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Abstract

Challenge of energy will be increase in whole wdbl augmenting relevance of
industry with fossil energy. According to this facenewable energies become popular in
recent years. Employing nanofluids can help sa@éntio improve the performance of such
systems. The impact of iron oxide—water nanofliad, working fluid, was employed to
evaluate entropy generation in an enclosure inteaxi® of magnetic force. To analyze the
performance of heating unit, both view of first esetond law of thermodynamic should be
involved. In current research, environment-frienahagnetic fluid namely R®,-water
ferrofluid has been studied which is useful in metgnnanostructured materials have been
found to be very efficient in wastewater decontation. More exactly, the behavior of

magnetic nanofluid through a porous space with vatise computational method is
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displayed. To involving porous media, non-Darcy rapgph was considered. Outcomes are

obtained via Control volume based finite elementhoe (CVFEM) to portray the impacts of

Hartmann, Rayleigh numbers and permeability. Resliiplay that dispersing nanoparticles

leads to augment in thermal performance and dexiaamtropy generation. As permeability

enhances, Bejan number improves. As Lorentz foragagments, impact of adding

nanoparticles reduces and exergy loss detractpeBigg nanoparticles are more beneficial

in lower values of permeability.

Keywords: Nanofluid; Entropy; Porous; Heat transfer; Exergg &VFEM; Magnetic field.

Nomenclature

Sy
X4

Nu

Ha

Be

Ra

Entropy generation

Exergy loss
Nusselt number
Hartmann number
gravity
Temperature
Bejan number
Magnetic field

Rayleigh number

Greek symbols

o Electrical conductivity

Q vorticity

6 temperature

v Kinetic viscosity

B Thermal expansion coefficient
Subscripts

nf Nanofluid

M magnetic

P porous



1. Introduction

Nanofluids are the greatest popular tool to augmibet efficiency of thermal
equipment. Various kinds of nanoparticles have bemployed because they can improve
conductivity. This kind of working fluids can be ags in renewable energy systems for
various applications. Bellos et al. (2018) scrutaui different applications of nanofluid in
renewable energies. They focus on solar technadogie presented variation of thermal
performance in each cases. Nazari et al. (2019)iged solar experimental set up to examine
the thermal performance of nanofluid. They utilizesbper oxide nanoparticle for single
slope solar still. The productivity of fresh watargments with adding nanoparticles. Nan et
al. (2019) scrutinized clean way for producing nmetgnnanoparticles. Sheikholeslami et al.
(2019a) utilized nanoparticles for solar heat gjeranit. They suggested new shapes for
metallic fin. Hayat et al. (2017) scrutinized ndo@ concentration analysis in a three
dimensional enclosure. Entropy generation of narimp@s within a porous space was
demonstrated by Sheikholeslami (2019a). He corsiteragnetic force influence on exergy
loss. Qi et al. (2017) scrutinized the silver naartiple migration in a cavity by using
numerical method. Working fluid can be consideresl rson-Newtonian fluid when
nanoparticles have been added (Khan et al. (204a3him et al. (2018), Abro and Khan

(2017)).

Sharafeldin and Gréf (2018) presented an applinatfoCeO2/water nanofluid. They
indicated that the outlet temperature augments wiagfluids are utilized. Sheikholeslami
et al. (2018a) employed two temperature approadbesporous medium to discover
ferrofluid behavior due to magnetic. Utilizing magic and electric fields are common ways
for controlling flow direction (Mishra et al. (20L5Sheikholeslami and Mahian (2019),
Sheikholeslami et al. (2018b,c), Moatimid and Hasg2018), Muhammad et al. (2018)).

Said et al. (2016) carried out the exergy perforreanof solar collector in existence of
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alumina nanoparticles. They showed the impact ohoparticles' size on thermal
performance. If domain is porous space, severaletsacan be used for simulation (Zin et al.
(2017), Sheikholeslami et al. (2019b), Soomro e{2019), Sheikholeslami (2019b)). Ali et
al. (2017) employed the fractional model for anadgznanofluid flow due to magnetic force.
They utilized polar coordinate for circular tubénelpollution of water these days has become
one of a critical issue throughout the world. Hoem\several water treatment technologies
are in continuous efforts for improvement. Amontgm nanomaterials are regarded as an
efficient strategy for water decontamination, aod énvironment protection. However, it is
of central focus that the water treatment methaglelo themselves should not produce
additional harmful materials but should use instead-toxic biodegradable ones. In this
work, ferrofluid have been involved which is indeed potential candidate for water
remediation and for the homogenous dispersion @etite nanoparticles (NPs) in agueous
solution. Recent years, to enhance the thermabpeance, nanoparticles and other passive
ways have been utilized (Sheikholeslami (2018), eeal. (2018), Sheikholeslami et al.

(2019c), Qi et al. (2011), Fengrui et al. (2018)).

There is few papers in which, nanofluid exergy anttopy analysis have been done.
To reach best design of renewable energy unit,miaing entropy generation is vital factor.
In current text, as an application of magnetic pamticles, entropy and exergy analysis of
ferrofluid due to magnetic forces within a permeabhedium was scrutinized. Powerful
numerical method was employed to display the enemnyy exergy analysis for different

values of permeability, Lorentz and buoyancy forces



2. Geometry explanation

Boundary condition sample element and geometryuokat paper has been provided in Fig.
1. Permeable space is full of ferrofluid. Consta@at flux was employed on inner cylinder.
Horizontal magnetic field was employed. Both eneagg exergy views have been included

to reach the best design. Selecting nanofluid catesenprove thermal treatment of system.

3. Formulation and CVFEM

3.1. Governing

The aim of article is to simulate ferrofluid contige flow inside a two dimensional
(2D) permeable space with magnetic force. Grawtcd is included as buoyancy forces.
Non-Darcy model for porous space has been selededeover, for estimating ferrofluid

properties, homogeneous model has been assumededR&rmulations are:
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U, Is estimated as (Wang et al. (2016)):

ty =(3.18 - 27886.4807 + 0.0%’+ 426302 316.0p28"”

Properties of ferrofluid have been listed in Tabld o eliminate pressure terms, below

definitions should be involved:

dy  dy Ox ’ ox

Defining non-dimensional quantities:
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So, following equations can be derived:

(4)
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Following definitions should be mentioned for dirsgmless variables:
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and current boundary conditions can be presented as
©=0.0 @ cold surface a7

Y =0.0 @ all walls

69 =1.0 @ hot surface
an

Nu,. ., Nu,, and Enare determined from:
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Nu,,. zlINuIoc ds
S 0
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Definitions of entropy generation, exergy loss and Bejan nuaregiSheikholeslami et al.

(2019c¢)):
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3.2. CVFEM

(19)

(20)

(21)

(22)

Innovative method has been applied in current article. The first cbtt@somethod was

written by Sheikholeslami (2019c). He employed the mention rdetbo various heat

transfer problems. Finite element method (FEM) has been mergeéiwiiid volume method

(FVM) to generate this new algorithm. Researchers can find more déttils approach in

new reference book (Sheikholeslami (2019c)). Current approach uses trisgigmiant for

2D problems (see Fig. 1(b)).



4. Mesh independency and verification

To obtain unique results, various mesh sizes should be t€xtedinstance exists in
table2. Also, Fig. 2 and table3 prove the accuracy of this ddd# nanofluid flow and
magnetohydrodynamic (MHD) flow have been checked (Rudraiah et ab)(1@8lcagni et

al. (2003), Khanafer et al. (2005)).

5. Results and discussion

Iron oxide-water ferrofluid free convection inside a permeable spaceamaisnized
in current text. To estimate the viscosity, Lorentz forces effect hasibveaned. Not only
energy analysis but also exergy and entropy treatment have been repdife&d has been
employed to depict the results for various Darcy numli@er=0.01 t0100), Magnetic field

(Ha=11040) and Rayleigh numbeiRa =10°t010*).

Figs. 3, 4, 5 and 6 are presented to display the influendees Bfa andHa on energy,
entropy and exergy behavior of ferrofluid. According to definitdiRa and Da, augmenting
such variables lead greater heat transfer. Graphs indicate this fadt Gard be seen that
convection enhances with rise of buoyancy and permeability. Furtherbmmentz forces
make the conduction to augment and dispersing nanoparticles haeebereefit. Surface

temperature reduces with augment of permeability but it improitesawvgment of magnetic
force. |, |augments with augment dba and Ra while it declines with rise oHa.
Temperature along the inner surface reduces with decrease of magnetic fogoetidla

entropy generation declines with reduceRaf andHa. As Lorentz forces augments, Bejan

number augments.



Figs. 7, 8 and 9 illustrate the changesBef Nu,,, X, with variation ofRa, Ha, and

ave’

Da. Egs. (23-25) has been derived from simulation data:

Nu,, =0.06a log Ra) - 0.068lo§Ra)Ha~ 0.044aDa

(23)
+1.82+ 0.17lodRa) + 0.08a- 0.0#
Be=0.97- 8.84 10Da- 0.028loRa)+ 8.87 ItHa ”
-8.5x10°Da lofRa)+ 4.1% 10DaHa+ 88 I® IdRa)Ha (24)
X4 =105.29- 2.9Da- 5.31llogRa)+ 2.8€ (25)

-2.2Dalog(Ra) + 1.6DaHa+ 2.19lofRa)Ha

Convective mode has been boosted with riseaaindRa. Also, augmenting magnetic force
causedlu,, to detract. Exergy loss and Bejan number have reverse treatment iarsunp
with Nu,,, . Exergy loss detracts with augment of permeability. Bejan numi@oves with
increase ofHa. Fig. 10 displays the variation of heat transfer augmenta&oh que to
changing Ra, Ha and Da. Dispersing nanoparticles has greater impeaseis with greater
conduction. Thus, this factor augments with increaddaoénd it decreases with augment of

Da and Ra.

6. Conclusions

Magnetic force role on treatment of Ferrofluid flow and entropy gewerétrough a
permeable space was reported by employing CVFEM. In current reseandghpnment-
friendly magnetic fluid namely R©4-water ferrofluid has been studied which is useful in
magnetic nanostructured materials have been found to be very efficiemastewater
decontamination. The impact of iron oxide—water nanofluid, as wgrkiid, was employed

to evaluate entropy generation in an enclosure in existence of magmneticDdferent parts

10



of entropy generation are reported as separate contours. Variation of Bejernand
exergy loss are depicted due to chandirag Ha andRa. Bejan number reduces with rise of
conduction mode. As these variables augments, magnetic entropytmgenerdnances. As

magnetic forces enhance, exergy loss augments.

Acknowledgements. This paper was supported by the National Sciences Foundation of
China (NSFC) (No. U1610109), UOW Vice-Chancellor's Postdoctoraé&tel Fellowship.
Besides, the authors acknowledge the funding support of Babdiirdasi University of

Technology through Grant program No. BNUT/390051/98

References

Abro, K.A., Khan, 1., 2017. Analysis of the heat and meassfer in the MHD flow of a
generalized Casson fluid in a porous space via non-integer order ideswaithout a

singular kernel. Chin. J. Phys. 55, 1583-1595

Ali, F., Sheikh, N.A., Khan, I, Saqgib, M., 2017. Magudield effect on blood flow of
Casson fluid in axisymmetric cylindrical tube: A fractional modeMagn. Magn. Mater.

423, 327-336.

Bellos, E., Said, Z., Tzivanidis, C. 20I8e use of nanofluids in solar concentrating

technologies: A comprehensive review. J. Clean. Prod. 196, 84-99

Calcagni, B.,, Marsili, F., Paroncini, M., 2008%atural convective heat transfer in square

enclosures heated from below. Appl. Therm. Eng. 25, 2522-2531

11



Fengrui, S., Yuedong, Y., Xiangfang, L., 2018. The Heat anddVlransfer Characteristics
of Superheated Steam Coupled with Non-condensing Gases in Haldlts with Multi-

point Injection Technique. Energy, 143, 995-1005

Hayat, T., Aziz, A., Muhammad, T., Alsaedi, A., 2017r&&dimensional flow of nanofluid

with heat and mass flux boundary conditions. Chin. J. .P3%;s1495-1510.

Hashim, M. Khan, A.S. Alshomrani, Haq, R.U., 2018. Inigadion of dual solutions in flow
of a non-Newtonian fluid with homogeneous-heterogeneous readiidatisal points.

European J. Mech.-B/Fluids, 68, 30 — 38

Khan, N.S., Gul, T., Islam, S., Kha, A., Shah, Z.,2@rownian Motion and
Thermophoresis Effects on MHD Mixed Convective Thin Film Secorai& Nanofluid
Flow with Hall Effect and Heat Transfer Past a Stretching Sheet.alamfrNanofluids 6, 1—

18

Khanafer, K., Vafai, K., Lightstone, M., 2003. Buoyancy-driveat transfer enhancement in

a two-dimensional enclosure utilizing nanofluids, Int. J. Heas#MTransfer 46, 3639-3653

Lee, P., Kim, J.K., Lee, S.W., 2018. Experimental characterizaticeco-friendly micro-
grinding process of titanium alloy using air flow assisted elsptay lubrication with

nanofluid. J. Clean. Prod. 201, 452-462

Muhammad, S., Ali, G., Shah, Z., Islam, S., Hussain2818. The Rotating Flow of
Magneto Hydrodynamic Carbon Nanotubes over a Stretching Sheghwiimpact of Non-
Linear Thermal Radiation and Heat Generation/Absorption, Ampl. & 0; doi:

10.3390/app8040000).

12



Mishra, S.R., Pattnaik, P.K., Dash, G.C., 2@ ffect of heat source and double stratification

on MHD free convection in a micropolar fluid. Alexandria Eng. J.G31-689

Moatimid G.M., Hassan, M.A., 2018. Linear InstabilityM¥ater—Qil Electrohydrodynamic
Nanofluid Layers: Analytical and Numerical Study. J. Compheor. Nanos. 15(5), 1495-

1510

Nazari, S., Safarzadeh, H., Bahiraei, M., 2019. Performance improvefrestngle slope
solar still by employing thermoelectric cooling channel and coppdemanofiuid: An

experimental study. J. Clean. Prod.208, 1041-1052

Nan, A., Filip, X., Dan, M., Marinaga O., 2019. Clean production of new functional coatings

of magnetic nanoparticles from sustainable resources. J. Clean. Fdp882-696

Qi, C.,He, Y., Hu, Y., Yang, J., Li, F., Ding, Y.Q21. Natural convection of Cu-Gallium

nanofluid in enclosures. ASME J. Heat Transf. 133(12), 122504

Qi, C., Yang, L., Wang, G., 2017. Numerical study on eative heat transfer enhancement
in horizontal rectangle enclosures filled with Ag-Ga nanofluid, NealesRes. Lett. 12(1),

326-335

Rudraiah, N., Barron, R.M., Venkatachalappa, M., Subbaraya (8%, Hfect of a magnetic

field on free convection in a rectangular enclosure, Int. J. EBgig33, 1075-1084.

Sheikholeslami, M., Haq, R.U., Shafee, A., Li, Z., 2019a. lteatfer behavior of
Nanoparticle enhanced PCM solidification through an enclosure wstayed fins. Int. J.

Heat Mass Tran. 130, 1322-1342

13



Sheikholeslami, M., 2019a. New computational approach for exeygranopy analysis of
nanofluid under the impact of Lorentz force through a porous médiaput. Method Appl.

M. 344, 319-333

Sharafeldin, M.A., Grof, G., 2018. Evacuated tube solar collectormpeafce using

CeO2/water nanofluid. J. Clean. Prod. 185, 347-356

Sheikholeslami, M., Khan, I., Tlili, I., 2018a. Non-eqgoiium model for nanofluid free
convection inside a porous cavity considering Lorentz forces. 8pi. 816881,

DOI:10.1038/s41598-018-33079-6

Said, Z., Saidur, R., Rahim, N.A., 2016. Energy and exangyysis of a flat plate solar
collector using different sizes of aluminium oxide based nanoflui@lean. Prod. 133, 518-

530

Sheikholeslami, M., Barzegar Gerdroodbary, M., Moradi, R., Shafe&j,AZ., 2019b.
Application of Neural Network for estimation of heat transfer treatraAI203- H20

nanofluid through a channel. Comput. Method Appl. M. 34421

Sheikholeslami, M., Jafaryar, M., Shafee, A., Li, Z., 2018bestigation of second law and
hydrothermal behavior of nanofluid through a tube using passethods. J. Mol. Liq. 269,

407-416

Sheikholeslami, M., Li, Z., Shafee, A., 2018c. Lorentz forces effe¢diEPCM heat transfer

during solidification in a porous energy storage systemJlriiieat Mass Tran. 127, 665-674

Sheikholeslami, M., 2019b. Numerical approach for MHD Al203-waderofluid
transportation inside a permeable medium using innovative compatbod. Comput.

Method Appl. M. 344, 306-318

14



Sheikholeslami, M., Mahian, O., 2019. Enhancement of PCMichtion using inorganic
nanoparticles and an external magnetic field with application in gsévgage systems. J.

Clean. Prod.215, 963-977

Sheikholeslami, M., 2019c. Application of Control Volumedzia&inite Element Method

(CVFEM) for Nanofluid Flow and Heat Transfer, Elsevier, ISBN: @I33141526

Sheikholeslami, M., Jafaryar, M., Shafee, A., Li, Z., 20N ofluid heat transfer and
entropy generation through a heat exchanger considering a new turbalGuO

nanoparticles. J. Therm. Anal. Calorim. DOI: 10.1007/s1098378b6-7

Soomro, F.A., Zaib, A., Haqg, R.U., Sheikholeslami, 2019. Dual nature solution of water
functionalized copper nanopatrticles along a permeable shrinking eyliRDM approach.

Int. J. Heat Mass Tran.129, 1242-1249

Sheikholeslami, M., 2018, Finite element method for PCM Bmladion in existence of CuO

nanoparticles. J. Mol. Lig. 265, 347-355

Wang, L., Wang, Y., Yan, X., Wang, X., Feng, B., 20b&estigation on viscosity of Fe304

nanofluid under magnetic field. Int. Commun. Heat Mass. 3222

Zin, N.A.M., Khan, I., Shafie, S., Alshomrani, A.S., 20ARalysis of heat transfer for
unsteady MHD free convection flow of rotating Jeffrey nanofluid satutiatagorous

medium. Results in Phys., 7 () 288-309

15



Neanofluid

porous madia

Fig. 1. Porous enclosure under the effect of magnetic field

16

J=3



ACCEPTED MANUSCRIPT

Present work Calcagni et al. (2003)

(@)
1
Peresent work
- o Khanafer et al.
08
0.6 ;
Q!
0.4
0.2 _-
00 — IO!ZJ ] 10!4\ : I0!(:‘:l J JOI,B‘ — 1
X
(b) Gr=1d,

Fig. 2. Validation for (a) natural convection (Calcagni et al. (20@B) nanofluid flow

(Khanafer et al. (2005))

17



Ra=1d

Ra=16

Sauljwesais Swliaylos|

18



Sgen,f

Sgen,th

0.0024
0.002
0.0016
0.0012
0.0008
0.0006
0.0004
0.0002
SE-05
3E-05
1.5E-05

0.95
0.9
0.85
0.8
0.75
0.6
0.5
0.45
0.4
0.35
0.3
0.25

19

0.22
0.18
0.14
0.1
0.06
0.02
0.004
0.003
0.002
0.001

14
13
11

0.8
0.6
0.4
0.2
0.1



Sgen,M

Sgen.p

0.0004
0.00035
0.0003
0.00025
0.0002
0.00015
0.0001
5E-05

20

0.00035
0.0003
0.00025
0.0002
0.00015
0.0001
5E-05
7E-06
1.3E-06

0.03
0.025
0.02
0.015
0.01
0.005



Be

Xd

0.9995
0.999
0.9985
0.998
0.9975
0.997

260
240
220
200
180
160
140
120
100
80

60

0.98
0.96
0.94
0.92
0.9

0.88
0.86
0.84
0.82
0.8

0.78
0.76

350
300
250
200
150
100
50

Fig. 3. Exergy and entropy contours for vari®asat ¢=0.04,Ha=1,Da=0.01

21



Ra=1d

Ra=10

souljweans ‘WwI”ylos|

22



Sgen,f

Sgen,th

0.1
0.08
0.06
0.04
0.02
0.004
0.0008
0.0001

0.7
0.6
0.5
0.4
0.3
0.2

23



Sgen,M

Sgen,p

0.00018
0.00016
0.00014
0.00012
0.0001
8E-05
6E-05
4E-05
2E-05

0.00026
0.00022
0.00018
0.00014
0.0001
8E-05
6E-05
4E-05
2E-05

24

0.022
0.018
0.014
0.012
0.01

0.008
0.006
0.004
0.002

0.022
0.02

0.018
0.016
0.014
0.012
0.01

0.008
0.006
0.004
0.002



Be

Xd

0.9998
0.9996
0.9994
0.9992
0.999

0.9988
0.9986
0.9984
0.9982
0.998

260
240
220
200
180
160
120
100
80

0.98
0.96
0.94
0.92
0.9

0.88
0.86
0.84
0.82
0.8

300
250
200
150
100
80
70
60

Fig. 4. Exergy and entropy contours for vari®asat ¢=0.04,Ha =20,Da =0.01
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Fig. 5. Exergy and entropy contours for vari®asat ¢=0.04,Ha=1,Da =100
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Fig. 6. Exergy and entropy contours for vari®asat ¢=0.04,Ha=20,Da =100
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Tablel. Properties of 2 and nanoparticles [30]

Material p(kg/m*)  Bx10°(K™)  g(@mm)" C,(i/kgk) k(W/mk)
Pure water 997.1 21 0.05 4179 0.613
Fe,O, 5200 13 25000 670 6

Table2. Various meshes' presentatioRat 10", Ha = 20,Da = 10Candg = 0.04.

Mesh sizein radial directionxangular direction

51x151 61x181 71x211 81x 241 91x 271

1.91505 1.91671 191772 191781  1.91796

Table3. Validation for MHD flow when Pr=0.733 axd = 2x10*.

Ha =10 Ha=50
Present 2.26626 1.09954
Rudraiah et al. 2.2234 1.0856

(1995)
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