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Abstract: The objective of this paper is to investigate the fluid flow and conjugate heat transfer in a 2D
channel using lattice Boltzmann method (LBM). In this work, fluid flow and heat transfer are studied for
the Reynolds numbers varying between 250 and 1000. The working fluid in the simulations is air with the
Prandtl number of 0.72. At the Reynolds number of 600, the effect of different conductivity ratio (1, 10,
100, 400) between solid and fluid are investigated. Furthermore, at this Reynolds number, the distance
between obstacles for the conductivity ratio of 10 is evaluated. The results show that any increase in
Reynolds number leads to a heat transfer improvement. Moreover, increase in the conductivity ratio leads
to an isothermal surface and enhanced heat transfer. The more the distance between the obstacles, the better
the heat transfer rate. The results obtained from LBM are in good agreement with experimental and

conventional computational fluid dynamics methods.
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1. INTRODUCTION

In recent years, the computer technology and e-commerce
have significantly progressed. Over time, electronic
components have become more compact and occupy smaller
space. As the components are more compact, the processing
speed has increased considerably. Due to the smaller space
occupied by the components, temperature resistance is
increased against heat transfer and the performance has
dropped with increasing temperatures in electronic equipment.

In electronic cooling, forced convection is often the dominant
heat transfer mode, with the cooling agent being either a
common gas or a heat-transferring liquid. Various techniques
have been proposed to enhance the heat transfer rate between
the solid electronic devices and the adjacent cooling fluid, and
their thermal performance has been evaluated. Among these
techniques, the use of solid fins Chen et al. (1997) and blocks
Sara et al. (2001) have proven to be efficient. Additionally,
Ramesh et al. (2021) has done an extensive review of various
numerical and experimental studies that have investigated
methods for enhancing heat transfer in cooling devices.

Chikh et al. (1998) conducted a numerical investigation on
forced convection heat transfer within a partially heated
channel, focusing on the impact of porous obstacles installed
on the heated section to enhance the heat transfer rate. Their
results demonstrated that using porous obstacles under certain
flow and thermal conditions lead to a 90% drop in wall
temperature.

There have been many studies on the heat transfer of the
extended surfaces in channels. Bhowmik et al. (2009)
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examined pressure loss and heat transfer in a channel with two
bending blades, and provided connections for a laminar,
transient and turbulent flow in a marginal geometry.
Improvement of heat transfer for equally spaced plates was
done experimentally by Leung et al. (1999). They examined
the parameters including the diameter of the slopes, the
geometry and height of the cavities, and the Reynolds number.
They concluded that for the ducts, heat transfer decreases with
increasing the diameter of the duct due to the decrease of the
surface. The effect of cubic layout on turbulent flow was
experimentally investigated by Meinders et al. (2002). They
concluded that, with increasing flow velocity, fluid flow would
be affected by the distance between extended surfaces. Nazari
et al. (2013) investigated a heat transfer problem in a closed
compartment with a vertical or horizontal porous layer using
LBM.

Numerical simulations that use conventional computational
fluid dynamic (CFD) techniques, such as finite volume and
finite difference methods, are difficult to apply in complex
boundary conditions, for instance in heat transfer problems at
the interface between the fluid and solid instead of a constant
temperature or heat flux condition. Using such a conjugate
boundary condition in CFD methods will increase the
computational cost. Therefore, it is required to use a less
expensive method. One of the most useful methods for this
kind of problems is the Lattice Boltzmann Method (LBM).

LBM is a reliable approach for studying numerous fluid and
heat transfer issues, including multi-component and
multiphase flows, microflows, turbulent flows, fluid-solid
interactions, and both forced and natural convection in
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complex geometries. Based on the kinetic theory of gases with
a mesoscopic approach, LBM is widely used due to its
effectiveness in handling physical problems with intricate
geometries and boundary conditions. Consequently, it is
frequently employed for solving fluid flow problems in porous
media. Ataei-Dadavi et al. (2019) studied fluid flow and heat
transfer in a porous cavity with side heating. Results showed
that heat transfer decreased with porous media compared to a
non-porous cavity. They developed a new method to predict
Nusselt numbers for such cavities. Nejadseifi et al. (2024) used
the lattice Boltzmann method to computationally study porous
media composed of monodisperse square obstacles within the
Darcy regime. Mirahsani et al. (2023) investigated heat
transfer enhancement in a partially heated channel with porous
obstacles. Using a lattice Boltzmann method, the flow and
temperature fields were analyzed. Optimal design parameters,
including the height, pitch, and permeability of the porous
blocks, were determined. Results showed that the optimal
block height and pitch depend on the Darcy number (Da). The
impact of obstacle geometry and porous material distribution
on thermal performance was also examined. Matsuda et al.
(2024) enhanced enthalpic lattice Boltzmann method (LBM)
to simulate conjugate heat transfer in non-homogeneous media
with time-dependent thermal properties. Their findings
highlighted the potential of the modified LBM for simulating
complex heat transfer in a non-homogeneous media and in
optimizing heat exchanger designs. Paknahad et al. (2023)
investigated pore-scale flow and conjugate heat transfer in
high-porosity open-cell metal foams. They showed that lower
porosity foams transition from the Darcy to non-Darcy flow
regime at lower Reynolds numbers, while pore density has
minimal impact on this transition. Heat transfer results
indicated that metal foams cool rapidly at high flow velocities,
with minimal temperature rise in the fluid.

Although LBM has been successfully applied to simulating
fluid flows in small-scale channels, there are few reports of
using LBM to simulate fluid-solid coupling heat transfer in
such channels. In this study, the fluid flow and heat transfer
within the channel with extended surfaces is investigated and
lattice Boltzmann equations are used for simulations. The
simulation setup is a channel with insulated internal surfaces,
wherein heat transfer occurs through extended surfaces; In this
setup, effects of changing parameters such as Reynolds
number, conduction coefficient ratio and obstacles distance are
investigated. It is assumed that there is a constant heat flux at
the bottom of the obstacles. Validation of the results shows a
good agreement with other works.

2. METHODOLOGY
2.1 Lattice Boltzmann Method

In recent years, LBM has been developed as a powerful
simulation method to simulate many fluid mechanic problems.
This method, based on the kinetics of gases theory, has been
considered as a powerful numerical technique for simulating
fluid flow and heat transfer (Paknahad et al., 2023, Ramesh et
al., 2021) Compared to the conventional CFD methods, this
method has several advantages. The conventional CFD
methods discretize mass, momentum, and energy equations,
and solve them based on macroscopic quantities such as
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velocity and pressure. Unlike CFD, LBM uses the number of
finite speeds created on a regular lattice to solve problems
(Noble et al., 1996).

2.2 Mathematical description of fluid flow and heat
Transport Equations:

In contrast with the conventional macroscopic Navier—Stokes
approach, the lattice Boltzmann method utilizes a mesoscopic
simulation model to represent fluid flow (Suss et al., 2023).
This technique is based on modeling the movement of fluid
particles in different directions to derive macroscopic fluid
characteristics, such as velocity and pressure. In this method,
the fluid domain is divided into uniform cells, each containing
a set number of Distribution Functions that represent fluid
particles movement in specific discrete directions. Various
LBM models are available depending on the
dimensionality(2D-3D) and the number of velocity directions.
This study focuses on two-dimensional 2D flow using a 2D
square lattice with nine velocities, known as the D2Q9 model.
The velocity vectors of the D2Q9 model are labeled as c0 to
¢8. The discrete velocities of the D2Q9 model are:

(0,0) i=0
e; =4 (£1,0)c, (0,£1)c i =1,234 (1)
(£1,£1)c i =5,678

Under equilibrium conditions, macroscopic quantities can be
measured before allowing the particles to move and collide in
the next time step. In standard single relaxation time (SRT)
lattice Boltzmann (LB) models, the BGK (Bhatnagar-Gross-
Krook) model (Zou and He, 1997) is used to represent
collisions, as described in Eq. (2). In this equation, f; denotes
the density distribution function in direction i, and e;
represents the discretization direction. Additionally, At is the
LBM time step, and t is the dimensionless relaxation time
provided in Eq. (3).

filx + e;At, t + At) = fi(x,t)
A
-0~ G 1) @

where:
1
T=3v+ E (3)

A .. . L s
where ¢ = A—f and i is an index for directions. The equilibrium
distribution function £;°?(x, t)is calculated as (4):

u.e (u.e)? u?
L + L __2

cs? 2¢.t 2¢

fi¥90t) = wip (1 + 4

In the chosen D2Q9 model, the speed of sound c; is equal to
V3 in the specified value. Additionally, w; is the weight
function represented by (5) as:
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p=D S h%Zﬁ-ei ®)

i=0
4/9 i=0

wi={1/9 i =1,234 (6)
1/36 i =567,8

In summary, the SRT-LBM process includes three main steps:
(1) calculating the distribution function within the simulation
domain, (2) computing collisions at each time step, and (3)
streaming, or transferring the distribution function to
neighboring nodes (Nejadseifi et al.,2024).

The distribution function for the thermal LBM can be
represented as:
gi(x + e At, t + At) = g;(x,t)
At
—?[gi(% t) — g% (x, )] (7)

The corresponding equilibrium distribution functions for fluid
and solid are defined as follows (Mohammad, 2007):

Uu. e;
cs?

910 8) = w7 (1455 (8)

g:%(x, t) = ;T 9)

Finally, for both solid and fluid, the temperature field is

computed as:
r=Y g (10)
i=0

3. RESULTS AND DISCUSSION

The physical geometry used for calculations is shown in Fig.
1. The fluid flow is assumed laminar, incompressible, viscous,
and Newtonian. The length of the entrance to the channel (Lin)
before the obstacles is 6 times the obstacle’s height. The length
of the outer part of the channel, which is extended after the
second obstacle (Lout), has been selected to be long enough
for vortices observation. For this reason, the length of the
outlet portion of the channel, which is located after the second
obstacle, is 8H where H is the height of the channel.

The bounce back scheme is used for representing the wall
boundary condition. In the bounce back scheme, it is assumed
that the particles moving towards solid boundaries are returned
into the fluid. Therefore, the distribution functions that are
toward the wall bounced back in the opposite direction. The
fully developed inlet velocity profile is set as uy(y) =
Qo (Hy — y?)/H?, and a negligible compressible flow is
assumed (the maximum velocity is 0.1 in the input current).
The unknown distribution functions in the input and output
sections of the channel are obtained using the Zou and He.
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(1997) boundary function. The adiabatic boundary condition
is employed on the walls. However, for the parts of the walls
which include obstacles, non-zero temperature gradient and
constant heat flux boundary conditions govern at the bottom
part of the obstacle (g=1). On the boundaries between solid
obstacles and fluid, the equilibrium distribution function, as
well as the conductivity values for the fluid and solid, is
changed. At the interface of the solid obstacles and fluid, the
continuity of heat flux and temperature is naturally satisfied.

> ‘\
—>
—>
Inlet
— Wall

pu

Out

Fig 1. Schematic diagram of the problem geometry.

3.1 Grid independence test and code validation

The numerical simulations are carried out by a FORTRAN in-
house code. To ensure the accuracy of the written code, a
comparison is made between different studies to ensure a
dimensionless reattachment study (Xr/L). These results are
compared with the results of CFD(ANSYS-Fluent 2021 R2)
software, (Korichi and Oufer, 2005; Pirouz et al., 2011). The
fluid flow at the channel entrance has parabolic state and
Reynolds number, which varies between 250 and 1000. Fig. 2
shows the dimensionless reattachment length for Reynolds
numbers below 1000. The results show good agreement with
other studies.
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Fig. 2. Dimensionless reattachment length comparison for various
Reynolds Number for a single obstacle.

The second validation is for grid independency. Validation is
done for Reynolds numbers 500 and 750. The number of
lattices required for code convergence is considered. (The
channel width is 96, 128, and 160 lattice). The mean Nusselt
number on the two obstacles for these lattices are compared
with each other. Table 1 shows that for the range of Re that
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have been studied, with 160 points across the channel,
acceptable results are achieved. As Re increases, the lattice
size needs to be finer: for example, when the Re reaches 500,
the difference in the results for 96 lattice approaches 2% and
this lattice is no longer suitable for such Re value, and that is
why the number of grids needs to be higher (160 lattice).

Table 1. Effect of resolution on the mean Nusselt Number at
different Reynolds numbers

Obstacle | Re Mean Nusselt number

96 Grid 128 Grid 160 Grid

1 500 9.82 9.91(0.6%) 9.97
(1.44%)

2 500 8.08 8.17(0.8%) 8.24
(1.92%)

1 750 11.25 11.33 11.5
(1.83%) (1.16%)

2 750 10.14 10.23 10.40
(2.42%) (1.52%)

The third validation is associated with the thermal part of the
written code. The flow inside the channel with 3 obstacles
within it is considered and compared with the results of
Korichi and Oufer. (2005). These results are obtained for
Re=400. The lattice considered is square and the channel's
height is divided into 160 cells. Here, the Nusselt curve has
been calculated and plotted on extended surfaces. As shown in
Fig. 3, the results are in good agreement with Korichi’s work.
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Fig. 3. Validation of the local Nusselt number distribution on
obstacle Surface (Re=400).

3.2 Fluid flow and heat transfer analysis

Conjugate heat transfer, especially in complex and small sized
geometries, strongly depends on the flow in the desired
location. In such cases, low Re is expected because of low
velocity and small dimensions of the channel. In the small

sized channels where laminar flow regime exists, the viscosity
leads to flow separation and circulation.

In this study, the effect of flow velocity and other parameters
on heat transfer have been investigated; the intensity of heat
transfer depends on the local Nu number based on the length
of the obstacle. The coefficient of heat transfer between solid
and fluid is equal to 1,10,100,400 W/m2K. The flow velocity
is proportional to Re number, which is based on the channel
height and varies between 250 and 1000. The fluid flow is in
the laminar regime. The inlet fluid velocity varies from 0.3 to
5 m / s which maintains forced convective heat transfer
(Anderson and Moffat, 1992).

3.2.1 Effect of Re number

The Re number is intended to be 250, 500,750 and 1000. At a
low Re, flow is stable, and the velocity fluctuations decrease
over a certain period of time to reach a constant velocity. In
Fig. 4(a), the velocity fluctuations are plotted over time aty =
0.5 and x = 9. When Re increases, the fluid enters a transient
state. When this happens, the fluctuation that occurs in the
fluid decreases over time to reach a stable value. The velocity
variations are shown in Fig. 4(b) for two values of Re.
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Fig. 4. Changes in the Horizontal component of velocity by time at
y=10.5and x =9 for a) Re =250 and b) Re = 1000.
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As fluid flows in the channel, vortices are generated behind the
obstacles. At lower Reynolds number, these generated vortices
remain fixed behind the obstacles. When Reynolds number
exceeds a certain value, due to the increase of the cross-section
(which occurs after the second obstacle) at the downstream and
due to a sudden expansion, a large vortex is generated and
moves forward. In this case, the flow regime changes from
laminar to transient. In transient flows, these small vortices
that form behind the obstacles originate, grow, and move
forward in the flow direction. The order of magnitude for the
velocity inside these formed vortices is 2 or 3 times less than
the flow in the center of the channel. These streamlines are
shown in Fig. 5. Isotherm lines are presented for various
Reynolds number in Fig. 5. The dimensions of the
computational domain are very large in comparison with
dimensions of the obstacles. For this reason, in order to see
the isothermal lines and streamlines around the obstacles, only
part of the simulation domain which includes obstacles is
shown in Fig. 5.

= —
=  — _
=——-= W N

Fig. 5. Snapshot of variations of Streamlines and isothermal lines in
terms of Reynolds number for ks / kf = 10 and Reynolds (a) 250.
(b) 500 (c) 750, (d) 1000.

The heat transfer rate is characterized by the local Nusselt
number based on the obstacle's outer layer dimensionless
length. Time-averaged dimensionless temperature and
velocity components are calculated over the simulation
domain. Local and mean Nusselt numbers and dimensionless
temperature are formulated as (11) and (12):

. 129 an
e = 6,, on

g1 _To (12)
qH/kf

Fig. 6 shows the variation of Nusselt number against the length
of the outer surface of the obstacle for different Reynolds
numbers. As seen in these figures, the Nusselt increases with
increasing Re. In the lower left corner, due to the rotation of
the flow and the proximity of the inlet heat flux, the Nusselt
number has a relative maximal value. Near the upper left
corner on the obstacle, the increases in the temperature
gradient of the fluid (| 00f /on |) is due to the increase in
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momentum. For the obstacle left face (0.25> obstacle outer
surface length> 0), and before the sudden increase of the
Nusselt in the upper left corner, Nusselt has a minimum
relative value. For the upper face of the obstacle (0.5> obstacle
outer surface length > 0.25), the temperature gradient value is
higher than the obstacle left and right face. This is due to the
higher flux and, in turn, the reduction of the thickness of the
boundary layer. For the obstacle right face (0.75> obstacle
outer surface length > 0/5), the Nusselt increases slightly with
the increase of the Reynolds number, and this increase is
negligible compared to the increase in the Nusselt in the upper
and left face. It is important to mention that the trend of Nusselt
variation versus the length of the outer surface of the obstacle
remains unchanged with Re within its range between 250 and
1000.
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Fig. 6. Time-averaged variation of the Nusselt number in terms
of the outer surface of the obstacle for ks / ke=10. a) first
obstacle b) second obstacle

3.2.2 Effect of conductivity ratio

One of the parameters that plays an important role in heat
transfer is the conductivity ratio between the solid and the fluid
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Fig 7. Variation of time-averaged isotherms for different Solid-
Fluid thermal conductivity ratio for Re =600. a) ks / kr=1 b) ks /
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thermal conductivity ratio for Re =600. a) first obstacle b)

second obstacle
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(ks / kr). By increasing the conductivity ratio, the internal
resistance against thermal flux decreases, which also reduces
the maximum temperature and reduces the internal
temperature gradient. When the conductivity order of
magnitude for solid obstacles is 2 or 3 times larger than the
conductivity of fluid, the obstacle behaves as an isothermal
object. Fig. 7 shows the dimensionless isothermal curves.
Here, Re is fixed and equal to 600. The thermal conductivity
ratio between solid and fuel (ks / ky) is set to 1, 10, 100, and
400. For (ks/ kr )= 1, the density of the isothermal curves for
both the solid and fluid is identical. When this ratio increases,
gradually the temperature of the obstacle decreases, and the
obstacle itself behaves as an isothermal object.
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Fig. 9. Time-averaged variations of the average Nusselt number
with variation of the Reynolds number for ks /ki=10, 100, 400. a)
first obstacle b) second obstacle

Fig. 8 shows the distribution of local Nusselt on extended
surfaces. When the ratio ks / ks = 1, the behavior of Nusselt is
completely different from when this ratio is higher; and in this
case, the obstacle behaves such as heat insulator. When the
thermal conductivity ratio of the solid and the fluid increases,
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the difference in the surface temperature of the obstacle is
almost negligible. For a situation in which this ratio is greater
than 100, the distribution of Nusselt does not change, and solid
obstacles behave as an isothermal object.

The mean time-averaged variation of Nusselt in terms of Re
for different conductivity ratios of solids and fluids is shown
in Fig. 9. As Re increases, the magnitude of heat transfer from
the obstacle surface increases. Also, increasing thermal
conductivity ratio between solid and fluid causes reduction of
the heat flux resistance in the solid obstacle.

4. CONCLUSIONS

In this paper, fluid flow and heat transfer in a two-dimensional
channel with two obstacles located on its lower wall were
investigated. A two-dimensional Lattice Boltzmann model
was used to study the conjugate heat transfer between solid and
fluid and the effect of many parameters on heat transfer was
investigated. Compared to the commercial CFD methods, the
use of the Lattice Boltzmann method has many advantages.
One of the benefits of this is the simple application of the
Boltzmann's method for complex geometries and the simple
calculation process. In order to demonstrate the flexibility of
this method, many parameters such as Reynolds number,
thermal conductivity ratio between solid and fluid, and also
distance between obstacles were investigated. The obstacle
was assumed to heat up with constant heat flux, which actually
simulates the heat transfer in electronic equipment. The results
showed that with the increase of Reynolds number, the total
heat transfer rate increases, and also the highest heat transfer
occurs at the corners of the obstacles. The solid conductivity
coefficient plays an important role in heat transfer. As
conductivity ratio between solid and fluid increases, the
resistance to heat transfer decreases and this means more heat
transfer for extended surfaces.
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