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In this study, the flow patterns, heat transfer rate and entropy
generation rate of Al203/Water nanofluid was simulated in a
closed cavity containing 4 circular cylinders with 2 different
arrangements. The renowned single-phase nonhomogeneous
technique (Buongiorno Model) was chosen to assess the nanofluid
flow and heat transfer rate numerically. However, the diffusion
term in the concentration equation of the technique usually
possesses a relatively low value, which might cause instability
issues during the iteration process. Hence, in order to deal with
this problem, an in-house Fortran 90 code was developed using a
novel hybrid FD-LBM method with TVD characteristics. The
mentioned algorithm has been proved to be a great asset when
facing flows with lower rate of diffusion compared to convection.
The active parameters in this study were Ra, Le, and Al203
nanoparticle volume fractions, and their influence on the Nu and
Sh numbers as well as the entropy generation rate of the system
were investigated in the cavity for both cylinder arrangements.
According to the results of this simulation, the stream function and
consequently the flow velocity in the diamond arrangement were
much higher compared to the square arrangement. Moreover, it
was observed that not only the addition of nanoparticles could not
raise the heat transfer rate from the wall, but in ¢ = 9 %, the
Nusselt number experienced an approximate 15 % decrement.
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EXTENDED ABSTRACT

Introduction

In this study, the flow patterns, heat transfer rate, and entropy generation rate
of Al203/Water nanofluid were simulated in a closed cavity containing 4 circular
cylinders with two different arrangements. In order to solve the equations, a
hybrid FD-LBM technique with TVD characteristics was applied. According to the
presented literature review, the use of this method for curve boundaries was not
investigated in detail, and hence the method was applied to the mentioned
geometry. This not only confirmed the capabilities of the numerical technique, but
also helped find a better vision of the heat transfer rate and entropy generation of
the nanofluid flow facing different arrangements of obstacles.

Methodology

The renowned single-phase nonhomogeneous technique (Buongiorno Model) was
chosen to assess the nanofluid flow and heat transfer rate, numerically. However, the
diffusion term in the concentration equation of the technique usually possesses a relatively
low value, which may cause instability issues during the iteration process. Hence, to deal
with this problem, an in-house Fortran 90 code was developed using a novel hybrid FD-
LBM method with TVD characteristics. The mentioned algorithm proved to be a great asset
when facing flows with a lower rate of diffusion compared to convection. The equations
used to simulate the flow and heat transfer of the nanofluid are as follows:
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Here, equations 1-3 are the simple 2D Navier-Stokes equations which provided the
velocity components as well as the pressure distribution throughout the geometry.
Equation 4 is the energy conservation equation with two additional source terms due
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to the Brownian motion and thermophoresis from which the temperature distribution
can be obtained and the last equation is solved explicitly with a finite-difference
technique to calculate the nanoparticles volume fraction in different locations of the
geometry. Thereby, for the fluid flow and heat transfer equations, a D2Q9 SRT lattice
Boltzmann technique was applied:

(6) f,(x+CALt+AL) - f (x,t)= —i[ fi (X t)= £ (x,t) |+ Atw F
z-L)

(7 g (X+CAtt+At)—g, (xt)= —i[gi (xt)—g5 (x,t)}+AtwiS
T

a

However, due to a much weaker diffusion term in equation 5, if one tries to solve it
via an extra distribution function and an SRT-LBM technique, the solution procedure
will encounter severe stability problems for high amounts of Le. Here, instead, this
equation was assessed using a TVD-FDM technique and the discretized equation is as
follows:
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Results and Discussion

A schematic view of the two arrangements of the circular obstacles (square and
diamond) in the cavity is shown in Figure 1. The aspect ratio of the cylinders was
assumed to be 0.1 and the heat flux and particle flux were considered zero at the top
and bottom surfaces of the cavity. Moreover, in both arrangements, the
nondimensional temperature and particle concentration values were assumed to be
equal to zero on the east wall and equal to unity on the west wall. The cylinder walls
were considered to be adiabatic, solid, and stationary and the fluid was only driven in
the cavity due to the gravitational forces. In addition, it is noteworthy that the only slip
motions that were taken into account in this study were due to the Brownian motion
and thermophoresis.
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Figure 1. A schematic view of the test case geometry and boundary conditions for the square and
diamond arrangements

In order to have a better insight into the behavior of entropy generation in the
system, the overall entropy generation rate of the system along with its components
are presented in Table 1 for different Ra, ¢, and Le numbers in both cylinder
arrangements. As can be observed, an increment in Ra number drastically increased
the frictional component leading to a decrement in Be number. Although this
phenomenon was obvious in both arrangements, it can be seen that the effect was
more pronounced in the square arrangement. On the other hand, the augmentation of
particle volume fraction caused a reduction in the stream function of the flow, and
consequently led to an increase in Be number and frictional irreversibility losing its
value regarding the heat component.

Table 1. Irreversibility components for the fluid flow with various Ra, ¢, and Le numbers for the two

cylinder arrangements
¢ B 0 l ¢ EHoHE OB
Sl sum Sl ht Stream function bej av

103 3.81793 5.09005 0.00106 0.00839 3.8073  5.08176 02075  0.1786 0.6472 0.7608

104 4.97550 5.91030 0.79359 0.62734 4.1819 5.2829 17197 15388 038289  0.38299

fa 105  40.2487 388044 322591 30.8645 7.9896 79399  9.8365  9.4205  0.16353 0.15615

106 603.136  643.847  586.999 627.8604  16.137 15987 27738  30.538 0.0559 0.0457

0 40.2488 388040  32.2591 30.8641 7.9896 79398  9.8362  9.4315 0.1635 0.15615

3 37.3955 35.7893 29.4119 27.8037 7.9835 7.9856 10.006  9.5199 0.1692 0.16379

¢ 6 36.0593 34.2816  28.2340 26.3927 7.8252 7.8889  9.9291  9.4292 0.1702 0.16669

9 344267 324951 26.8465 24.7658 7.5801 7.7292 9.6064  9.1565 0.1707 0.16746

0.1 40.2487 388040  32.2590 3086415  7.9896 79398  9.8370  9.4314 0.1635 0.15615

B 1 40.2488  38.8040  32.2597 3086414  7.9896 7.9398  9.8362  9.4315  0.16353 0.15616
e

10 40.2487 38.8044 32.2591 30.86455 7.9896 7.9399 9.8365 9.4205 0.1635 0.15615

100 40.2485 38.8040 32.2589 30.86415 7.9896 7.9398 9.8365 9.4316 0.1635 0.15615
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Conclusion

- It was observed that an increment in Ra resulted in a raise of mean Nu and Sh
numbers in both arrangements.

- In the diamond arrangement, due to the absence of any strong vortex near the
walls, the stream function was usually greater for any Ra number. This led to a
higher amount of frictional and heat entropy generation rates.

- Unpredictably, an increment of particle volume fraction caused a higher viscosity
leading to a decrease in both Nu and Sh numbers.

- The Lewis number’s main influence was on the Sh number and its effect on Nu
and the entropy generation rate of the system was almost negligible in all cases.
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