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KEYWORDS Abstract. Electrohydrodynamic Fe;O4-Ethylene glycol nanofluid forced convection was

Electric field: simulated in presence of thermal radiation. The porous lid driven cavity had one moving
’ positive electrode. A single-phase model was applied to simulate nanofluid behavior.

Sh f

naigea;)ticles Control volume based finite element method was employed to obtain the results, which

Nano%uid' ’ showed the roles of Darcy number (Da), radiation parameter (Rd), Reynolds number (Re),
)

Porous media: nanofluid volume fraction (¢), and supplied voltage (A¢p). Results depicted that maximum
. values of the temperature gradient were obtained for platelet-shape nanoparticles. Nusselt
Thermal radiation. o . . .
number was enhanced with increase in Darcy number and supplied voltage. Convection

mode rose with increase in permeability of porous media and nanofluid volume fraction,
but it decreased with the rise in Hartmann number.

(© 2019 Sharif University of Technology. All rights reserved.

1. Introduction Shehzad [6] presented the influence of radiative mode
on ferrofluid motion. They took variable viscosity

One of the effective active techniques for heat transfer into account. Nanofluid concentration was surveyed by

augmentation is Electrohydrodynamic. Rarani et al. [1] Hayat et al. [7] in radiative mode. Sheikholeslami and
reported good correlation for viscosity of nanofluid. Seyednezhad [8] utilized CVFEM for nanofluid natural
Nanofluid has various applications in presence of vari- convection in presence of electric field in a porous
ous external forces [2,3]. Three-dimensional nanofluid cavity. Sheikholeslami et al. [9] investigated nanofluid

flows were studied by Sheikholeslami and Ellahi [4].
They illustrated that velocity decreased with the various shapes of nanoparticles.
augmentation of Lorentz forces. Sheikholeslami and Conjugate heat transfer of nanofluid was studied

Ganji [5] studied the nanofluid flow in a porous channel by Selimefendigil and Oztop [10]. They considered

in presence of Lorentz forces.  Sheikholeslami and various inclination angles. Sheikholeslami et al. [11]

simulated MHD nanofluid forced convection by means

‘ of LBM. Sheikholeslami and Rokni [12] addressed the

Corresponding author. . . nanofluid behavior under the effect of Coulomb force in
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mohsen.sheikholeslami@nit.ac.ir (M. Sheikholeslami), a porous cavity. Sheikholeslami [13] presented a meso-

ddg_davood@yahoo.com (D.D. Gangi). scopic simulation of nanofluid convective flow in pres-

ence of magnetic field. Effect of variable Kelvin forces

doi: 10.24200/sci.2018.5567.1348 on ferrofluid motion was simulated by Sheikholeslami

intensification in a curved porous cavity considering
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Kandelousi [14]. Heat flux boundary condition was
utilized by Sheikholeslami and Shehzad [15] to investi-
gate the ferrofluid flow in porous media. Nanoparticle
movement in a channel due to Lorentz forces was
demonstrated by Akbar et al. [16]. Sheikholeslami et
al. [17] examined nanoparticle transportation under the
impact of thermal radiation. In recent decades, various
researchers have published papers on heat transfer [18-
32].

This study intends to model the influence of
thermal radiation on nanofluid behavior in presence
of Coulomb forces via CVEFEM. Roles of Darcy num-
ber, Reynolds number, supplied voltage, radiation
parameter, and Fe3O4 volume fraction are presented
in outputs.

2. Problem definition

Figure 1 depicts the porous enclosure and its boundary
conditions. Ethylene glycol-Fe3O4 nanofluid is utilized.
All walls are stationary except for the bottom wall.
Influence of Darcy and Reynolds numbers on contour
of ¢ is demonstrated in Figure 2. As observed, the effect
of Re on ¢ is less sensible than that of Da. As Darcy
number increases, the distortion of isoelectric density
lines becomes more.

3. Governing formulae and modeling

3.1. Governing formulae
The definition of electric field is [33]:

E = -V, (1)

¢=V.<E, (2)

o)
T =To, ¢ =0, 5¢ =0,
u=0,v=0

Nanofluid

2 9
T=To, 5 =0, 57 =0,

u=0,v=0 Porous media

— — —
J =¢qV —DVg+oE, (3)
-  Jq
. 4
v+ =0 (4)

The governing formulae are [33]:

-
V.V =0,

40, OT*
Gr =

38r Oy’
VQO = _E)a
dq —
T -V.J,
q= V.eE. (5)

(pCp)nf,/Lnf, and p, s can be obtained as [34]:
(pCp) s = (pCp) (1 = @) + (pCp) @,

1= Ar + Az (Ap) + A5 (Ap)? + Ag(Ap)?,

j=4

L

Uria

(a)

1
T=T,9=¢1,9=q0, u="Uria, v=0

(b)

Figure 1. (a) Geometry and the boundary conditions with (b) a sample triangular element and its corresponding control

volume.
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Da = 102

Re = 3000

Re = 6000

=

0.10

Figure 2. Electric density distribution injected by the bottom electrode when Ap = 10 kV, ¢ = 0.05, and Rd = 0.8.

pnf = pr(l— @)+ pso. (6)

Properties of Fe3O4 and ethylene glycol are illustrated
in Table 1 [1]. EFD viscosity is presented by Monajjemi
Rarani et al. [1]. Table 2 illustrates the values of

Table 1. Thermo-physical properties of ethylene glycol
and nanoparticles.

p (kg/m®) Cp (J/kgk) k (W/m.k)

Ethylene glycol 1110 2400 0.26

Fe30,4 5200 670 6

Table 2. The values of coefficients for Eq. (6).

Coefficient values =0 ¢ = 0.05
Ay 1.0603E+001 9.5331
Ao -2.698E-003 -3.4119E-003
As 2.9082E-006 5.5228E-006
Ay -1.1876E-008 -4.1344E-008

coefficients for this formula. k,; can be expressed as:

kg _ —m (ky—ky) o+ (kp — ky) p+mky+k,+ky
kf mkf+(kf—kp)¢+/€f+kp (7)

Different values of shape factors for various shapes of
nanoparticles are illustrated in Table 3.
Thus, the final PDE in presence of thermal

Table 3. The values of shape factors for different shapes
of nanoparticles.

Spherical o 3
Platelet 5.7
m
Cylinder | 48
Brick @ 3.7
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Table 4. Comparison of values of Nu,,. along lid wall for different grid resolutions at Rd = 0.8, Re = 6000, Da = 105,

Ap =10, ¢ = 0.05, and Pr = 6.8.

51 x 151 61 x 181 71 x 211

81 x 241

91 x 271 101 x 301

6.827544  6.835511  6.838134

6.841524

6.842627  6.843308

radiation and electric field in porous media is:

—
V.V =0,
v 1 pus/
I7 7 Pnf/Pf <2 o7
V. V++—] = — A
(( V)V at) Re tnsfis ©

S - 1 1
E qE_ Hnf (pnf) V,
prflps ReDa puy \ oy

- a0 1 kn /kf )
V.V)6+ ) = ! V26
(( ) ot PrRe (pCy),, ;/(pCyp);

1 — =

4 (kup\ 0%
_ Rdi
+3(kf) FYEh

-Vp+

Vo =¢1 — - (9)

Vorticity and stream function should be employed in
order to diminish pressure gradient:

(kg 4 (kar) T\ 00
Nuloc = ( ]{Jf ) <1 + 3Rd( ]{Jf ) ) aX, (].].)
L

1
Nugpe = 7 /Nuloc dY. (12)
0

3.2. CVFEM

CVFEM uses the benefits of both common CFD meth-
ods. This method uses triangular element (see Figure
1(b)). Upwind approach is utilized for the advection
term. Gauss-Seidel method is applied to find the
solution to the algebraic system. Further notes exist
in [35].

4. Mesh study and code validation

Different mesh sizes were tested to find the mesh
independent result. Table 4 demonstrates an example.
This table indicates that the size of 81 x 241 can
be selected. The CVFEM code was validated by
comparing the outputs with those reported in [34] and
[36] (see Figure 3). Good agreement was found.

5. Results and discussion

Thermal radiation impact on nanofluid forced convec-
tion in presence of electric field was investigated by
means of CVFEM. The porous enclosure was filled
with Fe3Oy-ethylene glycol and had one lid wall. EFD
viscosity was taken into account for nanofluid. Roles of
Darcy number (Da = 102 to 10°), Radiation parameter
(Rd = 0 to 0.8), supplied voltage (Ap = 0 to 10 kV),
volume fraction of FezOs (¢ = 0% to 5%), and
Reynolds number (Re = 3000 to 6000) were addressed.

Effect of shape factor on Nusselt number is
simulated in Table 5. In this table, various shapes
of nanoparticles are utilized. The maximum Nu is

Table 5. Effect of shape of nanoparticles on Nusselt
number when Rd = 0.8, Re = 6000, Ay = 10, and

o v du O ¢ = 0.05.
= —— w= - - — — = 1U
ox’ or dy Oy ’ Da
102 10°

g YL g w (10) Spherical 5.243563 6.596998
ULig LUL:q Brick 5.298611 6.665156
Nuype and Nug,e along the bottom wall are calculated Cylinder 0379728 6.765308
Platelet 5.441616 6.841524

as:
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Figure 3. (a) Comparison between the local Nusselt numbers over the lid wall in the present results and those of
Moallemi and Jang [36] at Re = 500, R; = 0.4, and Pr = 1. (b) Comparison between temperature profiles of the present
results and the numerical results of Khanafer et al. [34] for Gr = 10*, ¢ = 0.1 and Pr = 6.8 (Cu-water).

Da = 10°

Da = 10°

Figure 4. Effect of Darcy number on streamlines and isotherm when Re = 3000, Ap =0 kV, ¢
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achieved by m = 5.7. Therefore, platelet nanoparticle
will be utilized for further investigation.

Figures 4, 5, and 6 show isotherm and streamlines
for various values of Da, Ay, and Re. When Re = 3000,
the center of the main eddy is near the bottom wall. As
Darcy number increases, the center of the main eddy
shifts to wavy wall and a new secondary rotating vortex
is generated. Thus, isotherms become more complex in
high values of Darcy number. Applying electric field
causes Un.x to increase and shift the center of the
eddy to the upper region. Shape of isotherms becomes

Isotherm
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©000000000000000000
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= 0.05, and Rd = 0.8.

complex when electric field increases and thermal
plume is generated. Also, by increasing Re, ¥pax
increases. As Coulomb force increases, the strength
of the main eddy increases and stronger thermal plume
appears.

Nuge versus Re, Da, Rd, and Ay is depicted in
Figure 7. The associated formula is:

Nugye = —0.99 + 0.06Ap + 1.5Re™ + 0.75log(Da)

+5.07Rd — 0.015A¢Re" 4+ 0.012Ap log (Da)
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Figure 5. Effect of Darcy number on streamlines and isotherm when Re = 3000, Ay = 10 kV, ¢ = 0.05, and Rd = 0.8.
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Figure 6. Effect of Darcy number on streamlines and isotherm when Re = 6000, Ay = 10 kV, ¢ = 0.05, and Rd = 0.8.

—0.03A¢pRd — 0.09Re™ log (Da) where Re* = 0.001 Re and Ay is voltage supply
in kilovolts. In presence of Coulomb force, Nusselt
—1.53Re* Rd + 0.451og (Da) Rd + 0.006 A¢? number decreases with the rise of the Reynolds number.

Electric field helps the convective mode to increase.

s\ 2 2
—0.16(Re")” —0.015(log (Da)) +0.01Rd?, (13) Therefore, Nu,,e increases with increase in Ap. As



M. Sheikholeslami et al./Scientia Iranica, Transactions B: Mechanical Engineering 26 (2019) 1405-1414

6.00

5.25
=
v 4.50 a8
o0
5
3.75
3.00
1.00 3.25 5.50 7.75  10.00 1.00 3.25 5.50 775 10.00
A(p A(p

log (Da) = 3.5, Rd = 0.4, ¢ = 0.05

0.80 =
ﬁa
0.60
=
- 55032 a
= 040 e e
L
0.20
0.00 N
1.00 3.25 5.50 7.75 10.00 3.00 3.75 4.50 5.25 6.00
Re*
0.80
0.60
el
= 0.40
0.20
0.00
3.00 3.75 4.50 5.25 6.00 2.00 2.75 3.50 4.25 5.00
Re* log (Da)
log(Da) = 3.5, Ap = 5, ¢ = 0.05 Ag = 5, Re=4500, ¢ = 0.05

7.2
6.6
v
: g 6.0
=
2 5 o4
“ 48
5.00
4.25
3.50 i
2.75 3.25
log (Da) 2.001.00 Agp
log (Da) = 3.5, Rd = 0.4, ¢ = 0.05 Rd = 0.4, Re=4500, ¢ = 0.05

Figure 7. Effects of Da, Ay, Rd, and Re on average Nusselt number.
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Figure 7. Effects of Da, Ap, Rd, and Re on average Nusselt number (continued).

Rd rises, the temperature gradient near the hot wall
increases. Influence of Darcy number is same as that
of radiation parameter. Thus, Nug,. is an increasing
function of Rd, Da.

6. Conclusions

Effect of Coulomb forces on nanofluid laminar convec-
tive heat transfer in a lid driven porous enclosure in
presence of thermal radiation was simulated by means
of CVFEM. Outputs were reported for various values
of Da, Rd ¢, Ap, and Re. Outputs demonstrated
that the distortion of isotherms increased with the rise
of radiation parameter, Darcy number, and Coulomb
forces. Increasing Coulomb forces made the secondary
eddy diminish. Nusselt number increases with the rise
of radiation parameter.
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Nomenclature

Sk Lorentz force number

D, Diffusion number

v, U Vertical and horizontal velocities
}TE> Electric force

Ng Electric field number

Re Reynolds number

Prg Electric Prandtl number
E,E, E, Electric field
Greeksymbols

10) Volume fraction

p Density

o Electric conductivity

I Dynamic viscosity

%) Electric field potential
Subscripts

s Solid particles

f Base fluid

c cold

nf Nanofluid

h Hot

References

1. Monajjemi Rarani, E., Etesami, N., and Nasr Esfa-
hany, M. “Influence of the uniform electric field on
viscosity of magnetic nanofluid (Fe3O4-EG)”, Jour-
nal of Applied Physics, 112, p. 094903 (2012). Doi:
10.1063/1.4763469

2. Sheikholeslami, M. and Rokni, H.B. “Simulation of

nanofluid heat transfer in presence of magnetic field:



ot

10.

11.

12.

13.

14.

M. Sheikholeslami et al./Scientia Iranica, Transactions B: Mechanical Engineering 26 (2019) 1405-1414

A review”, International Journal of Heat and Mass
Transfer, 115, pp. 1203-1233 (2017).

Sheikholeslami, M. and Ganji, D.D. “Influence of
electric field on Fe304-water nanofluid radiative and
convective heat transfer in a permeable enclosure”,
Journal of Molecular Liquids, 250, pp. 404-412 (2018).

Sheikholeslami, M. and Ellahi, R. “Three dimensional
mesoscopic simulation of magnetic field effect on nat-
ural convection of nanofluid”, International Journal of
Heat and Mass Transfer, 89, pp. 799-808 (2015).

Sheikholeslami, M. and Ganji, D.D. “Magnetohy-
drodynamic flow in a permeable channel filled with
nanofluid”, Scientia Iranica, B21(1), pp. 203-212
(2014).

Sheikholeslami, M. and Shehzad, S.A. “Thermal ra-
diation of ferrofluid in existence of Lorentz forces
considering variable viscosity”, International Journal

of Heat and Mass Transfer, 109, pp. 82-92 (2017).
Hayat, T., Nisar, Z., Yasmin, H., and Alsaedi, A.

“Peristaltic transport of nanofluid in a compliant
wall channel with convective conditions and thermal
radiation”, Journal of Molecular Liquids, 220, pp. 448-
453 (2016).

Sheikholeslami, M., and Seyednezhad, M. “Simula-
tion of nanofluid flow and natural convection in a
porous media under the influence of electric field using
CVFEM”, International Journal of Heat and Mass
Transfer, 120, pp. 772-781 (2018).

Sheikholeslami, M., Shamlooei, M., and Moradi, R.
“Numerical simulation for heat transfer intensification
of nanofluid in a permeable curved enclosure consid-
ering shape effect of Fe3O4 nanoparticles”, Chemical

Engineering & Processing: Process Intensification,
124, pp. 71-82 (2018).

Selimefendigil, F. and Oztop, H.F. “Conjugate natural
convection in a cavity with a conductive partition and
filled with different nanofluids on different sides of the
partition”, Journal of Molecular Liquids, 216, pp. 67-
77 (2016).

Sheikholeslami, M., Hayat, T., Muhammad, T., and
Alsaedi, A. “MHD forced convection flow of nanofluid
in a porous cavity with hot elliptic obstacle by means

of lattice Boltzmann method”, International Journal
of Mechanical Sciences, 135, pp. 532-540 (2018).

Sheikholeslami, M. and Rokni, H.B. “Numerical simu-
lation for impact of Coulomb force on nanofluid heat
transfer in a porous enclosure in presence of thermal

radiation”, International Journal of Heat and Mass
Transfer, 118, pp. 823-831 (2018).

Sheikholeslami, M. “Numerical investigation for CuO-
H»O nanofluid flow in a porous channel with magnetic
field using mesoscopic method”, Journal of Molecular
Liquids, 249, pp. 739-746 (2018)

Sheikholeslami Kandelousi, M. “Effect of spatially
variable magnetic field on ferrofluid flow and heat
transfer considering constant heat flux boundary con-

dition”, The FEuropean Physical Journal Plus, 1, pp.
129-248 (2014).

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

1413

Sheikholeslami, M. and Shehzad, S.A. “Magnetohydro-
dynamic nanofluid convection in a porous enclosure
considering heat flux boundary condition”, Interna-

tional Journal of Heat and Mass Transfer, 106, pp.
1261-1269 (2017).

Akbar, N.S.] Raza, M., and Ellahi, R. “Interaction of
nano particles for the peristaltic flow in an asymmetric
channel with the induced magnetic field”, The Euro-
pean Physical Journal-Plus, 129, pp. 155-167 (2014).

Sheikholeslami, M., Ganji, D.D., Javed, M.Y., and
Ellahi, R. “Effect of thermal radiation on magneto-
hydrodynamics nanofluid flow and heat transfer by
means of two phase model”, Journal of Magnetism and
Magnetic Materials, 374, pp. 36-43 (2015).

Sheikholeslami, M., Shamlooei, M., and Moradi, R.
“FesOg4-ethylene glycol nanofluid forced convection
inside a porous enclosure in existence of Coulomb
force”, Journal of Molecular Liquids, 249, pp. 429-437
(2018).

Sheikholeslami, M. and Shehzad, S.A. “Numerical
analysis of FezO4-H2O nanofluid flow in permeable
media under the effect of external magnetic source”,
International Journal of Heat and Mass Transfer, 118,
pp. 182-192 (2018).

Sheikholeslami, M., Hayat, T., and Alsaedi, A. “Nu-
merical simulation for forced convection flow of MHD
CuO-H>0 nanofluid inside a cavity by means of LBM”,
Journal of Molecular Liquids, 249, pp. 941-948 (2018).

Sheikholeslami, M., and Sadoughi, M.K. “Simulation
of CuO-water nanofluid heat transfer enhancement in
presence of melting surface”, International Journal of
Heat and Mass Transfer, 116, pp. 909-919 (2018)

Sheikholeslami, M. “Magnetic field influence on CuO-
H>O nanofluid convective flow in a permeable cavity
considering various shapes for nanoparticles”, Inter-

national Journal of Hydrogen Energy, 42, pp. 19611-
19621 (2017).

Yamaguchi, T., Tsuruda Y., Furukawa T., Negishi L.,
Imura Y., and Sakuda S. “Yoshimura E7,8, Suzuki
M9, synthesis of CdSe quantum dots using fusarium
oxysporum”, Materials (Basel), 9(10), pii: E855. (Oct
2016). DOI: 10.3390/ma9100855

Sheikholeslami, M. investigation of
nanofluid free convection under the influence of electric

“Numerical

field in a porous enclosure”, Journal of Molecular
Liquids, 249, pp. 1212-1221 (2018).

Sheikholeslami, M.
to magnetic field inside a porous media considering
Brownian motion”, Journal of Molecular Liquids, 249,
pp. 921-929 (2018).

Sheikholeslami, M. and Shehzad, S.A. “Magnetohy-
drodynamic nanofluid convective flow in a porous

enclosure by means of LBM”, International Journal
of Heat and Mass Transfer, 113, pp. 796-805 (2017).

“CuO-water nanofluid flow due

Sheikholeslami, M. “Lattice Boltzmann method simu-
lation of MHD non-Darcy nanofluid free convection”,

Physica B, 516, pp. 55-71 (2017).



1414

28.

29.

30.

31.

32.

33.

34.

36.

M. Sheikholeslami et al./Scientia Iranica, Transactions B: Mechanical Engineering 26 (2019) 1405-1414

Sheikholeslami, M. “Lattice Boltzmann method simu-
lation of MHD non-Darcy nanofluid free convection”,
Physica B, 516, pp. 55-7T1 (2017).

Sheikholeslami, M. and Bhatti, M.M. “Forced convec-
tion of nanofluid in presence of constant magnetic field
considering shape effects of nanoparticles”, Interna-
tional Journal of Heat and Mass Transfer, 111, pp.
1039-1049 (2017).

Sheikholeslami, M. “Influence of magnetic field on
nanofluid free convection in an open porous cavity
by means of lattice Boltzmann method”, Journal of
Molecular Liquids, 234, pp. 364-374 (2017)

Sheikholeslami, M. and Ganji, D.D. “Numerical ap-
proach for magnetic nanofluid flow in a porous cavity
using CuO nanoparticles”, Materials and Design, 120,
pp- 382-393 (2017).

Sheikholeslami, M., Ziabakhsh, Z. and Ganji, D.D.
“Transport of magnetohydrodynamic nanofluid in a
porous media”, Colloids and Surfaces A: Physicochem-
ical and Engineering Aspects, 520, pp. 201-212 (2017).

Sheikholeslami, M. and Chamkha, A.J. “Electrohydro-
dynamic free convection heat transfer of a nanofluid
in a semi-annulus enclosure with a sinusoidal
wall”, Numerical Heat Transfer, Part A, 69(7), pp.
781-793 (2016). http://dx.doi.org/10.1080/10407782.
2015.1090819

Khanafer, K., Vafai, K., and Lightstone M.
“Buoyancy-driven heat transfer enhancement in a two-
dimensional enclosure utilizing nanofluids”, Int J Heat
Mass Transf, 446, pp. 3639-3653 (2003).

Sheikholeslami, M. and Ganji, D.D. Hydrothermal
Analysis in Engineering Using Control Volume Finite
Element Method, Academic Press, Print Book, pp. 1-
226, ISBN : 9780128029503 (2015).

Moallemi, M.K. and Jang, K.S. “Prandtl number
effects on laminar mixed convection heat transfer in
a lid-driven cavity”, Int. J. Heat Mass Tran., 35, pp.
1881-1892 (1992).

Biographies

Mohsen Sheikholeslami serves in the Department
of Mechanical Engineering, Babol Noshirvani Univer-
sity of Technology, Iran. His research interests are
CFD, mesoscopic modeling of fluid, nonlinear science,
nanofluid, magnetohydrodynamics, ferrohydrodynam-
ics, and electrohydrodynamics. He has written several
papers and books in various fields of mechanical engi-
neering. In the reports of Thomson Reuters, he was
selected as a Web of Science Highly Cited Researcher
(Top 0.01%) in 2016 and 2017. He is also the author of
the books “Hydrothermal Analysis in Engineering Us-
ing Control Volume Finite Element Method,” “Exter-
nal Magnetic Field Effects on Hydrothermal Treatment
of Nanofluid,” and “Applications of Nanofluid for Heat
Transfer Enhancement,” which have been published by
Elsevier.

Davood Domairry Ganji is a Professor of Mechan-
ical Engineering and Director of Graduate Program
at Babol Noshirvani University of Technology; also,
he is a consultant in the field of nonlinear dynamics.
He has published more than 500 papers in national
and international ISI journals and conferences. He has
authored/co-authored more than 20 engineering books
spanning a range of topics that include control systems,
engineering system dynamics, advanced engineering
mathematics, and numerical methods.

Zhixiong Li works in the Department of Engineering,
Ocean University of China. His research interests are
numerical simulation and nanofluid. He has published
several papers in the field of engineering.

Rahim Hosseinnejad works in Babol Noshirvani
University of Technology, Iran. His research interests
are heat transfer and turbulent flow. He has published
some papers on turbulent flow.





