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Heat Transfer of Nanofluid in a Channel with

Magnetic Field and Porous Obstacle using the

Darcy-Brinkman-Forchheimer Model in the
LBM Method

Saed Bazkhane Iman Zahmatkesh?

1. Introduction

Forced convection heat transfer in pipes and
channels occurs in many practical applications
including heat exchangers, solar collectors,
boilers, chemical reactors, and cooling of
electronic equipment. To elevate heat transfer in
these devices, the use of porous media, utilization
of nanofluids, and insertion of magnetic fields
have been employed in recent years. However, the
combination of these three methods has not been
discussed thoroughly. Hence, forced convection
heat transfer of nanofluid in a channel with an
externally—applied magnetic field and a porous
obstacle is simulated and discussed in this study.
Schematics of the problem is depicted in Figure 1
and Table 1 reports the geometric and working
parameters.

Table 1. The geometric and working parameters

Parameter Symbol value
Channel length L 40 cm
Channel height H 8cm
Obstacle size w 1,2,4cm
Obstacle location a 4cm
Obstacle location b 20 cm
Inlet temperature Tin 300K
Wall temperature Tw 340 K

2. Simulation Approach

To simulate the flow field, the Darcy—Brinkman—
Forchheimer model is implemented in the Lattice
Boltzmann Method (LBM) method. To this aim,
the following distribution functions are solved for
the velocity and temperature distributions,
respectively:

filx + e;0t, t + 8t) — fi(x,t)
ot

1
=- ;(fi(x, £) (1

— D)+ Fy

gi(x +e;8t,t + 6t) — g;(x,t) ()
ot 1
= (9:—9{")

Here, f; and g; are the distribution functions for
the wvelocity and temperature, respectively.
Moreover, 7, and 7, are the corresponding
relaxation times while £ and g/ are the
equilibrium distribution functions, x is the spatial
coordinates, e; is the unit vector, t is time, and &t
is the time step.

To incorporate the magnetic field insertion and

the presence of the porous obstacle, the body force
term is obtained from the following equation:

1 ei.E
Fi = wipn¢ (1 - _>

2Tf CS2
(V.e;)(E.e;)
t—a 0
V. E]
ecé i=0-8
with
Vnf Fs ] (4)
E=¢|Fp——V - —|V|V
e|rL K \/Kl |

In the above equations, ¢ is the porosity and K
is the permeability of the porous obstacle and Fy, is
the Lorentz force:

F., = A[vsin B cos B — usin? B]i
+ Afusinpcosp 5)
—vcos? BJj
with B8 being the magnetic field inclination angle
and A being the magnetic index. Meanwhile, u and
v are the velocity components in the x and y
directions, respectively.

For the numerical simulation, f; and g; are
obtained in each time step, according to equations
(1) and (2). The solution of these equations
includes the collision and propagation steps. In the
collision step, each particle is relaxed towards a
local equilibrium condition while in the
propagation step, the particles move in the f; and
g; directions towards the nearest grid point. This
procedure is implemented in a FORTRAN code.

To obtain a suitable grid system, a grid
independence test is undertaken and a 40x200 grid
is found sufficient. Figure 2 shows the gird system.

» Paroas ahivtacin

X
» "

.- -L
Figure 1. Schematics of the current problem
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Figure 2. The employed grid system
3. Results
The current influential parameters include the
Reynolds and Hartmann numbers, the type and
fraction of the nanoparticles (NPs) as well as the
size, type, porosity, and the Darcy number of the
obstacle. Due to the variety of these parameters
and to provide a systematic survey, the Taguchi
experimental design method is adopted here. Table
2 reports the levels of the selected parameters.

For the current number of parameters and their
levels, the L27 orthogonal array is available for the
Taguchi method. This reduces the number of
required experiments from 3%=6561 experiments
to just 27 tests.

The LBM code is run for the 27 cases provided
in the L27 orthogonal array and the results are
obtained in terms of the mean Nusselt number.
Thereafter, the Taguchi method is applied to these
outcomes which provides the rank of each of the
current parameters. The results are listed in Table
3.

Table 2. The current parameters and their levels

Levels
Parameter 1 5 3
Reynolds number 100 200 300
Hartmann number 0 100 200
NPs type Cu CuO Fes04
NPs fraction 1% 2% 4%
Obstacle size (cm) 1 2 4
Obstacle type Al Steel Cu
Porosity 0.5 0.7 0.9
Darcy number 1073 10+ 10
Table 3. The rank and contribution of the current
parameters
Parameter Rank | Contribution (%)

Reynolds number 3 7.58

Hartmann number 4 3.36

NPs type 1 62.79

NPs fraction 5 3.20

Obstacle size (cm) 2 20.71

Obstacle type 6 0.69

Porosity 8 0.26

Darcy number 7 0.31

Table 3 shows that the nanoparticles type is the
most influential parameter, followed by the
obstacle size and the Reynolds number.

To verify the findings of the Taguchi method
and to obtain the percent of contribution of each of
the parameters, the analysis of variance is applied
to the results of the Taguchi method. The outcomes

are reported in Table 3. It is evident that the
nanoparticles type has the greatest effect on the
heat transfer, with the contribution ratio of
62.79%. The second and the third influential
parameters were found to be the obstacle size and
the Reynolds number, with the contribution ratios
of 20.71% and 7.58%, respectively. The results
also show that the contribution ratios of the
Hartmann number and the nanoparticles fraction
are about 3%. In spite of that, it is clear that the
influences of the porosity, type, and the Darcy
number of the obstacle on the mean Nusselt
number are almost negligible.

The Taguchi method shows that in the current
flow problem, the optimum case belongs to: the
Reynolds number of 300, the Hartmann number of
100, the nanoparticles fraction of 4%, the
nanoparticles and the obstacle made up of copper,
and the obstacle having the size of 4cm, the
porosity of 0.5, and the Darcy humber of 0.001.

4. Conclusion

In this study, the Darcy—Brinkman—Forchheimer

model was implemented in the LBM method to

simulate forced convection heat transfer of
nanofluid in a channel with an externally—applied
magnetic field and a porous obstacle. Then, effects
of the Reynolds and Hartmann numbers, the type
and fraction of the nanoparticles as well as the size,
type, porosity, and the Darcy number of the
obstacle on the heat transfer rate were analyzed
through the Taguchi experimental design method.

Based on the presented results, the following

conclusions may be drawn:

1. The nanoparticles type produces the highest
contribution on the heat transfer rate, with the
contribution ratio of 62.79%.

2. The second and the third influential parameters
are the obstacle size and the Reynolds number,
with the contribution ratios of 20.71% and
7.58%, respectively.




