Aalborg Universitet
AALBORG UNIVERSITY

DENMARK

Ferrofluid irreversibility and heat transfer simulation inside a permeable space
including Lorentz forces

Li, Zhixiong; Hedayat, Mohammadali; Arabkoohsar, Ahmad; Sheikholeslami, M.; Shafee,
Ahmad; Ayed, Mossaad Ben; Tlili, I.; Nguyen, Truong Khang

Published in:
Physica A: Statistical Mechanics and its Applications

DOl (link to publication from Publisher):
10.1016/j.physa.2019.121492

Creative Commons License
CC BY-NC-ND 4.0

Publication date:
2019

Document Version
Accepted author manuscript, peer reviewed version

Link to publication from Aalborg University

Citation for published version (APA):

Li, Z., Hedayat, M., Arabkoohsar, A., Sheikholeslami, M., Shafee, A., Ayed, M. B., Tlili, I., & Nguyen, T. K.
(2019). Ferrofluid irreversibility and heat transfer simulation inside a permeable space including Lorentz forces.
Physica A: Statistical Mechanics and its Applications, 528, Article 121492.
https://doi.org/10.1016/j.physa.2019.121492

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.


https://doi.org/10.1016/j.physa.2019.121492
https://vbn.aau.dk/en/publications/363b77f5-4b6a-49c5-885a-ffc6a4b330c6
https://doi.org/10.1016/j.physa.2019.121492

Accepted Manuscript

Ferrofluid irreversibility and heat transfer simulation inside a permeable mﬂ.:':ﬂ'i‘.‘,{:ﬁ#:..':'
space including Lorentz forces =

Zhixiong Li, Mohammadali Hedayat, A. Arabkoohsar,
M. Sheikholeslami, Ahmad Shafee, Mossaad Ben Ayed, I. Tlili,

Truong Khang Nguyen e
PII: S0378-4371(19)30885-4

DOI: https://doi.org/10.1016/j.physa.2019.121492

Article number: 121492

Reference: PHYSA 121492

To appear in:  Physica A

Received date: 7 January 2019
Revised date: 5 April 2019

Please cite this article as: Z. Li, M. Hedayat, A. Arabkoohsar et al., Ferrofluid irreversibility and
heat transfer simulation inside a permeable space including Lorentz forces, Physica A (2019),
https://doi.org/10.1016/j.physa.2019.121492

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form.
Please note that during the production process errors may be discovered which could affect the
content, and all legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.physa.2019.121492

*Highlights (for review)

Highlights

v' Ferrofluid exergy behavior is investigated within porous media.
v' CVFEM is implemented to model MHD effect on nanofluid.
v Entropy generation augments with rise of Hartmann number.
v

Bejan number has direct relationship with magnetic field.



*Manuscript
Click here to view linked References

Ferrofluid irreversibility and heat transfer simulation inside a permeable space

including Lorentz forces

Zhixiong Li **, Mohammadali Hedayat ¢, A. Arabkoohsar ¢, M. Sheikholeslami ¢, Ahm* d 5. fee f, Mossaad

Ben Ayed " I. Tlili ', Truong Khang Nguyen 4

& School of Engineering, Ocean University of China, Qingdao 26¢*10, L. ‘na
® School of Mechanical, Materials, Mechatronic and Biomedical Engineering. ! Inive. ~ity of Wollongong,
Wollongong, NSW 2522, Australia
¢ J. Mike Walker "66 Department of Mechanical Engineering, Texas A&M L ~ive' sity, College Station, USA
¢ Department of Energy Technology, Aalborg Universitv, De. mark
¢ Department of Mechanical Engineering, Babol Noshirvani University of . echnc gy, Babol, Islamic Republic
of Iran
"Public Authority of Applied Education & Training, College of Technoie z#~~" Studies, Applied Science
Department, Shuwaikh, Kuw: it
9 Computer Science Department, College of Science and Humanit. ~= .t Alc 1at, Majmaah University, Al-
Majmaah, 11952, Saudi A hia
_ " Computer and Embedded System Laboratory, Sfax " Iniversity, Tunisia
' Department of Mechanical and Industrial Engineering, Colic_= of En jineering, Majmaah University, Al-
_ Majmaah 11952, Sauu” Araw...
! Division of Computational Physics, Institute for Computational . *ence, Ton Duc Thang University, Ho Chi
Minh City, V.. "mam
¥ Faculty of Electrical and Electronics Engineering, Ton Duc ."~ang University, Ho Chi Minh City, Vietnam

Abstract

In current paper, exergy <«mulati)n of free convection is scrutinized. In current
mathematical framework, unifo'm r.agnetic field is adopted. In order to save the time, single
phase model has been invr ‘ved for nanofluid. Trend of Darcy, Hartmann and Rayleigh
numbers on Bejan numkcr, 2xergy loss and Nusselt number are captured through figures.
Obtained outputs hav', indic.*2d the growth of Nug,e with the Darcy and Rayleigh numbers.
A growth of Lorenz 1. ors reflects greater exergy loss. To get the desired outcomes for

application prosp.ctive. .ower Hartmann number should be selected.
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1. Introduction

Mixing of nanoparticles in a pure carrier fluid significantly augr.ent the thermal
conductivity, consequently improve heat transfer rate which can be helpfuir in various
industrial process. Common used coolant, like water for illustration, 1. bout three orders
magnitude lower in the heat conduction when compared witk m>tals. Recent decades,
nanofluids are utilized in numerous areas [1-9]. Rashid et al. [17 cari.24 out the macroscopic
modeling for wavy porous duct including second grade fluid. They' imposed both magnetic
and electric fields. Non-Newtonian flow due to Lorentz fo.~.s an‘. imposed chemical reaction
was investigated by Roy and Gorla [11]. They renorted 1 wer skin friction with rise of
magnetic forces. Their outputs indicated that Schm't number has direct relation with

Sherwood number.

New modeling approach for analyz:ny entropy generation of nanofluid has been
offered by Sheikholeslami [12]. He displa,~d that permeability has reverse relation with
Bejan number. Third grad nanoflui’, mov. ment within non stationary domain was simulated
by Shah et al. [13]. They stvspo~ed wat bottom wall is stretched. They incorporated
thermophoresis impact on €.1ergy . .nsportation. Impact of chemical reaction on Eyring-
Powell fluid motion has *..~n scrutinized by Hayat and Nadeem [14]. They evidenced that
concentration declines w.." rise of reaction parameter. Thermal radiation impact on
nanoparticle thermal .~ aav or was explained by Nasir et al. [15]. They imposed MHD and
reported Sherwcd nur ber to describe concentration of nanofluid. Various nanoparticles
have been te ted by Rehman and Nadeem [16] for nanofluid transport along stretching forces.
Maximur *''ecelt number has been obtained with selecting copper. Two magnetic sources'
impacts on th. rmal treatment of ferrofluid were investigated by Muhammad et al. [17]. They
demonstrated that temperature profile augments with rise of ferrohydrodynamic parameter.

Prandtl fluid model formulation has been constructed by Bilal et al. [18]. They also involved
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thermo diffusion impacts. They concluded that Sherwood number declines with augment of
Dufour number. Nanofluid layer behavior in existence of EHD has been analyzed by
Moatimid and Hassan [19]. They provided instability analysis for two pur : fiu:1s. Numerical

developments for thermal analysis have been presented by various rese: cchr s [20-28].

In current study, we discuss the new model for magnetic fo'ce mnact on nanomaterial
convection by including homogenous model for ferrofluid. Exe-Zy an.'ysis was examined in
view of second law approach. Last equations with considering ~on-"sarcy law was simulated
via innovative approach namely CVFEM which is le.~ emp.oyed for computations of

nonlinear systems.

2. Explanation of problem and method

Consider the laminar, steady free >anvection of H,O based ferrofluid in a permeable
region with involving Lorentz forrcs. Sig. 1 describes the domain in which inner side
imposed the constant heat flux. V'Ve as. 'r ied that viscous dissipation and joule heating were
negligible. To add the permea.lit in momentum equations, Non-Darcy model was
incorporated. To simplify trie gov. ning equations, pressure source terms were discarded with
involving W-o formulatic.~ CVFEM was implemented to solve the equations. This approach
is very powerful duc to chis ract that it uses not only the advantage of FVM but also it uses
the benefits of F =M fo. discretization [29]. To save time in simulation single phase model
was employ-d for nanomaterial. Considering two dimensional problem leads to below

equations 29]:
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Features of naiiomaterial were portrayed in table 1. To simplify the above equations, Eq. (11)

was implemented and then Eqg. (12) was employed to reach last equations:
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Dimensionless parameters whic.1 ar: used above equations and boundary conditions are as

follows:
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3. Results and discussion

Be and X , were calculated according to below formulas:

(18)

(19)

(20)

(21)

(22)

Simulations v ere exccuted to illustrate the new concept of energy and exergy

treatment of convertive f1,w of nanomaterial within a permeable region. Non Darcy and

single phase mou=ls w:re incorporated considering W-o formulation. The governing non

dimensional system has been figure out numerically by means of CVFEM. Influences of

buoyancy *no cu.entz forces were accounted in view of entropy analysis.

Prior to the validation and presenting outputs, the mesh sensitivity analysis has been

examined. As displayed in table 2, Nuae has no changes after 3 mesh, so this grid can



guarantee a grid independent output. The computational outputs for the special case have
been verified by comparisons with current outputs in existing studies [30] in table 3 and the
outputs were in nice agreement. Figs. 2, 3, 4 and 5 portray various compe en. ~f entropy, Be
and Xy as well as nanomaterial hydrothermal behavior. At low values ¢ D7 and Ra, contours
expounded that the isotherms forms a pack of straight lines alorn ti. houndaries which
indicates conduction mode. By augmenting Rayleigh number, na..>"quid transport boosts up
and convection develops but it has an inverse correlation witl Bejan wumber. Thermal plume
can be progressed easily in greater values of Ra. When "err canility of region augments, it
improves the convection. Also, thinner boundary layer was ~2ported as a result of augmenting
Rayleigh number. Thermal boundary thickness orow. when Ha augments. Entropy
generation reinforces with augment of magnetic >rces. One can perceived that nanofluid
transportation enhances with rise of Darcy numv~". So, exergy loss declines with augment of
Da. Be and X4 have inverse relation with perm ~ability and buoyancy force. So, with augment
of Ra and Da, entropy generation become wecaker and as an outputs less resistance has been
affected the domain. Boundary lay. - thicki ess becomes thicker for greater Hartmann number
due to reduction of flow in ape7.anrz of resisting force. Beside, exergy loss has direct

relation with Lorentz forces C*milar trend is reported for Bejan number.

Be, Nu,,.,and > _ variations were deliberated in Figs. 6, 7 and 8 for different active

ave ! u

parameters. In addit: n, .ollc wing formulas can be offered:

Nu,, =1.11+0.0:?Da +( .21log(Ra) - 0.41Ha ’s
+0.035Dalog Ra)- 0.22DaHa—0.13log(Ra)Ha (23)
Be =0.95- 8.5 x1u’Da—0.0931log(Ra)+0.03Ha

24
—5.38x10°De.'og(Ra)+3.25x10°DaHa +0.019log(Ra)Ha 24)



X4 =70.64-1.34Da - 7.71I0g(Ra) +14.43Ha

25
+0.13Dalog(Ra)+7.23DaHa +1.29log(Ra)Ha (25)

Temperature distribution augments with greater values of Darcy nun.>er. So, free
convection proliferates with Da. Stronger resisting force can be obt..ne’. with rise of Ha.
Thus, Nuaye declines with rise of Ha. There are reductions in Be 2'.. X4 1.~ higher values of

Da and Ra.

4. Conclusions

This paper was focused on nanofluid, laminai, free convection in a porous domain
including exergy analysis. Non-Darcy model and Lo, 21tz forces impacts were incorporated.
The homogeneous model was utilized *n ci aracterize the features of nanomaterial.
Comparison of our outputs with previou: -+~ was made for various Ra and found to be in
nice agreement. The outputs revealed that the exergy loss is in a direction proportion with
Hartmann number. For higher valuc~ of Oa, nanofluid motion enriches and consequently

Nuave augments. Isotherms becu.~¢ cur y with rise of permeability

Acknowledgment: Dr. Mnssaad Ben Ayed would like to thank Deanship of Scientific
Research at Majmaah L. ‘ersity for supporting this work under the Project Number No.

1440-51.
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Fig. 2. Outputs for various Ra at ¢ =0.04,Ha=1,Da=0.01
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Fig. 4. Outputs for various Ra at ¢=0.04,Ha=1,Da =100
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Fig. 5. Outputs for various Ra at ¢=0.04,Ha =20,Da =100
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Fig. 6. Values of Nugy. for various ™a, Ha,Da
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Fig. 7. Values of Be for various r.~ ha,Da
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Fig. 8. Values of X, for various rn~ Ha,Da
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Tablel. Features of H,O and iron oxide

Pure water Fe,0,
o(2-m)* 0.05 25000
Lx10°(K™) 21 1.0
k(W / mk) 0.613 6
C,(j/kgk) 4179 ,70
p(kg / m*) 997.1 £ 200

Table2. Various grids and obtained Nu,,, at Da =100, Ha =1, Ra =10"and ¢ = 0.04 .

51 x151 71x 211
2.12102 L .S13) 9271
61x181 ‘;4 x 541 2.15804
2.14914 2.15365

Table3. Comr ., on of current outputs with benchmark [30] at Pr=0.7.

Ra =103 Ra=10* Ra=10°
De Vah! Davis [30] 1.118 2.243 4.519
Prese 't 1.1432 2.2749 45199
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