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Received1 July 2024, Abstract: This work studiesaminar forced convection of nadiguid in a rectangulal
Revised28 Sept2024, channel with three cylindrical block§wo external magnetic fields are imposed. T
Acceptedd1 Oct 2024 phenomenon is simulated using the 2D Lattice Boltzmann approach. This

investigates the effects of the fmNing parameters: Reynolds number, Hartm:
Keywords: number, and nanoparticles volume fraction. The ranges of the main paramete
V Magnetohydrodynamic, (100Re010050) ,(06®AHa (0%0O «O 4%). The
V nancliquid, the average Nusselt number enhances according to the value of Reynolds numl
V Lattice Boltzmann approach  hanoparticles volume fraction. The impact of the horizontal magnetic force on the
V entropy generation is more effective than that of theegpendicular magnetic force. And this is mc

o N remarkable when the conductive mode dominates. The value of total entropy gen
ﬁ:ﬂ'ltiiit'%“: AMbI:;SS?I\;l ',:Aatcl)—lui(rjnoljr“i Sgen increases by about 94.55%, when the Reynolds number is enhanced fro|
A (2022‘) Influence of Double  100. It Iinc.reases by about 81.48% and 83.58Brfen.the valugs of the horizont
Magnetic Fields on The Hee magnetic field (Hg and the perpendicular magnetic field gHare increased from O t
Transfer and Total Entropy 50, respectively. Also, these parameters decrease with the addition of the nanof
Generation for Nanoliquid J. = 0 1o 6hd Hase liquid by about 4.6286r Reynolds number (Re=100). The val
Mater. Environ. Sci., 3(10), . . . .

13471367 of Bejan number reduces with Reynolds number, and with horizontal and ve
magnetic force. It is augmented by about 6.05%, and 12.03% when the nanoy

volume fraction is equal to 0.04 for Re=25; and 10(Qpeetvely.

1. Introduction

Forced convective heat transfer on a heated circular cylinder has many applications, such as the
refrigeration cycle condensers, shell and tube type heat exchangers, probes or sensors in the measuril
devices, pin fins, coalg towers, power electronics cooling, power generators, nuclear reactor, fuel
element cooling, cylindrical cooling devices, and food processing.

Traditional coolants such as water or air are not optimal because of their relatively low thermal
conductivity.Adding suitable nanoparticles to these fluids usually increases their thermal conductivity
and is also effective for other fluid propertissch as thermophysical ondésproving heat transfer
efficiency is a desired gaal'he addition of nanopatrticles in a base fluid is one solution among several
to improve the heat transfer rate.
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Choi et al, 1995 were the first to use this new type of fluid. The experimental results
demonstrated that the addition of nanoparticles enhances the thermal conductivity of fluids. To verify
these results several numerical and experimental research works have focused on the advantages
this new fluid(Ravisankaret al, 2013, (Abbassiet al, 2018, (Abbassiet al, 2018, (Miri et al,

2022, (Mliki et al, 2017, (Esfeet al, 2015, (BazdidiTehraniet al, 2019, (Esfeet al, 2016,
(Bahiraeiet al, 2018, (Bazdidi Tehraniet al, 2018, (Vasefiet al, 2019, (Bahiraeiet al, 2017). The

results show that the use of nanofluid enhances the heat transfer rate. Also, nanofluids in heat
exchangers as studied by several w@ktgairul et al, 2014), (Barzegariaret al, 2016, (Omiddezyani

et al, 2019, (Huang, Zet al, 2015, the results have demonstrated that the using of nanofluids has a
positive impact on heat transfer in heat exchangers.

Other works have focused on the use of Magnetohydrodynamic MHD forced convection of
nanofluid, as a topic of intest for many researches. In this cont@Xtkelhamet al, 2015 conducted
research on the influence of magnetic field direction on the forced convection phenomenon of an
aluminum oxidewater nanofluid flowing over a circular cylinder. The results repatttat the rate of
heat transfer is dependent directly on the Reynolds number, the volume fraction of the nanofluid, the
Hartmann number, and the angle of the magnetic figd@rimipour et al, 2019 investigated
numerically the laminar MHD forced convection flow of (water/FMWNT carbon nanotubes) in a
microchannel imposed the uniform heat flux. The results have shown that the fully developed velocity
profile varied with the Hartmann number, this me#rat increasing the magnetic field strength to
increase the heat transfer rate is applicable only in a limited range, and it is not effective beyond that
range. Forced convective heat transfer of nanofluids in porousimgdf has been studied in the
presence of a uniform magnetic field gheikholeslamet al, 2017, (Miri et al., 2024). The results
indicated that the Nusselt numlreduces with an increase in Lorentz fordg@aimseet al, 2022
studied the influence of the namiform magnetic field on the flow and thermal characteristics of a
ferrofluid on a channel with a circular cylinder. The results show that the presence etiaifoom
magnetic field reduces the length of recirculatiomlides behind the cylinder block and changes the
flow structure from an unsteady state to a steady state. This is due to the influence of Lorentz forces,
which tend to dampen vortex diffusiofAminossadatet al, 2011 studied the magnetic field impact
on forced convection of Al20G®%ater in a partially heated microchannel. The results reported that the
microchannels are better in terms of heat transfer for higher Reynolds and Hartmann r(itabes.
et al, 201]) studied the effect of magnetic field oreé convection of three types of nanofluids:
copper/water, alumina/water, and silver/water. The numerical results show that the increasing of the
values of the magnetic parameter leads to a diminution of the velocity profiles and to enhance the
thermal prdiles for fixed values of nanopatrticles concentratigB$.eikholeslamet al, 2016 studied
the impact of an external magnetic field on forced convection of ferrofluid (Fe®4ddr). They found
that the Nusselt number is a decreasing function of thertdart number(Selimefendigilet al, 2020
interspersed by the role of magnetic field on forced convection ofWat€r. The results found that
the Hartmann number has positive effects on the average Nusselt number, and it is varied with the
inclination angle of the lower branching chanfishaket al, 2009 studied the magnetohydrodynamic
mixed convection flow. The results show that the magnetic field parameter plays a significant role in
controlling the boundary layer separatioftelimefendigil et al, 2018 discussed the role of
magnetohydrodynamics onetliorced convection of Cu@ater flow in a channel with four circular
cylinder blocks. The results show that the average Nusselt number is enhanced by about 9.34% whel
the value of the Hartmann number is increased from Ha=5 to Ha=10. Accordlodhayakunar et
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al., 2016 the influence of the magnetic field may contribute or hamper the convective heat transfer
and the drag coefficient depending on its magnitude and direction. The main observation of the study
by (Tassonest al, 2018 is that the averageusselt number increases by about 20% when the magnetic
field is applied.

Many studies involve magnetohydrodynamic forced convection flow in pipes. The present study
becomes the first report on the influence of molégnetic fields on the heat transfer dimel entropy
generation of laminar forced convection flow of ndigoiid (copper/water) in a channel with three
cylindrical blocks.

Geometric configuration and mathematical formulation
2.1 Problem consideration

This present paper simulations wemnducted in a 2D rectangular channel crossed bhyvaier
nancliquid and containing threeylinder hot blocks. The channel has a length (L=21H) and height
(H). The first hot cylinder block of diameter (D=H/2) is placed in the middle of the channelYh the
direction and its center in the X direction is located at (L1=2.5H). The distance between the cylinders
is equal to (2.5H). A uniform temperature is imposed on the-ttyigeder blocks and the bottom wall.

Two external magnetic flux with density Bo@egp pe al ed, t heir oridaerdt at i o
This configuration is described Figure 1. The thermophysical properties of the base liquid and the
copper nanoparticles are presentetdhle 1

0
Inszulated Wall

Figure 1. The schematic of the physigpeoblem

Table 1 Thermophysical properties of base water and the Cu nanopartic

Physical properties Water Cu
cp(dkg L.k 4181.8 383.1
r (kg.ni 3) 1000.5: 8954
kw.mi Lk 3 0.597 386
bk 213 10° 513 10°
s(Wm) 1 0.05 2.72 10°
m10% kg/m9) 8.55
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2.2 Governing equations

The nondimensioning NaviérStokes and energy equations of MHD flow for the lamioaced
convection in twedimensional, for the singlphase can be written through the following equations (1
4) by substituting these dimensionless variables:

_y u Vi T-T 4D P S V S
Y ==, U =, Pr q ,Re P — Ha HB /=" Ha HB =
T,- T Vi ¥ m A7

in nl w

- ER

The governing equations in the dimensionless state can be writtgioasf

WM Egn. 1
XN
py 3 Pu 1é°Up Y o
ut—+v--— = A —
pX VN o Ref X ¥ M Eqn. 2
HRag (V sin(g,) cos( gy U sif (, 9 +
HF%Z(Vsincqz)cos(g) U sid (, 3
Y4 N R 1ée3*Wu Ve Eqgn. 3
U—+V— = — =+ — S
X N M Reg X ¥l
Ha,? .
= (U sin(g,)cos(g) V cos (, )+
2
%(U sin(g,)cos(g) V cos (, 9)
Hg Mg _ 1 & fug ®p Eqgn. 4
v v ¢ Pr.ReQEE i Yl
The boundary conditions of this problem are givemahle 2
Table 2.Boundary conditions
Velocity boundary Temperature
conditions boundary conditions
At the inlet of channe u=wv o q=0
W _ M Mg _
At the outlet of channe —=— 9 =0
XK pX
At the downstream bottom wall ghannel u=0Vv % g=1
At the top wall of chanel u=0Vv =0 g=0
At the hot cylinder blocks u=0Vv 9 g=1

2.3 Nano-liquid properties
It is important to review the thermophysical parameters ofignas and their mathematical models.
The properties of narliquid are listed irrable 3:
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Table 3.Nanoliquid properties

Properties

Mathematical formulation

The heatapacitance

Density

(rCe)y =@ -9( &) H 7S,

rao=@ -2 ,r + i

P

Thermal diffusivity a, =k, /( <),

k,+2k -2f(k k)

Thermal conductivity Ky =K
k,t2k #(k k)
The viscosity therma my ="
@- 7)*°
. . _ & 3./ §-1) 1
The electricabonductivit S = sél + =
y T s (F D

2.4 Parameters of engineering interest

The main parameters of heat transfer, used to optimize or develop a forced convection heat transfe

system, are examined in this study. The engineering parameters of interest can be calculated using th
relations provided iffable 4:

Table 4. The parameters of engineering interest

The local Nusselt numbe Nu= S 8hg |0
k LY |5,
The average Nusselt numb Nu, =+ NU dX
vg L cr)-]
The relgtlonshlps betyveen the stref w3y . By W N
function and velocity componen G Yo X
The localdimensionless entrop
generation Sgen - Sgem h +Sgen v "Sgen r
The entropy generation term relati s —k &aug 6 . g °
. ay epe h — = O
to the heat transfer irreversibilit e Tk g 2
The entropy generation ter L , , s
i i _ .omPAl 5, B B eUh Voui
corresponds to napollqufdf:t!c?n Syene= coto : 5 +_§ o 47% o
irreversibility mi g;b_x + ge  W¢ U
. eé e g, . g
The entropy generation teri I§H8123 g1 -f) #% g8 sin( ,p Veog ) @ g
associated with the magnetic fie ¢ _ . 3\:6 € rou u,
ireversibility e & g, . g
T{gHaﬁ d1 ) > y@9sin( Ly V eof z)gggl
2
The irreversibility factor M, Ui,
2
k(- T)
Bejan numbet Be,. = Syenn
ocal S
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3. LBM method

The study applies the Lattice Boltzmann Method (LBM) to solve the N&fiekes and energy
equations. To simulate flow and heat transfer of Haqnod in a 2D canal. The following table outlines
thediscussion of this method.

Table 5.Dynamic field and temperature field with lattice Boltzmann approach

Dynamic field Temperature field
D2Q9 D2Q4
(a———{e— e

Model k°>140 ¢ 3

(6 ——a— e

f (x+ck Bt +)D ffxt) g (x+c Dt +D gfx 9

Distribution function 8feq(x t) ( ) gr B F eq( ) gk(xt)g

t,

9

Geatlt
Equilibrium distribution £ = r e ed — % U
functions e9(ck u) 3Ui2 9 = d k\M & u,]

& 2¢* 2¢c?

The macroscopic quantities are calculated by the following equations:

r=3 f, Eqn. 5
k=0 8

ru=gQ fc +1B Eqn. 6
k=0 8

g=a 9. Eqn. 7
k=0 4

The unknown distribution functions are calculated by the following relationstie 6:

Table 6.Boundary conditions farandg distribution function

Velocity boundary conditions Temperature boundary conditions
_fo+f, H, A, fF fop
" 1- u|n|et
At the inlet 2 _
f - f -’Erulnlet gl = @ w '(3» g3
1 1
f5 = f7 -'E(f4 f2) 6-ru|nlet
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1 1
fg = f; E(f4 £) E-ruinlet

fan j)=2 3,0 Lj) fs0 2.f)

At the outlet . . . . . .
ofthe TsMDN=23f0 %)) fe@ 2F) g (ni)=2%(n 1j) g(n 2j)

channel
f,(nj)=23%,0n &j) f:0 2})
f,(i,m) = f,(i,m)
At the top f,(i,m)= f;(i,m) g, (i,m) = g, (i, m 1)
boundary
£y (i.m) = 1,(i.m)
At the )
of the ws o.(im= ¢ () {2 alim

4. Physical interpretations and discussion
4.1 Independence from iteration number

Table 7 indicates the number of iterations required for results to be independent of the grid size. The
iteration numbers selected for the study ranged from 1000 to 200000 for thkguéch@an Reynolds
number of 100. In this investigation, the independenciewfdnd heat transfer parameters is intended.

For the chosen iteration number, the amounts of average Nusselt number on the bottom wall has bee
compared in different iterations number. According to the changes of parameters in the chosen iteratior
number,t is observed that the iteration number of 50,000, in comparison with less iterations number,
has more accurate results. In this study, this iteration number has been used as an acceptable iteratic
number in the simulation of the numerical solving donddiheat transfer and flow.

Table 7.Average Nusselt number on the bottom wall for different iteration number

Iteration number 1000 5000 10000 50000 100000 200000
Average Nusselt numbe 52.870 26.228 16.127 13.338 13.339 13.339

4.2 Validation of the numerical code

To verify the accuracy of the current results, we compared the results for the local Nusselt number with
those reported byAtashafroozet al, 2019 and (Santaret al, 2009. These comparisons show
excellent agreemenigure. 2 and 3.
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Figure 2. Local Nusselt number variation compared to thogg\tdishafrooz
et al, 2019 for Re=400;¢«=0.04
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Figure 3. Comparison of the Nusselt number distribution along the bottc
wall with results obtained b{Santaret al., 2009 for Re=100;¢=0.025

4.3 Independency from grid

The corresponding values of the average Nusselt number along the bottom wall are calculated anc
tabulated for several different gridsiiable 8 According to this Table, the numerical results are almost

the same for mesh smaller than 840x80, so there motable change in the results. Thus, an 840x80
mesh was selected to implement the code. All computations in this research are performed using ¢
computer program written in Fortran 90.

Table 8.Grid independence test results for Rea50,02;Ha= 0 ;=05

Grid size NUavg Percentage of the difference
105 1C 6.123

2100 2C 6.421 4.86Y,

4203 4C 6.569 2.30%

84C° 8C 6.571 0.03%

1680 16( 6.572 0.015
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5. Results
5.1 Effects ofReynolds number

Figure 4 illustrates the direct influence of inertia forces as represented by the Reynolds number, on
the streamline and isotherm plots foriH@; Ha&=25; «= 0 . 0=2Q A=00% «=0.02.the impact of
this parameter is remarkable and clearly observed in thi®figlie numerical results demonstrate that
streamline multiplies when the value of the Reynolds number increases from 10 to 100. The maximum
v al u e maoifcreases by nearly 16.02% when the Reynolds number reaches 100. Moreover,
recirculation zones areegerated as this parameter improves. This is due to the presence of cylindrical
obstacles; which allow alter the flow direction of the streamldrethe other side, the isotherm lines
are more compressed, this means that the convection mode dominateeddpen the inertia forces.

Re 80 — ¥min
10 — — -2.09_9><1f}3

0] | B | | I T T T Y max

0 120 240 360 480 600 720 840 _

178.141

== =
 S———————

'—"‘““‘
N

\

800

Ymin

50 -6.876x10F
T T T Y max
0 120 240 360 480 600 720 840 -

1031.883

Re 80 —— — — ¥ min
100 : -2.894x10°
0 T | T -T T 1 ¥ max
0 120 240 360 480 600 720 840 _

2854.126

0 120 240 360 480 600 720 840

Figure 4. Impact of Reynolds number on streamline and isotherm contour fsOHa
Ha=25; «= 0 . Q=20 A=®90%

The enhancement of heat transfer rates, as expressed by the average Nusselt number, is depict
in Figure 5. The influence of Reynolds numberondf or 50K #0BHg 0 . Q=20 A=2 o
90°, is studied numericallyhe curve of the Nusselt numbex @ function of this nhedimensionless
number (Re)Thesimulation results show that the increase in inertia forces strengthens the heat transfer
rate of nandiquid. For example, at Ha50; Ha=0; «= 0 . 012 0 A»990% the average Nusselt
number multiples about 3.8 when the number of Reynolds increases from 10 to 100. These results are
confirmed by other studies such as R¥fir et al., 2023, (Alsaberyet al, 2021).
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The impact of Reynolds numberonthg:$ or 50K #OBHZ 0 . Q=20 A=H0Y are
shown inFigure 6. The curve ofthe total entropy generationlepends directly by the value of the
Reynolds numbefhe value of &nincreases and is more remarkable for a higher Reynolds number
(Re=100). Approximately 94.55% increase in total entropy generation can be achieved w#&n Ha
Ha=50. It is due to the entropy generation parameter corresponding toliguado friction
irreversibiity. Consequently, the irreversibility of natiquid improves dependently on the inertia
forces.

1,0x1072

—*— Ha,=0;Ha,=25
—=— Ha,=0;Ha,=50
—o— Ha,;=25;Ha,=0
Ha,=50;Ha,=0

8,0x10°° o

6,0x10°° o

c
[}
o

9 4,0x10° A

2,0x10°°

0,0

T T T T T T T T T T
0 20 40 60 80 100
Re

Figure 6. Impact of Reynolds number ogesf o r 50 H 0B H g
= 0. Q=20 A=90%

Figue7expl ains the influence of:0OR8y 8B0BHE®E02;n u mb
21= 0 A=-90%The impact of this parameter on the entropy generation observed in thisBejose.
number which represents the ratio of entropy generation rates due twansér and nanbquid
friction shows reduction. A higher value of the Reynolds number results in lower values of the Bejan
number. The values of Bejan numbers are below 0.2 for Re=100 which indicates that the entropy
generation of the narAauid friction irreversibility is dominant over the heat transfer irreversibility.
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5.2Influence of magnetic field

In this section, numerical simulation focuses onitifleence of external volumetric forceigure
8 describes the impact of the horizontal magnetic field in terms of Hal on the streamline and isotherm
contour for Re=100; H&50 «= 0 . 0=2Q A=:0% The external volumetric force is parallel to the
flow of the naneliquid. Recirculation zones generated due to the increase in inertial force behind
cylindrical obstacles are dispersed, and their volume decreases. It is due to the application of the
Lorentz force; this volumetric force strengthens the culdieas and enriches this term. Due to the
enrichment of the current lines, these zones are eliminated. The maximum value of streamline multiply
about 1.053 when the K=b0, it is equal to 3044.248. We have observed that the minimum value of
streamline tend®wards 0, indicating a diminution in the recirculation zones. The isotherm lines are
slightly compressed, resulting in a slight increase in the conductive mode.

Figure 9 demonstrates the influence of the vertical magnetic field in term of Ha2 onghmbire
and isotherm contour for Re=100; 1480 «= 0 . Q=20 A=90% The maximum value of streamline
multiply about 1.017 when the kb0, it is equal to 3044.248. These results show that the impact of
the magnetic force parallel to the flow is moreeefive than the case where the magnetic force is
perpendicular to the nadmuid flow. As we can see, a deformation of the recirculation zones has been
detected. This deformation is observed in the upper part of these zones and is due to the pbsition of t
applied magnetic force. The minimum value of streamline tends towards 0, indicating a deformation
of the recirculation zones.

Figure 10 represents the impact of the horizontal magnetic field)(Bla Nuvgf or 25 ORe O
Ha=0; «= 0 . Q=20 A=90% As can be seen by increasing the value af ilgives enhancement of
heat transfer in term of Nu. The value of the average Nusselt number increases by about 4.96 % for
Re=25, and it is developed by about 2.56% for Re=100 which demonstratésetlagiplication of
horizontal magnetic field has a positive impact onhld he reason for this behavior is that the flow
is steady at higher Hartmann numbei Halues. It can be noted that this influence is more remarkable
at a low value of Reynolds mber. The physical reason for this phenomenon is the application of
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horizontal Lorentz force. This external force reinforced the heat transfer rate higher when the
conductive mode dominates.

Ha, = 0
Ymin:
-3.691x10°
¥ max
T T T L T -
0 120 240 360 480 600 720 840 g0 001
Ymin
Ha=25 80 3583410
> = o
o+——T—T —_— 2928.498
0 120 240 360 480 600 720 840
Ymin
Ha1=50 8C =
-1.085x10°

Y max

=
600 720 840 3044248

1

0 120 240 360 480

Figure 8. Impact of Hartmann number (IJan streamline and isotherm contour for Re=100-Ha
= 0. Q=20 As®0%

Figure 11 illustrates the variation of the average Nusselt number in function @) (blia25
ORe O1 0D; «= M .a Q=20 A=9H0% The vertical magnetic field (Haenhances the heat transfer
in term of Nuvg The average Nusselt number increases by about G&5e=25, and it is raised by
about 0.50% for Re=100 which indicates that the vertical magnetic field has a slight positive impact
on Nuwyg Also, at a low value of Reynolds number, the effect of the vertical magnetic field is more
remarkable. The physicaeason for this phenomenon is the presence of Lorentz force. The
perpendicularity of this volumetric force on the flow of ndigoid is the main responsible for the
slight increase on heat transfer rates.
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