminar flow of a Newtonian fluid in an infinitely long
cylindrical pipe of diameter D or radius R = D/2, ignoring the effects of gravity, the

boundary condition in pipe is shown in Figure 1:

Figure 1: Scheme of the fluid flow in a pipe and boundary conditions
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Source: Adapted from CENGEL, Y.; CIMBALA, J. 2013.

In fully developed laminar flow, fluid particles move at a constant axial velocity
along streamlines, while the velocity profile v.(r) remains constant in the direction of
flow. There is no motion in the radial direction, resulting in a velocity component of zero
in the direction perpendicular to the flow at all points. The velocity profile v(r) is obtained
by applying the boundary conditions of symmetry about the centerline and the no-slip

condition at the pipe surface. In fully developed laminar flow in a pipe, the velocity profile
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is parabolic, with the maximum velocity occurring at the centerline and the minimum
velocity (which is zero) occurring at the pipe wall. In addition, the axial velocity v(r) is
positive for any r, and thus the axial pressure gradient dP/dz must be negative (i.e.,

pressure must decrease in the flow direction because of viscous effects):

2 R* (dP
Ur (1) = 2Vape * (1 - %) s Vave = — g2 (E) ®)
LpVaye® 64

Ve 64 10
Tw=fp,Td§ f=R_e (10)

The pressure drop is a significant parameter in the analysis of pipe flow as it
directly correlates the power demands of the fan or pump needed to sustain the flow. The
relation between pressure drop and wall shear stress due to viscous effects for laminar

flow in circular pipes is given by equations (9) and (10) respectively.

3 METODOLOGY

The geometry of channel was based in The Gas-Turbine-Modular Helium Reactor
(GT-MHR) [6]. The geometry for this 2D analysis consists of half the channel of radius
R, which considers a channel wall of length L. The channel is created from four edges
forming a rectangle seen in 2D shown in Figure 1. The thermal physical properties of
Helium at pressure conditions of 1025 psi (reactor operating pressure) and temperatures
of 491 °C (reactor inlet temperature) were extracted from NIST libraries [7], in addition
to the parameters to define the laminar study in the fully developed region, such as the
hydrodynamic length Le, the Reynolds number and average velocity, as shown in Table

1.

Table 1: Channel geometry, operative and thermal physical parameters.

Parameter I Value I Reference
Thermal physical properties of Helium
Pressure, P (psi/MPa) 1025/7.07 GT-MHR
Temperature, T (°C) 491 GT-MHR
Viscosity, u (Pa s) 3.83:107 NIST
Density, p (kg/m?) 4.4037 NIST
Specific heat, C, (J/kg K) 5188.7 NIST
Thermal conductivity, k (W/m K) 0.30241 NIST
Channel geometry
Channel diameter, D (m) 0,015876 GT-MHR
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Hydrodynamic length Le (m) 90D -
Reynolds number, Re 1500 L,=06-Re-D
Channel length, L (m) 2 L. -

P D Vmed
Average speed, Vmed (m/s) 0.8211 R, = P

Source: Adapted from GA - General Atomic. 1996.

The results obtained in a CFD simulation can be influenced by several parameters,
such as the correct description of the physics of the problem, spatial and temporal
discretization of the problem (generation of the mesh) and the iterative process until the
difference between the solution of the current iteration and that of the previous iteration
is less than a certain value. It is necessary that the discretization of the domain be enough
to solve the most important physical aspect of the studied flow.

Of all the techniques that currently exist for mesh generation, detailed in [8], the
simplest is the creation of a structured mesh, which will be used for laminar analysis.
Meshes of this type always have the same number of neighbors and are easier to generate
associated with the high intuitiveness of the numerical algorithms used to solve the
problems [8].

To properly solve the boundary layer in the region close to the wall, the criteria
recommended by the Users' Manual were used [9], where the spacing of the r direction is
uniformly distributed and has a recommended value of R/38. In the z direction the spacing
was also distributed uniformly and adopted different values for the spacings for mesh
refinement purposes. Three meshes with different spacing in the z and r direction were

modeled; their parameters are presented in Table. 2.

Table 2: Meshes used in modeling.

Mesh | Number of Elements | Mesh type
Mesh 1 19 x 142 Coarse
Mesh 2 38 x 284 Medium
Mesh 3 76 x 568 Fine

Source: own elaboration

The CFD code used for the present study is Fluent version 2019 R3, employing
the 2D portion of the code in double precision. The numerical method used in Fluent is
the finite volume method. The discretization of the terms is given in the Users' Manual
[9]. In this CFD study, the viscous terms were discretized using a 2nd order centered
difference scheme, while the pressure term was evaluated using a centered scheme. The
convective terms were discretized using the user-specified 2nd order QUICK scheme.

The segregated solver was used to solve the discretized equations, with default under-
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relaxation factors employed. To achieve pressure-velocity coupling, the SIMPLE
algorithm was utilized.

The issue of iterative convergence was investigated by comparing Fluent results
for fully developed flow in a pipe with the exact analytical solution. This flow is also
called Poiseuille flow. Iterative convergence addresses the issue of how low the tolerance
levels for equation residuals need to be in order to ensure that the solution is converged.
The default value for convergence in Fluent is 1.0x107. The solution for a simple flow in
a pipe with a length of 90 pipe diameters was compared to the exact solution for

convergence tolerances of 1.0x107 to 1.0x107.

4 RESULTS AND DISCUSSION

In the Figure 2 three meshes are shown and have acceptable qualities as
recommended in the Users' Manual, although the best quality control parameters are those
corresponding to mesh 3 (Fine), mesh 1 (Coarse) and mesh 2 (Medium) are also suitable

for the case study and will presumably consume less computational resources.

Figure 2: Meshes designed for laminar analysis where a) 19x142 (coarse) b) 38x284 (medium) and c)
76x568 (fine).

b)

Source: own elaboration

The axial velocity profiles in the fully developed laminar region using the meshes
projected in the model and for code default tolerances are shown in Figure 3. The modeled
velocity profiles have the same behavior as the analytical solution, in the central region
of the channel, the maximum velocity on the axis has a theoretical value of 1.6423 m/s,
the relative errors were 0.4% for the coarse mesh and 0.2% for fine and medium meshes,
as can be seen in the amplified region. The fine and medium meshes present similar

results in the central region and in the near wall region.
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Figure 3: Axial velocity profiles for meshes 1 (coarse), 2 (medium) and 3 (fine).
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In order to perform grid sensitivity analysis, the discretization error will be
evaluated using a technique commonly used in the CFD community known as the Grid
Convergence Index (GCI), which was developed by Roache [10, 11]. Traditional error
convergence analysis relied on the exact (analytical) solution to determine the error and
the rate of convergence through graphical representation. However, for most practical
problems, the exact solution is unknown.

For the special case, the three meshes are generated with a constant grid
refinement ratio. The initial grid used for the simulations had a total of 38x284 cells. It
was decided to proceed with coarse grid and one finer mesh. The details of the different
meshes are presented in Table 3. The notation ¢h is adopted to describe the solution for
the finest mesh.

In reference to the finest mesh, all subsequent meshes are denoted accordingly.
The subsequent grid size has cell dimensions that are doubled in both directions, leading

to the notation @an.

Table 3: Mesh analysis.

Parameter | on (fine) | ©2n (medium) | (@4n (coarse)
Number of cells in the r Direction 76 38 19
Number of cells in the Z Direction 568 284 142
Smallest cell height (m) 2.089x10* 4.178x10* 8.356x10*
Total number of cells 43168 10792 2698

Source: own elaboration

It can be shown [10] that the discretization error of a grid is approximately (with

a constant grid refinement ratio):
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od ¢n — $an (11

~nN ———

hTo2a 1

where a is the order of the scheme and is given by

Pon — P (12)
q= log ( ¢2hh_ ¢24:)
log(2)

The notation "2" in both equations signifies the increase in mesh dimensions.
Based on Equations (11-12), it is evident that a minimum of three meshes is necessary to
evaluate the discretization error. To avoid calculation errors arising from the logarithm of
a negative number, it is essential for the three solutions to exhibit monotonic convergence
[11, 12]. According to the theory of Richardson Extrapolation, the solution obtained from
the finest mesh can be combined with the discretization error derived from Equation (11)
to achieve an approximate grid-independent solution. This can be expressed in equation

form as follows:

® = ¢ + &8 (13)

The results from the grid sensitivity analysis are shown in Table 4 and plotted in

Figure 3. Only maximum axial velocities calculated are part of this comparison.

Table 4: Discretization error and Richardson Extrapolation Results.

Parameter | Value
Order of the scheme, “a” 1.89
Discretization Error, e2(m/s) 0.00186
Finest mesh solution, @n (m/s) 1.63858
Richardson Solution, ®(m/s) 1.64044
Analytical solution, Vaxja (m/s) 1.64227

Source: own elaboration

In the case of the iterative convergence study, the medium mesh was used to
compare the exact solution with the results in the fully developed region of axial velocity
for convergence tolerances from 1.0x107 to 1.0x107, the results obtained can be seen in
Figure 4, convergence tolerance between 1.0x107 to 1.0x10”7 with maximum relative

errors of 0.2% for 1.0x107 and 1.0x10° and 0.7% for 1.0x10. The convergence value
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that presents a lower computational cost and acceptable results was 1.0x10° this value

will be a reference for the other analysis.

Figure 4: Axial velocity profiles for different convergence tolerances.
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Source: own elaboration

The most suitable mesh and the reference convergence tolerance were the medium
mesh and the convergence value of 1.0x10°. The analysis to characterize the laminar
flow in the channel will be modeled, such as velocity distributions, shear stress and
pressure drop.

At the entrance of the channel the velocity is uniform, viscous effects become
important and a boundary layer develops with increasing channel length. At a certain
point in the L. flow, the boundary layer from the walls grows to such an extent that they
all merge on the centerline of the channel (fully developed laminar region). From that
point onwards, the viscous effects extend along the entire cross-section of the tube and

the velocity profile no longer changes with position as seen in Figure 5.
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Figure 5: Development of the velocity profiles in a laminar flow.
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In Figure 5 and 6, as the laminar flow develops in the channel under frictional
forces, the velocity distribution approaches a parabolic-like behavior. In Figure 5, L1
corresponds at the channel entrance where the velocity is uniform; L2, L3 and L4 are
located in the intermediate regions where the velocity profiles are flat in the central
region. L5 starts the fully developed laminar region (Le) and velocity starts to be
parabolic. L6 is located in the fully developed laminar region where in this region the

parabolic profile of the velocity no longer changes and finally L7 is the channel output.

Figure 6: Velocity profiles along the laminar flow in three regions of the channel (inlet, middle and
outlet).
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The wall shear stress in the channel is highest at the inlet of the pipe, where the

boundary layer thickness is smaller and the pressure drop is higher; in the inlet region of
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the tube the effect is always increasing in relation to the average friction factor. The wall
shear stress will gradually decrease until the value remains constant along the flow
direction in the fully developed region because the boundary layer from the walls grows
to such an extent that they all merge on the centerline of the channel and the viscous
effects extend along the entire cross section of the tube. The behavior of the shear stress
along the entire channel is shown in Figure 7. In the fully developed laminar region, the
theoretical wall shear stress (eq. 10) in relation to the simulated one has a relative error

of 0.4%.

Figure 7: Wall shear stress along the channel, where is constant in the fully developed region.
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Source: own elaboration

As the pressure drop depends on the friction factor (in turn, on the wall shear
stress) and on the physical and geometric parameters of the flow, and as the friction factor
is constant, the pressure drop caused by the friction of the laminar flow does not depend
on the roughness of channel. Therefore, the variation of pressure in relation to the
variation of the length of the channel (dP)(dz) remains constant along the channel, so that
the pressure decreases linearly in the fully developed region. In the laminar region before
it becomes fully developed, the pressure drop does not decrease linearly. The comparison
of the pressure drop along the simulated and analytically calculated (eq. 9) channel was
performed only in the fully developed region, the values show very good agreement as

seen in Figure 8 the maximum relative error was 0.2%.
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Figure 8: Pressure drop along the channel, where it decreases linearly in the fully developed region.
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5 CONCLUSION

To understand the dynamics of laminar flow, a validation exercise was conducted
to compare the obtained results with the theoretical basis of flow through a pipe. A proper
performance of the CFD code for the studied case was indicated by the good agreement
between the CFD results and analytical solution.

The validation of the different parameters of the modeling with the theoretical
equations is the point of concern of this laminar analysis in the channel, which will be
used for future work in a turbulent analysis of a GT-MHR reactor.

Finally, a grid sensitivity analysis was conducted on the mesh. The discretization
error for axial velocity was computed at a specific location in the pipe, and Richardson
extrapolation was employed to obtain the grid-independent solution. The resulting values
showed good agreement with analytical values from the literature. The percentage error
between the analytical and grid-independent solutions for axial velocities is on the order

of 101%.
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