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Investigation on the heat transfer of MHD nanofluids in channel
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Abstract. In order to develop better method to enhance and control the flow and heat transfer inside the radiator of electronic
device, the synergistic effect of MHD nanofluids and porous medium on the flow and heat transfer in rectangular opened
channel is simulated using Lattice Boltzmann method. Three nanofluids of CuO-water, Al,Os-water and FesO4-water are studied
to analyze the influence of the type of nanofluid on the synergistic effect. The simulation results show that the porous medium
can increase the flow velocity in fluid zone adjacent to the porous medium and enhance the heat transfer on the surface of the
channel. Under no magnetic field, when the porosity of porous medium is 0.8, the Nusselt number is 4.46% higher than when
the porosity is 0.9. Al,Os-water has the best heat transfer effect among the three nanofluids. At @=0.06, Ha=100, 6=90°, ¢=0.9,
Nu of Al,Os-water is 6.51% larger than that of CuO-water and 5.05% larger than that of Fe;O,-water. Magnetic field enhances
seepage in porous medium and inhibits heat transfer in the bottom wall. When Ha=30 and 60, the inhibiting effect is the most
significant as the magnetic field angle is 90°. And when Ha=100, the inhibiting effect is the most significant as the magnetic
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field angle is 120°.
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1. Introduction

The characteristics of small size and high power of
modern electronic devices make highly-efficient heat
dissipation technology much important (Mondal et al. 2016,
Babar and Ali 2019, Khan et al. 2020). Nanofluid which is a
fluid containing suspended nanoparticles with 100 nm
diameter or smaller (Darbari et al. 2020, Dai et al. 2021,
Mebarek-Oudina and Chabani 2022) has been widely
studied as one method to enhance heat transfer (Habibzadeh
et al. 2010, Patel et al. 2003, Yu et al. 2004). It can be used
as heat exchangers especially in electronic devices and heat
sink with microchannel (Mebarek-Oudina 2018). The heat
transfer effect of nanofluids depend on the properties of
nanoparticles and base fluid as well as the dispersion of
nanoparticles (Cardellini et al. 2016, Igbal et al. 2021).
Krishna et al. studied the heat transfer of Al,O3-H,O and
TiO2-H20 nanofluids in a rectangular microchannel heat
exchanger, and found that Al,Os-H,O and TiO2-H,O nano-
fluids can significantly improve the heat dissipation of
electronic equipment (Murali Krishna and Sandeep Kumar
2019). Singh et al. (2021) synthesized Fe;Os-ethylene
glycol nanofluid and found the thermal conductivity of
ethylene glycol can be significantly improved by loading a
very low concentration of nanoparticle, which indicates that
this nanofluid has potential application in heat transfer
management of electronic devices.

Nanofluids are usually conducting fluids, and their
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behaviors under the action of magnetic fields are different
from non-conducting fluids (Boujelbene et al. 2023, Shafiq
et al. 2022). Magnetic field can induce current in flowing
conductive fluid, thereby exerting a Lorentz force on the
fluid (Ramesh et al. 2023, Mebarek-Oudina et al. 2023).
Magnetic field is a potential technology to control heat
transfer process in devices by regulating the flow process of
nanofluids through the Magnetohydrodynamic (MHD)
force (Manna et al. 2021, Sheikholeslami et al. 2014,
Beriache et al. 2016). Ma et al. (2020) found that parallel
magnetic fields could enhance the natural convection heat
transfer of FesO4-water nanofluids, due to the influence on
the convective energy transport. And with the increase of
the number of nanoparticles, the average Nusselt number
(Nu) increases linearly. Sharif et al. (2021a) analyzed the
biological convection phenomenon in the MHD boundary
layer flow of Powell-Eyring nanofluid through a stretchable
cylinder with Cattaneo-Christov heat flux. The results show
that the concentration of nanofluid increases with the
magnetic field parameter, which enhances the local heat
transfer). Farooq et al. simulated the MHD flow of SiOJ/
MoS,-propylene glycol nanofluids over a stretched surface.
It was found that as the magnetic parameter increased, the
fluids speed decreased, and the heat dissipation became
worse (Farooq et al. 2023). Khan et al. investigated the
effect of Lorentz force on the Casson fluid flow of water-
based Fe30,-MWCNT hybrid nanofluid induced by dust
particles from a stretched sheet. It is found that magnetic
field can inhibit the fluid flow. (Khan et al. 2022).

In some applications, the insertion of porous medium in
nanofluid-filled cavities can improve the overall heat
transfer efficiency. The porous medium dissipates the
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Fig. 1 Schematic diagram of the problem

kinetic energy of the flow and reduces the convective heat
transfer. However, the heat conduction of the porous media
compensates for the loss, thereby enhancing the heat
transfer (Kadhim et al. 2023). Therefore, some scholars
combined porous medium with MHD nanofluids to enhance
the flow and heat transfer process. Sajjadi et al. (2019) used
a novel dual multiple relaxation time (MRT) lattice
Boltzmann method (LBM) to simulate the MHD natural
convection of MWCNT-Fez;Os/water hybrid nanofluids in
porous medium. The results show that increasing the
magnetic field parameter suppresses the natural convection.
The larger porosity of the porous medium, the greater heat
transfer. Sheikholeslami et al. (2019) studied the forced
non-Darcy percolation of Al,Oz-water nanofluids in a three-
dimensional ellipsoidal heater with porous medium under a
uniform magnetic field. It is shown that increase in
permeability of porous medium will enhance intensity of
heat plume, and the magnetic field will inhibit the
convection. Li et al. (2019) simulated Lorentz force effect
on the heat transfer process of the nanofluid which flows
through the permeable tube. In Li’s model, Nusselt number
increases with the increasing of permeability of porous
medium and strength of the magnetic field. Rao and Deka
investigated the stable, incompressible MHD flow of
SWCNT/AILO3-water hybrid nanofluid over a vertical solid
cone embedded in a porous medium under suction. It is
found that the temperature in the boundary layer region
increases with the increase of magnetic field and porosity
(Rao and Deka 2023).

From the above, it is clear that studies on the flow and
heat transfer of MHD nanofluids in porous medium are
usually proposed for scenarios with practical applications.
However, the heat dissipation problems of electronic
devices mentioned in this paper often require small volume
planar heat dissipation, such as heat dissipation for chips,
circuit boards, and hot ends of thermoelectric coolers. This
requires flat and forced convection of the liquid cooling
channels for planar heat dissipation. Unfortunately, this has
not been studied in previous research.

In order to achieve planar heat dissipation for electronic
devices, this paper simulates the flow and heat transfer of
MHD nanofluid in a flow channel filled with porous
medium. The simulation method uses LBM with MRT
forma on the representative elementary volume (REV)
scale. Because metal oxide nanoparticles are abundant and
cheap. At the same time, CuO, Al,O3 and FesO4 nanoparticles
play a key role in improving the thermal conductivity of

traditional fluids (Nfawa et al. 2021, Yusoff et al. 2018).
This paper selects these three nanoparticles with different
concentration as the working fluids. To characterize effect
of porous medium on flow and heat transfer, the porosity
will be varied from 0.8 to 0.95. The effect of magnetic field
will be considered in terms of magnetic field strength and
direction.

2. Problem statement

The forced flow of nanofluid in the rectangular opened
channel was studied by using the lattice Boltzmann model
of D2Qo. The schematic diagram of the problem is shown in
Fig.1.

The upper and lower wall are at a fixed temperature Ty.
The aspect ratio of the channel equals to 3 (Lo/Ho=3). There
is a porous medium with the length of 0.6L, and the width
of 0.8Hq filled in the center of the channel. The dimension-
less specific surface area Sy of porous medium is 40. The
full developed flow of nanofluid enters the channel with a
parabolic velocity profile and the average flow rate is uo.
The flow process is regarded as incompressible laminar
Newtonian flow. CuO-water, Al,Os-water and FesOs-water
nanofluids were studied in this work. A uniform magnetic
field at direction € with a magnetic induction intensity of

B s applied in the channel. B is defined as:

B =B/e, + B,e, (1)
B
Yy

=2 2

tan 6 B, (2)

where e, and e, are the unit vectors in the x and y
directions, By and By are the magnetic-field strengths in the
x and y directions. The electric current J and the electro-
magnetic force E’ are defined as:

J=0o(V xB) (3)
F,=0(VxB)xB (4)

where, V is velocity, ¢ is conductivity. The change of
magnetic field strength is represented by the change of
Hartmann number Ha. The thermophysical properties of
water and nanoparticles are listed in Table 1.

Assuming that the nanoparticle and the base fluid are in
thermal equilibrium, and the difference in the temperature
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Table 1 Thermo-physical properties of different nano-particles and base liquid (see, Khan et al. 2020, Ellahi et al.

2018, Krishanan et al. 2020)

k(W/m-K) Cp(J/kg-K) p(kg/m3) u(Pa-s) o(Q-m)?
Water (Li et al. 2019) 0.613 4179.8 995.65 7.97x10* 5.0x107?
CuO (Li etal. 2019) 18 540.0 6500.00 - 2.7x10®
Al203 (Sheikholeslami et al. 2016) 40 765.0 3970.00 - 1.0x1010
Fe3O4 (Abedini et al. 2019) 6 670.0 5200.00 - 2.5x10*
and velocity between the two phases, the induced magnetic
field generated by the motion of the conductive fluid, the n=— 0.5<n<6 (13)

Joule heating and viscous dissipation effects can be ignored,
the continuity equation, momentum equation and energy
equation are expressed as follows:

ou
%+Ey:° )
X
u ou, ou, @+ 52UX aqu
pxa yay_axﬂmaxz Y
. (6)
'*O‘BZ (ux sin” 6—u, sin 6?cos¢9)f%ux - f/%uux
u 6uy+u auy B 6p+ 82uy+62uy
P XX yay - ay Hat aXZ ayz
- Y
-oB?(u, cos”0-u, sin9cos¢9)—g_K‘/uy _f/Rnuuy
UX&"’uyE:anf 67_#? (8)

3. Parameter calculation

The density pns, heat capacity (pcp)nr, and electrical
conductivity ons of nanofluid can be calculated by (lzadi et
al. 2018):

par = (1 = P)pr + Pps 9)

(pep),r = A= ®)pcy), + blpcy), (10)
3(Z-1)¢

Tf g4 ("f ) (11)

O'_ N Os Js
r(Eez)-(2-1)e
where p, (pcp) and o are the density, heat capacity and
electrical conductivity, subscripts f and s stand for fluid and
nanoparticle. @ is the nanofluid volume fraction. Thermal

conductivity of nanofluid can be determined by using
Hamilton-Crosser as following (Hamilton 1962):

kur _ (ks +(n— Dk + (n — Dp(ky — ks)> (12)

m
where ks, ki and ksare thermal conductivities of nanofluid,
base fluid and nanoparticle, respectively; n is experimental
form factor, and w is ratio of some volume sphere surface
fraction to particle’s surface. For spherical particles, yw=1.

Assuming that the nanoparticles are spherical, the
viscosity of the nanofluid can be calculated by Brinkman
relation (Brinkman 1952):

Ky

ot = (T py2s (14)
HUnt

Ve = (15)

where s and vir are the dynamic and kinematic viscosities
of nanofluid, W is the dynamic viscosity of the base fluid.

Ha is defined as
— Onf
Ha = ByH, /pnfv“f (16)

Local Nu at the surface of bottom wall is defined as
(Raza et al. 2022)

ko OT

Ny, = — —=
ulOC kf an

17
Average Nu at the surface of bottom wall is defined as

1 [ho
Mty = - fo Nt dox], o (18)

Relative average flow velocity in the x direction in fluid
zone adjacent to porous medium (the location is shown as
@ inFig. 1) is defined as

— %
==

(19)

=
where wu, is the average flow velocity in the x direction of
zone .

4. Governing equations
4.1 Lattice Boltzmann method
4.1.1 Velocity field

The flow in the channel was simulated by using MRT-
LBE model proposed by Guo and Zheng (Guo et al. 2008).
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Compared with SRT-LBE, this format will make the
computer iterative calculation more stable and have higher
precision. The Boltzmann equation of this model is as
follows:

fiX +¢/6,t+6,) — fi(%,1)

= (MM [ — @D+ 6k O

where fi is density distribution function, fi®® is density
equilibrium distribution function, ¥ means position vector,
¢, means discrete lattice velocity in direction i, é; is lattice
timestep, Fi is force term of porous medium, M is
transformation matrix, S=diag(si,S2,...,S») iS non-negative
relaxation diagonal matrix. m; and m® represent
momentum vector. The mapping of velocity and momentum
space can be achieved by linear transformation:

m; = Mf, (21)

mgeQ) — Mfi(eq) (22)
The matrix M of the D,Qg model is:

1 1 1 1 1 1 1 1 1
-4 -1 -1 -1 -1 2 2 2 2
4 -2 -2 -2 =21 1 1 1
| 0 1 0 -1 0 1 -1 -1 1 |
M=|l0 -2 0 2 0 1 -1 -1 1] (23)
| 00 1 0 -11 1 -1 —1|
0 0 -2 0 2 1 1 -1 -1
\0 1 -1 1 -1 0 O 0 0/
0 0 0 0 o 1 -1 1 -1
The equilibrium momentum vector defined as:
i _ L-2+3[2%1-3E2  \
M =P\, —uyuy, —ty, U2 — U2, uu (24)
xr Uy Uy, Uy, Uy — Uy, Uy Uy

-

where p is lattice fluid density; u is lattice fluid velocity;
Besides, the force term of porous medium F; is given by
(Guo et al. 2002):

= = —>"_ - 2
C 2F +uF.(clcl - Cs I)] (25)
c

s &Cs

1
Fi=wip(1 =

where w;i is weighting factor; ¢, is lattice sound speed; 7 is
dimensionless lattice relaxation time for velocity; ¢ is
porosity of porous medium; | represents unit tensor; Fis
external force on fluid. Considering the influence of
magnetic field force and the resistance of porous medium,

the external force F on the fluid is defined as:
F=F +E, (26)

where ﬁx and ﬁy are the external force F in x and y
directions, respectively.

For the nanofluid inside porous medium:
&V eF,
Yux - \/_E 2w, (27)

+A(uy sin 6 cos 0 — uy sin?0)

|ﬁX| ==

o &v eF,
|Fy| ="k W _\/_Eh‘luy

+A(uy sin 6 cos 6 — uy, cos? 6)

(28)

Cg Cy Cs
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Fig. 2 Discrete velocity directions for D2Qy model

where 6 is direction of the uniform magnetic field, v is
viscosity of fluid; K is permeability of porous medium; F is
structure function.

For the nanofluid outside porous medium:

|13x| = A(uy sin 8 cos 8 — u, sin?9) (29)

|E,| = A(uy sin 6 cos 6 — u,, cos? §) (30)
A is defined as:
Ha’u

A=
HO2

(31)

F. and K can be calculated by Ergun empirical equation
(Ergun 1952):
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£ VI50£3/2 (32)
3 2
ed, (33)

K=Ts0a -2y

where dp is the average diameter of solid particles and can
be calculated by:

p _2D(1—¢)
P SSA

where D is dimension of the problem, i.e., D=2 for two-
dimensional problem and D=3 for three-dimensional
problem.

Where Sy is dimensionless specific surface area, which
can be calculated by:

(34)

S, = SSAx H, (35)
P
SSA = (36)

where SSA is specific surface area of the porous medium, P
is wet circumference of the porous medium, and L is the
length of the porous medium.

As shown in Fig. 2, ¢, for D.Qg model is given by
(Dong et al. 2018):

(0,00i=0
C = {c(cos[ (i—Dm/2],sin[ (i —1)r/2])i =1,2,34 (37)
V2c(cos[ (2i — 1)m/4], sin[ (2i — 1)7/4])i = 5,6,7,8
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where streaming speed is defined as c¢=0dx/5t; ox and Jt are
lattice spacing and lattice timestep, respectively. Besides,
weighting factor wi is expressed as (Kang et al. 2010):

4/9i=0
w; = {1/91' =1,234 (38)
1/36i = 5,6,7,8

Cs equals to ¢/+/3.
Finally, p and % in porous medium is given by:

p =Zfz (39)

w8
pii= ) Gfi+ o F (40)

1A

The modified rebound boundary format is used for the
walls. This format has second-order precision. For example,
at the upper wall boundary (He 2008):

f4-,7,8(i' m) = fz,s,e(iv m) (41)

where m means the lattice on upper boundary. The flow of
the outlet is regarded as a fully developed flow. A fully
developed boundary processing format is used to describe
the export boundary conditions (He 2008):

f367L)) = f36,(n—1,)) (42)

where n means the lattice on outlet boundary. The velocity
distribution at the inlet of the channel is parabolic, which is
a known velocity boundary condition and is considered as
(Mohamad 2015):

Pw =17 fotfotfat2(fs+fs+f7)] (43)
2
fl = fS +§pwux,w (44)
1 1 1
fs =f7_E(fz_ﬁl)‘}'gpwux,w'i'zpwuy,w (45)
1 1 1
fB =f6+§(f2_ﬁl-)+gpwux,w_zpwuy,w (46)

The boundary conditions at the four corners of the flow
channel are defined as (Guo and Zheng 2008):
Northwest:

fia8 = f3256 (47)

1
fszz[Po_fo_z(]% + 12+ fo)] (48)
fr=1s (49)

Southwest:

f1,2,5 = f3,4,7 (50)

1
f6=5[p0_f0_2(f3 + fat f7)] (51)
fe=T1s (52)

Northeast:
f3,4,7 = f1,2,5 (53)
1
fBZE[Po_fo_Z(ﬁ + 2+ f5)] (54)
fe=T1s (55)
Southeast:
f3,2,6 = f1,4,8 (56)
1
f7 ZE[Po_fo_Z(ﬂ + fa + f3)] (57)
fs =1 (58)

4.1.2 Temperature field
For temperature field, the general form of LBE is given
as:

9i(X + 6, t+6) —g:;(X, 1)

1 - (e ) -
= __[gi(x' t) — gV (x, t)]
Th

(59)

where g; is distribution function relating to temperature,
gi® is equilibrium distribution function relating to
temperature. 7 is relaxation time relating to temperature,
which is obtained as:

_ 3adt N 1 (60)
=02 " 2
gi® is obtained by (Yan et al. 2008):
c-u
g =T, (1 + ch ) (61)
S

Temperature of each discrete point can be calculated as:

T= Z 9i (62)

The boundary condition of upper and lower wall surface
is defined as:

T=T, (63)

The boundary condition of the outlet in a fully
developed flow state is defined as

9367 J) = gz6,(n—1,)) (64)
The boundary condition of inlet is:
T=T, (65)

5. Code validation and grid independence
5.1 Code validation
Poiseuille flow in a channel without porous medium and

magnetic field was studied to verify the the present code.
And the velocity profile in fully developed regions were
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Fig. 4 Calculated flow field and temperature field around
the square cylinder in channel

compared with the available analytical result (Salehi et al.
2014). It can be found that the numerical result agrees well
with the analytical result.

The flow field and temperature field of the flow around
the square cylinder in the channel were also simulated and
compared with the simulated result of Abchouyeh et al.
(2018) for further verification. As shown in Fig. 4, the

Table 2 Effect of grid density on the average Nu of bottom
wall

Grid 300x100 450x150 600x200 750x250
Nu 7.72 7.68 7.68 7.68
-052%  0.00%  0.00%

Relative deviation -

calculated flow field and temperature field for water (no
nanoparticles) with the inlet Reynolds number of 100 were
found to be consistent with that in the work of Abchouyeh
et al. (2018).

5.2 Grid independence

To ensure that the calculated result is independent of the
number of grids, the grid densities of 300x100, 450x150,
600x200, and 750x250 was wused for calculation,
respectively. Table 2 shows the average Nu of CuO-water
nanofluid of ©=0.02 in zone @ at ¢=0.9, Ha=100 and
6=90°.

It is clearly that the simulated result no longer changes
when the grid density is larger than 450x150. Therefore, a
grid density of 450x150 was chosen for calculation.

6. Result and Discussion
6.1 Effect of Ha and &

Fig. 5 shows the average Nu of three nanofluids at the
surface of bottom wall against ¢ at different Ha, when @ is
0.02 and the direction of magnetic field equals 90°. Clearly,
it can be found that for all nanofluids, as the porosity
decreases, the average Nu gradually increases at the same
Ha. The calculated results show that when Ha is 0O, the
average Nu of the CuO-water nanofluids at £=0.8 is 4.46%
larger than that at ¢=0.9; for Al,Os-water is 4.45%; for
FesOs-water is 4.46%. It indicates that in the case of high-
porosity porous medium, porosity variation of porous
medium has the same effect on different nanofluids on the
heat transfer. This is due to the size of nanoparticles is much
smaller than the pore size of porous medium, thus
neglecting the size effect of nanoparticles and the effect of
nanoparticles being blocked and adsorbed by porous
medium, chemical reactions, microscopic forces, and
agglomeration.

Fig. 5 also shows that there is a negative correlation
between Nu and the Ha, which indicates that as the
magnetic field increases, the heat transfer is inhibited. It is
worth noting that different results are found in different
studies regarding whether the effect of magnetic fields on
the flow and heat transfer of nanofluids is facilitated or
inhibited. As mentioned in Section 1, in the studies of Ma et
al. (2020), Sharif et al. (2021a) and Li et al. (2019) the
magnetic field increases the Nu, while in the researches of
Farooq et al. (2023), Sajjadi et al. (2019), Sheikholeslami et
al. (2019), Rao et al. (2023), the magnetic field inhibits the
flow and thus inhibits the heat transfer effect. From these
researches, it is found that magnetic field increases heat
transfer effect generally occurs in natural convection, which
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Fig. 5 Nu as a function of ¢ at different Ha in zone @

is due to the forces causing convection (e.g., gravity) are
not large enough and Lorentz force as the driving force is
also a main factor causing convection. At this point, the
specifics of the direction of the magnetic field and the area
of the calculated Nu leads to magnetic field enhancing the
local flow and thus enhance convective heat transfer. At the
same time, if the concentration variation of the nanofluid is

(e) £=0.8, Ha=100

0
J (

1
i
!
i
1
=

(f) e=0.9, Ha=100
Fig. 6 Flow field distribution of CuO-water nanofluid
under different ¢ and Ha

considered, as in the study by Sharif et al. (2021a),
magnetic field may cause the local concentration of the
nanofluid to become larger, thus increasing the thermal
conductivity of the local fluid and then enhancing the local
heat transfer. While in forced convection, the Lorentz force
tends to be smaller compared to the flow driving force, and
its effect tends to inhibit the flow in the mainstream
direction, causing the calculated local Nu to decrease. As

shown in Table 3, U, varies with different Ha.

As an example, Fig. 6 shows the flow field distribution
of CuO-water nanofluid of ©=0.02 at the direction of
magnetic field of 90°. Table 3 shows the relative average
flow velocity in zone @ corresponding to the cases in Fig.
6. Fig. 6 and Table 3 show that as the porosity increases, the
flow velocity in porous medium zone increases and the flow
velocity in zone @ gradually decreases, which means that
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Table 3 The relative average flow velocity U, of CuO-
water nanofluid in fluid zone adjacent to porous medium
under different ¢ and Ha

Ha 0.8 0.9

0 1.96 177

60 1.74 1.57

100 1.50 1.37
9.40
9.20
9.00
8.80

Nu
(3]
oy
(=]

8.40
8.20 | —4—Cu0 —e—Al203 —-8-Fe304
8.00
0.02 0.04 0.06
(2]

Fig. 7 Nu of nanofluids as a function of @

the squeezing effect of the porous medium on the fluid is
enhanced along with the porosity reduction. Therefore, the
porosity reduction of the porous medium can result an
improvement on heat exchange. Fig. 6 and Table 3 also
show that when the Ha increases, the flow velocity in the
porous medium increases, indicates that the flow velocity in
zone @O decreases. It can be found that the magnetic field
enhances the seepage effect of the porous medium, because
the magnetic field reduces the velocity flowing into the
porous medium, which reduces the resistance of the porous
medium to the fluid and reduces the Kkinetic energy
dissipation, refer to Egs. (27) and (28).

Therefore, it can be briefly summarized that, the reason
for the enhanced heat transfer in porous medium is
squeezing effect of fluid. Regardless of nanofluid
interactions, chemical reactions, adsorption/desorption,
squeezing effect is the same for all nanofluids. And
promoting or inhibiting effect of the magnetic field on heat
transfer depends on the proportion of the Lorentz force
contribution to the flow driving force, the direction of the
magnetic field and the flow, and the calculated local Nu
position.

6.2 Effect of ® and Nanoparticle types

Fig. 7 shows the average Nu of the nanofluids of CuO-
water, Al,Os-water and FesO4-water with @ of 0.02, 0.04,
and 0.06 at the surface of bottom wall. The conditions of
the magnetic field and porous medium are controlled as
Ha=100, 0=90°, ¢=0.9. It can be learned that the Nu of
nanofluids increases as the nanoparticle volume-fraction
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Fig. 8 Nu of nanofluids as a function of 9

increases due to higher thermal conductivity, which
indicates better heat transfer effect. This is consistent with
the conclusions drawn by Chabani et al. (2022) and
Bouselsal et al. (2023). For the three types of nanofluids,
due to the bigger thermal conductivity and Prandtl number,
the enhancement on the heat transfer effect of Al,Os-water
nanofluid is more significant than that of the other two
nanofluids. At @=0.06, Nu of Al,Os-water is 6.51% larger
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Fig. 9 Flow field of CuO-water nanofluid under different 0
at Ha=100

than that of CuO-water and 5.05% larger than that of Fe3Os-
water. At the same time, it can be seen that changing Al,O3
volume-fraction has the most obvious effect on heat
transfer. For example, the average Nu for nanofluids with
Al,O3, FesO4 and CuO nanoparticles increase by 6.51%,
3.24% and 2.48% respectively, when @ increases from 0.02
to 0.06.

6.3 Effect of the intensity and direction of magnetic
field

The influence of the intensity and direction of the
magnetic field on the heat transfer of the three types of
nanofluid was simulated, and the results for the case of
@=0.02 and £=0.9 are shown in Fig. 8 as an example. It can
be clearly found that for the three types of nanofluids, as the
intensity increases, the suppression effect of magnetic field
on heat transfer becomes greater. In addition, for Ha=30
and Ha=60, the most significant inhibiting effect is at
6=90° and for Ha=100, the most significant inhibiting
effect is at §=120°. This is because within this § range, the
direction of the magnetic field can be perpendicular to the
flow direction as much as possible, thereby maximizing the

Lorentz force. It can be seen from the Fig. 8 that when 6=0°
or 180¢, the direction of the magnetic field is almost parallel
to the flow direction, and the Lorentz force has almost no
influence. When Ha=100, the direction angle 6 with the
significant inhibiting effect is larger than when Ha=30 and
60, because a stronger magnetic field intensity will have a
greater Lorentz force, resulting in a larger component
velocity of the fluid in the y direction, the direction of the
combined velocity will be more towards the y direction. If
the direction of the magnetic field is to be perpendicular to
the flow velocity as much as possible, a larger 9 is required.

The flow field of CuO-water nanofluid in Fig.9 indicates
that when the magnetic field direction is oblique, the flow
field distribution is no longer symmetrical, especially in the
fluid zone adjacent to porous medium. At the same time,
taking the case of 8=90° as an example, when Ha=100, the
average Nu of nanofluids with Al,Os;, Fes0s and CuO
nanoparticles are reduced by 4.43%, 4.53% and 4.45%
respectively, compared with there is no magnetic field. This
indicates that due to the paramagnetism of FesOs, it is more
affected by the magnetic field.

7. Conclusions

The magnetohydrodynamics and porous medium were
simultaneously used to enhance and control the flow and
heat transfer of fluid in rectangular opened channel and
their synergistic effect were simulated by using LBM. The
following conclusions were obtained:

« Filling the porous medium in the channel can enhance
the heat transfer effect due to squeezing effect. As the
porosity of the porous medium decreases, the better the heat
transfer effect. Regardless of nanofluid interactions,
chemical reactions, adsorption/desorption, squeezing effect
is the same for all nanofluids.

+ Nanofluid can enhance the heat transfer by improving
the thermophysical properties of base fluid. The heat
transfer effect of the three nanofluids with water as based
fluid is in the order of Al,Os>Fe;04,>CuO. More
nanoparticles result better heat transfer effect.

» The magnetic field increases the seepage flow inside
the porous medium and reduces the flow in fluid zone
adjacent to the porous medium, thereby inhibiting the heat
transfer effect on the surface of bottom wall. When Ha=30
and 60, the inhibiting effect is the most significant as the
magnetic field angle is 90°. And when Ha=100, the
inhibiting effect is the most significant as the magnetic field
angle is 120° Moreover, inhibition of FezO4-water
nanofluid by magnetic field is the most obvious.

» The synergistic effect of nanofluid, porous medium
and magnetic field realizes the control of the heat transfer
effect.
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