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Abstract

Modeling and simulation of nanofluid flows is crucial for applications ranging from u.> cooling of
electronic devices to solar water heating systems, particularly when comparec to f.e high expense of
experimental studies. Accurate simulation of a thermal-fluid system requires .. 1eep understanding of
the underlying physical phenomena occurring in the system. In the case ¢ a ¢ -.~nlex nanofluid-based
system, suitable simplifying approximations must be chosen to strike a balai. » between the nano-scale
and macro-scale phenomena. Based on these choices, the cor putatic 1al approach-or set of
approaches-to solve the mathematical model can be identified, im” .cmenwu and validated. In part I of
this review [1], we presented the details of various approaches 1. . are used for modeling nanofluid
flows, which can be classified into single-phase and two-phase app oaches. Now, in part II, the main
computational methods for solving the transport equations asso.*2*.d with nanofluid flow are briefly
summarized, including the finite difference, finite volur~~ “-**_ clement, lattice Boltzmann methods,
and Lagrangian methods (such as dissipative particle dynan..zs and molecular dynamics). Next, the
latest studies on 3D simulation of nanofluid flow in va. < as regimes and configurations are reviewed.
The numerical studies in the literature mostly focus «n . ~rious forms of heat exchangers, such as solar
collectors (flat plate and parabolic solar collecw <), wiicrochannels, car radiators, and blast furnace
stave coolers along with a few other important nanofluid flow applications. Attention is given to the
difference between 2D and 3D simulatior * the e fect of using different computational approaches on
the flow and thermal performance pred ctics, aad the influence of the selected physical model on the
computational results. Finally, the I'no. ‘edse gaps in this field are discussed in detail, along with
some suggestions for the next ster, 1. *his field. The present review, prepared in two parts, is intended
to be a comprehensive referenc s 1. v researchers and practitioners interested in nanofluids and in the

many applications of nanofluid 1.. vs.
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Table of Contents

L= IMEPOAUCHION ...ttt ettt ettt be e tae e abe e sbeessseesseenssesanseesssaens sesssaes.  suveesssesssseennses 4
2. CFD techniques for nanofluid flow SOIUTION.................oooiiiiiiiiiii e e et e 4
2.1. Macroscale based tEChNIGUES........c.ccverieeiirie ettt te e ses eavesseesseesessesnsesneennes 5

2. 1.1. Finite difference Method...........cccuiiiiiiiiiiii ettt ree e ereesreessseeeseesseeanseeas 5
2.1.2. Finite volume method ..........cocoiiiiiiiiiiiiiiieeeeeeeeteiees eves ce ettt 7
2.1.2.1 Common FVM based SOFEWATLE ..........cccuieiiiiiiieiieciieeteete et eieees ceeeveeeveesveessseessseessseesnseeas 9

2.1.3. Finite element MEthod .........cccoeiiieiiiiiiiiicieiee ettt es veeveees besteesseesseesseesesssesssesseesseens 10
2.1.3.1. Common FEM based Software...........ccecvevievienieecienierieseennn . oeeeereenrreereesaeeseaeseaesne 11

2.1.4. Other macroscale based tEChNIQUES .......c.cocuieiiiiiiiieiieriecies cree et ettt 12
2.1.4.1. Control Volume Finite Element Method .........ccccociies covvies et 12
2.1.4.2. Boundary Element Method...........ccviiiiiiiiiiiiieiee e eie ettt eiteeiee e et eeaae e saae e e 13
2.1.4.3. Spectral MEthOd........ccovieiieiiiiiiieciesiesierieriees cvrieee eteesteeteesteeaesaesseessaesreesbeebeenseesnenaeas 13
2.1.4.4. Meshless MEthods ......cccecivininiiiiiiiiiiiice et 14

2.2. Mesoscale Dased tEChNIQUES .......c.coecviiiiiiiiieiie et erie i eeeieeeteesteeebeessaeetaeesaeesaeeeseeesaeenseesnseesnnes 16
2.2.1. Lattice Boltzmann Method............ccoecuiiiiiiiiiiiiiis et ettt ettt beesaesebeessesesessaenseens 17
2.2.2. Dissipative particle dynamics method .......... M- e e rrerteertrrnesne et e esassaasrasresrtesraesstesasrnasrteesess 18

2.3. Microscale based techniques (Molecular dynamic S1.MULGtION) ....eeeeieeriieeriieeriieeieeeieeeiee e e eeeeeeeeseee e 23

3. Three dimensional computational modeling of na. ~flurd flows..............c..ccoccoiiiniiiiniinnie 26
3.1. Natural convection of nanofluid flOW .......  eooiiiiiiiiiiee e e e e 28
3.1.1. Two dimensional versus three dim’ nsional NOAEliNg............ccceecvervierierienieie e e eie e 28
3.1.2. What role does the CFD technig .e play >r the modeling results? ..........cccceevierienieniinienieeieeeeens 30
3.1.3. What is the effect of nanofluic “vps on * ie heat transfer rate? ..........cccceevviveriiierieene e 31
3.1.4. What is the effect of a magr :tic fiei. ipplied to natural convection nanofluid flow? ....................... 33
3.1.5. What is the effect of cavity coni.iration on natural CONVECtioN? ........cceeevveeeriierieeriieeiie e e 35

3.2. Forced convection 0f NANOF did TOW .......cceiieriieriieniieiesiesieseeie et eteebeeereseeeseeessaesseesseesseessesssesssenseeseens 50
6.2.1. Studies using the single-) ' AS€ APPIOACH. ... .c.eeciiiiiiiiiieieie et 51
3.2.2. Studies using the t vO-1 18S€ APPIOACKH ........ecviieiiieieiieiicieet ettt ettt e sae e e ste e reesbeessessbessnesseens 59

3.3. Mixed convection 0f NANC MU flOW ...eieiiiiiiieiiee ettt ettt eeae e nneeneens 83
3.3.1. Studies using ne sing -phase aPPIrOACK........cccuiriiiriiriiiieieee ettt 83
3.3.2. Studies using th. twe phase APPIOACKH ........ccviiiiiieiieiicte ettt ettt st te e beesbeesbessaesseens 86

A COMCIUSIONS........ oot ettt et ettt ettt et st e sae s b e b et e b et et senesanesreenreens 98
S-Gaps aNd FULUIe W. I et et e et e et e e e be e e beeebe e sbeeebeeanbeenateeenteeanaeennes 99
ACKNOWISAGIMENU ... 1oeiiiiiiieiiee ettt e sttt et e et e e te s st e s aee st eesseenteenseenseeneesneesneesseesseenseensesnsenns 101
REFEIEIICES........ccviii ittt ettt e st e e st b e e s bt e s b e eaaseeasbeeasseeasseeasseesnseeassaeassaesnseesnseennsesnnseennseennss 102



1- Introduction

Although the study of thermal systems through experimental physics is alwayc » v .luable approach, it
has some limitations and disadvantages. One of the drawbacks might be the a.”cuny in determining
the contribution of various physical phenomena to the system efficary. M.iu.~over, high costs of
experiments are often a barrier for doing in-depth experimental studiec Mo ~ling and simulation of
the desired system increasingly offer a suitable alternative to experiients. : s mentioned in Part I of
this review [1], experiments on nanofluids are sometimes prok.oitive due to the high expense of
nanofluid preparation, and information gained from such exneruuents is limited by difficulties in
imaging at the nanoscale in flowing systems. These challeng s motivate researchers to use
computational fluid dynamics (CFD) techniques to simu:~te u. .ofluids-based systems, which can
often be done at far lower expense and yield highly *....icu data on system performance and its
relationship to microscale physics. For modeling of ~~nofluids-based systems, it is critical that the
dominant physical phenomena affecting the performanc. of the system are first determined, following
which a suitable model to describe these phenomei 2 con be selected. Part I of this review gave a
comprehensive discussion of various physical phe..~mena responsible for heat transfer enhancement in
nanofluid flows along with associate physic~' ~odels. In part II of the review, the aim is to summarize
the most popular computational fluid dy amics (CFD) techniques that are used for simulation of
nanofluids. Following this, recent stud es ra 3D modeling of thermal systems employing a nanofluid
is as the working fluid are reviewed Fin.''v gaps and challenges in modeling of nanofluid flows are

presented and some proposals are zive.. for future work.

2. CFD techniques for r.anonid flow solution

Generally, it is difficu.* to so ve the nanofluid flow problems analytically because of the nonlinear
nature of the go ernin> equations. Therefore, to find the velocity and temperature fields,
computational fluia dvnariics (CFD) techniques may be used. In this part, the main CFD techniques
that are used t¢ der.i...ine the flow and heat transfer characteristics in nanofluid flows are briefly

reviewed.



These techniques can be classified into three main groups as follows[2]:

e Macroscale based techniques
e Mesoscale based techniques
e Microscale based techniques
Figure 1 presents different CFD techniques for solution of nanofluid flow- .
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Figure 1. Different CFT tec’ niques for solution of nanofluid flows.

Since the aim of the present work 7, ,.2inly to focus on physical aspects of nanofluid flows, in the

following just a brief descriptior u. each CFD technique is presented.
2.1. Macroscale based tecl aigres

Macroscale based tech-.iques such as finite difference, finite volume, and finite element deal with
converting partial diffc -entia” equations to algebraic equations through discretization. Here, the

common macrosca s based approaches are briefly reviewed.

2. 1.1. Finite di «.. .= method



Euler was probably the first one who introduced “finite difference method” to solve differential
equations in more than 200 years ago. Finite difference method (FDM) is the o.'~st and easiest
numerical approach to solve the flow and heat transfer problems where the dor a1, of solution is not

complicated. To use this method, first, the governing equations should be conv. ted (discretized) to

algebraic form using the Taylor series (for example (g—u)i becomes ”le_ "2~ where index of i stands
X X

for the node number in the x direction). Next, the computational de ..ain s..ould be divided into a
series of nodes in each coordinate direction. Finally, the linear al; ebraic equations are solved by
iterative techniques and the value of desired parameters are obtair ¢d at ~ach node. The FDM is easy to
use and effective on structured meshes. On the other hand, it is not as he’pful an approach for complex
flows and geometries|[3,4], where it is generally required to discretizc the flow field using a body-fitted
grid in order to use FDM. For example, Astanina et al. [5] us-d FL . to simulate the mixed convection
of nanofluids in a lid-driven porous cavity. Sheremet ¢ a1. 0] employed FDM to simulate natural
convection of nanofluids in a lid-driven cavity w! .- houndary conditions are as a function of
temperature. Astanina et al. [7] studied MHD fl~w in a square cavity with variable properties of
nanofluids using FDM. Using FDM, Ismael et al. [8) ‘nvustigated the mixed convection of nanofluids
in a square cavity where a heater was installed in o0..~ of its corners. Alsabery et al. [9] applied FDM to
solve the conjugate natural convection in @ -y. re cavity where the temperature boundary conditions
in top and bottom walls change as a sinu.nidal function. Hassan and Harmand [10] used FDM to
analysis the flow of nanofluids in a he .t p’ pe vnder periodic heat load. Figure 2 displays schematic of

some problems that have been solve . by r 2" 1.
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Figure 2. Schematics of some problems in . ! .ch 1 nite difference method is employed as the CFD technique (a)
porous cavity [5], (b) cavity with a he .'»r at the corner [8], (¢) cavity with sinusidoal boundary conditions [9]

(figures are reprinted with permissie= from puolisher).

2.1.2. Finite volume method

The finite volume met! od (F\"M) was introduced as an alternative to FDM to better handle complex

flow domains. A revi~w .’ Le literature shows that FVM is the most common CFD procedure used in

solving nanofluid .'ow pr« blems. In this approach, first the differential equations are converted into

integral form. “ouu ;Aample,Z—u+V. f(u)=0, after integrating over any volume V, becomes
t



0 ) ) )
5_[udx+(]5 finds =0 where n; is the unit outward normal and s is the control ,urface. Next, the
V ov

domain of solution is divided into continuous control volumes, and the govern‘.g = quation is applied
to each of them. The values of desired parameters are calculated at the center ot « *ch control volume,
then at the surfaces of control volumes the parameter values are estimr...1 th..ugh interpolation.
Finally, for each control volume, the achieved integral terms are convei.~1 .0 algebraic equations by
using quadrature formulae. The finite volume approach is easy to und .rstanc' because every term has a
clear physical description [3,4]. The advantage of FVM is its flexibili. - for use in complex flows. On
the other, one of its main disadvantage is the difficulty of exter linc m s method for higher than 2™

order accuracy in 3D modeling.

As mentioned earlier, most numerical studies on nanofl.’1s .-~ used FVM, several examples of
which are given in the following. Cho et al. [11] emplc- . 77.".v1 to model the natural convection of
nanofluids in a cavity with wavy walls. Ismael et al. [*?1 usea ."'VM to simulate the nanofluid flow in a
cavity under magnetic field by considering partial slip a. . heat flux on sidewalls. Mohammadian et al.
[13] numerically simulated conjugate heat transfer ~t . »nofluids in a microchannel heat exchanger
under the laminar regime. They employed FVM « 1 tne single-phase model in their study. Tang et al.
[14] employed FVM to model free convecti~~ of nanofluids in a cavity with double sinusoidal wavy
walls where the Eulerian-Lagrangian tecl. ~ique w 1s applied. Minea and El-Maghlany [15] solved the
natural convection of an ionanofluid “a v ixture of ionic liquids and nanoparticles) inside a square
cavity under different sets of b, unu. *v conditions. They employed FVM and single-phase
homogenous approach model wi a w mperature-dependent properties in the simulation. In another
work, Minea and El-Maghlany (16 employed FVM for modeling of a receiver of a parabolic trough

collector. Figure 3 shows the sche natics of abovementioned problems that have employed FVM.
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Figure 3. Schematics of some problemw , in wn.~ . finite volume method is employed as the CFD technique (a)
cavity with a heater under magnetic fiela| °\, (b) cavity with double sinusoidal wavy walls [14] (c) parabolic

trough collector[16] (figures are r prir .ed with permission from publisher).

2.1.2.1 Common FVM b .sed Soy. vare

Two common FV 1 base ' software packages used for simulation of nanofluid flows are ANSYS
FLUENT and #NSYS CFX. For example, Esfahani et al. [17] simulated nanofluid flow in a wavy
channel using Ai"SYS FLUENT and the single-phase approach. Effects of various models for

thermophysical properties on the forced convection turbulent flow in a tube was investigated by Minea



[18] where ANSYS FLUENT was used. Minea and Lorenzini [19] employed ANTYS FLUENT to
solve natural convection of ZnO/water nanofluid in a cavity by assuming single pu.~e homogenous
model for nanofluid flow. Minea [20] utilized ANSYS FLUENT to anal sis the variations of
Brinkman number in a partially heated tube in which Al,Os/water nanoflnid . s used as coolant.
Chereches et al. [21] employed ANSYSY FLUENT to simulate the flow of .~ iona ofluid in a circular
tube in both laminar and turbulent regimes while the flow was assumed .~ b’ single-phase. In another
study, Kaloudis et al. [22] used ANSYS CFX to model the nanof'uid flow in a parabolic trough
collector by two-phase approach (Eulerian-Eulerian ). Figure 4 sho.'s sctematics of the problems
considered by [17,22]. Researchers are increasingly using open s urr . s. ftware, such as OpenFOAM,
which provides a C++ toolbox for solving nanofluid-based pi.“len. "the advantage of open-source
software is both the reduced cost as well as the ease of . apting and modifying the software for
specific problems. For example, Meng et al. [23] utilized O, mFOAM to model nanofluid flow in a

square cavity using both single-phase and two-phase appro. ~hes.

b)

Figure 4. (a) Flow in a wavy chu..me solved by ANSYS FLUENTI17] (b) flow in a parabolic trough collector
solved by ANSYS CFX[22] (fis ares are reprinted with permission from publisher).

2.1.3. Finite element m _«0d

In the finite elemer ' methc 1 (FEM), the domain of solution is divided into a series of finite elements
(often unstructr ~4 mesnes) and the governing equations are solved as weighted integrals over these
elements. Before 1. egrating the governing equations, each term is multiplied by a weight function, the

use of which is one of the main differences between FEM and FVM. The final equations are in the

10



form of non-linear algebraic equations. The main advantage of FEM is its flexibility for dealing with
complicated geometries[3]. One of disadvantages of FEM may be related to round ,t1 . -rors and error

accumulation.

2.1.3.1. Common FEM based Software

Two FEM based software packages that have been used for nanoflui” now snaulation are COMSOL

Multiphysics and FlexPDE, although the former package is more comi only ".sed.

For example, Nasrin et al. [24] used COMSOL to model the pe.* .mar ce of a photovoltaic thermal
(PV/T) system using nanofluids with the single-phase approach. They compared the results of the
numerical simulation with experimental data and found ~oou ~or.ement between them. In another
work, Bianco et al. [25] investigated thermal efficiency and ===y generation in a PV/T system using
COMSOL where nanofluid flow was considered as a single-p.~ase fluid. Gunjo et al. [26] investigated
melting and solidification in a shell-and-tube regenera.’~ ¢ type latent heat storage system where the
working fluid was a mixture of paraffin and nanopa tic'>s. They used COMSOL for the modeling by

considering the temperature-dependent of propeir. =s (sc Fig. 5 (a)).

Hatami and Jing [27,28] used FlexPDE to " valu. te the performance of direct absorber solar collectors
by nanofluids (see Fig. 5 (b)).
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Figure 5. (a) Flow in a shell and tube regenerative type latent heat storage system scved by COMSOL
Multiphysics[26] (b) analysis of a direct solar absorption collector by FlexPDE[27] (figv ¢ ~re reprinted with

permission from publisher).

2.1.4. Other macroscale based techniques

There are some other macro scale based techniques that have been -sed « solve nanofluid flows

which are briefly reviewed here.

2.1.4.1. Control Volume Finite Element Method

Control Volume Finite Element Method (CVFEM) is a pow.~ful ZT'0 technique to solve fluid flows in
complex geometries. Indeed, CVFEM is a combination = "1 i1 and FVM so that it has the benefits of
these two techniques in itself [29]. Sheikholeslami i- » nioncer researcher in the use of CVFEM to
solve nanofluid problems (for example see [30-26]). ~aeikholeslami and his collogues have used
CVFEM to solve flow and heat transfer of nanofluia. in ~omplex geometries by both the single-phase
and two-phase approaches. For example, Sheiki.~lesiami and Ganji [35] considered the geometry
shown in Fig. 6(a) and investigated the eff-_* of electric field on nanofluid flow in the presence of
porous media and radiation. In another v ~rk, St eikholeslami [37] simulated the effect of magnetic

field on natural convection inside a pr rou  curved cavity by CVFEM (schematic is shown in Fig. 6

(b)).

12
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Figure 6. Schematics of problems solved by CVFEM (a) Porous re. “ngi ar enclosure[35] (b) Porous curved

cavity [37] (figures are reprinted with permission from publisher).

2.1.4.2. Boundary Element Method

The term “boundary element method” (BEM) is .~=d t¢ describe a numerical approach that uses a
Green's function formulation to convert a 3D partial u.{ferential equation to an integral equation over a
surface, typically the bounding surface of 7 body mmersed in the flow field (typically called the
'boundary integral equation' [38]. This b ;unaa.z7 "ategral equation can then be discretized to obtain a
matrix system. When applicable, BEM. =n’iils /ery significant reduction of computation time since it
is necessary only to solve for the v# e of the unknown variables on the bounding surface, rather than
throughout the domain. For exan~le, Ogiukkaya and Bozkaya [39] employed BEM to solve natural
convection of water-based nan flu’ is inside an inclined semi-annulus cavity under a magnetic field by
considering nanofluids as a ,ing'e-phase working fluid (See Fig. 7 (a)). Applicability of BEM,

however, is limited to proble.. ~ fc. which a Greens function solution exists.

2.1.4.3. Spectral Metho.’

The spectral m :=~ is a global approach (unlike FDM) that is based on expansion of the dependent
variables in eigen. nction expansions, which must be selected to be compatible with the differential

equation, the boundary conditions and the coordinate system used for numerical solution. In a spectral

13



method, the value of a parameter at each point is obtained by inversion of the eigenfunction
expansions, and so it depends on information obtained from the whole computatir na, Jomain and not
only neighboring nodes. When applicable to a given problem, spectral methc us . re extremely fast,
easy to formulate and exhibit exponential accuracy, which provides convergence ‘2ster than any other
numerical method with algebraic accuracy [40]. Due to the restrict'_~s o. existence of the
eigenfunction expansion, however, spectral methods are limited to ver, si* iple geometries, such as
channel flow between infinite flat walls or flow in a triply periodic - quare A few studies have used
spectral methods to solve nanofluid problems. For example, Wakif et «." [411 .tilized a spectral method
to study the effect of a magnetic field on the onset of convectic 1 of .ia *0fluids between two infinite
plates where the space between the two plates was saturated w *h p. ous media (see Fig. 7 (b)).The

authors have used the Buongiorno model in their study.

2.1.4.4. Meshless methods
To use common CFD techniques such as FDM, FVM, ~nd FEM, a mesh must first be generated,

which can sometimes be a challenge. To solve th v .. “'em, meshless (also called meshfree or
gridless) methods have been proposed. In meshles meti~ds, a set of nodes (without any connection)

are scattered throughout the solution domain [42 43]. “he most common meshless methods are [43]:

- Meshfree local Petrov-Galerkin
- Finite point methods
- Radial basis function approacher

- Meshfree boundary schemes

In comparison with a standard FEM, a . ~eshless approach is easier to use for modeling 3D problems
and can have higher accuracy On e other hand, the computational cost of a meshless approach is

often greater than a standard FEM | *?].

As an alternative, Lagran~ian > " ers are another example of meshless methods where no mesh is used
in the solution. Gener 'lly, a et number of fluid molecules are distributed randomly in the flow
domain. For examr.c, in Molecular Dynamics (MD) and Dissipative Particle Dynamics (DPD), the
motion of these mc'eculec is governed by Newton’s second law of motion where a set of forces are
acting on the flv-a . .1 cules [44,45]. In MD, the forces between the molecules are calculated by using
the inter-particle p. tentials, such as the Lennard-Jones potential. In the DPD approach, the forces

consist of friction forces, conservative forces, and random forces. Based on knowledge of the forces
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acting on molecules, the acceleration, velocity, and position of the particles can b~ calculated. This
allows statistical averaging to be implemented to calculate the bulk properties of tr 2 1..w domain such
as density, viscosity, mass diffusivity, velocity, pressure, stream function, and vo. ‘icity. For thermal
transport problems, the first law of Thermodynamics is applied to the fluid moic. 'les which can then
be solved for the molecules temperature in the flow domain. Similarly, *'_- buwn. properties such as
thermal conductivity, thermal diffusivity, internal energy, and enthalp; of ¢he tlow domain can be
calculated using statistical averaging [46]. Another Lagrangiar methoa is Smooth Particle
Hydrodynamics (SPH) [47], which is also a meshless method. 1. this method, the continuum
conservation laws governing the flow, i.e., Navier-Stokes equ tior,, ‘re transformed from partial
differential form into integral using an interpolation function *hat . _.culate the kernel of the flow
variables at any given point. The main difference between SPH ar 1 MD methods is that the inter-
particle forces in SPH are derived from the continuum consc. 7ation laws, as opposed to using inter-
particle potentials in MD [48,49]. The SPH is appropriate ~r studying large discontinuities in the flow
and has the advantage that bulk fluid properties are an npu . .. the solution (unlike MD, where they are
outputs). However, its application to mimic me. .-~ale and nanoscale applications is not as well
established as MD. Other meshless methods == the iscrete element method [49] and the Smooth
Dissipative Particle Dynamics (SDPD) [50]. The SL"D was introduced to combine the advantages of
both DPD and SPH, where it retains the ther. ~al fluctuation features found in DPD and has the
flexibility in discretizing the Navier—Stokes ‘N- 5) equation governing of the system using the SPH

approximations [50].

In the literature, there are a limi‘ea ~umber of papers on nanofluids that have employed meshless
methods. For instance, Nikfar ¢ \a 1ahmoodi [51] used the meshless local Petrov—Galerkin approach
to solve natural convection in a . nare cavity filled with alumina/water nanofluid. Figure 7 (¢) shows
the domain, boundary cor diti- ns ~nd nodes distribution in the problem considered by Nikfar and
Mahmoodi [51]—as cap L. seew, Jere is no connection between grids. Ooi and Popov [52] studied the
effect of shape of Cu ne nopart' :les suspended in water in terms of natural convection heat transfer in a
cavity utilizing a r.dial tasis integral equation method. Bourantas et al. [53] employed a meshless
approach (combinai.~n of point collocation method with the moving least squares approximation) to

solve the naturai ~or veotion of nanofluids in a porous cavity.
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Figure 7. (a) Natural convection in an incliv .d semi- wnulus cavity solved by boundary element method [39]
(b) Flow between two infinite plates solved >y spec A method[41] (c) Domain, boundary conditions, and node
distribution for the problem considered .~ I .kfar and Mahmoodi [51] (figures are reprinted with permission

from publisher).

2.2. Mesoscale based techr «qu s

Mesoscale techniques 2 empt to simulate systems at a scale in-between molecular scale and the
macroscopic scale. The 1. “tice 3oltzmann method and the dissipative particle dynamics method are the
main mesoscale tec nnique. that are used to simulate the nanofluid flows. Both of these methods are
based on solution of a «, uamical system that can be shown to converge to the Navier-Stokes equations

in a certain limit.
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The lattice Boltzmann method (LBM) was first introduced in the 1980s. 7 he .pplication of this
method in simulating heat and mass transfer of fluids, especially in cc “vlea geometries and
multicomponent flows, has increased in intervening years due to its f.fec * =ness, flexibility and
simplicity in comparison to the traditional computational fluid dynamics 1. ~thods. The fundamental
idea of LBM is based on the discrete movement theory of a set of a tificial fluid particles' placed on
lattices. The motion of these fluid particles is simulated by folle ...ng u.c evolution of a prescribed
Boltzmann equation. The most essential advantage of the LBM - the ncorporation of microscopic
physical interactions of the fluid particles in the numerical sin. -lation and reveal the mesoscale
mechanism of hydrodynamics. Taking the Boltzmann equ.“or into consideration, the density
distribution function f{x,£,f) is introduced to represent »~ <~~~ y number of the particles with the
microscopic velocity ¢ at the position x and the time 7 and the |, articles distribution can be expressed as
fx,&t) [54]. The most common models used for 3D si.» ulations are the D3Q19 and D3Q41 lattices,
providing 4™ and 8™ order isotropy in three dimen.1o. = respectively, which is illustrated in Fig. 8

[55]. The standard notation DnQm for m discretc ~=1oc.des in z spatial dimensions is used throughout.

In order to simulate the nanofluid flow by the » BM, the dynamic parameters affecting the nanofluid
flow behavior should be analyzed from the meroscopic point of view due to various forces on the
nanoparticles. Sidik and Razali [56] p ovi .ed - concise review of research studies on the use of LBM
for analyzing the convective heat ransfer of nanofluids. In another study, Sidik and Mamat [57]
summarized recent advances of LBM 'n estimating the hydrodynamic and thermal behavior of
nanofluids and discuss several cha'.enging problems that have been encountered in this issue. Kalteh
and Hasani [58] studied tb. nanoi. :id free convection in an L-shaped cavity using LBM and the
influences of nanoparticle ¢ - :ent ation and diameter as well as Rayleigh number on the temperature
and flow fields were ev iluate. Mliki et al. [59] applied LBM to evaluate the MHD natural convection
of nanofluid in an incline © Lhaped cavity and the impact of relevant parameters on the hydrothermal
characteristics of 11e nan« fluid was investigated. Zhou et al. [60] developed a 3D LBM model to
analyze the mix~d convection heat transfer and flow dynamics of alumina nanofluid in a cubic cavity
under magnetic 1.-1d. Mohebbi et al. [61] employed LBM to simulate the forced convection of

TiO,/water, Al,Os/water, and CuO/water nanofluids in an extended surfaces channel. Ghasemi and
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Siavashi [62] studied the first and second laws of thermodynamics for natural convec“ion of nanofluids

(Cu/water) in a porous cavity employing LBM.

Figure 8. 4" order isotropic 19 velocities lattice (red arrow:, .nu o vrder isotropic 41 velocities lattice (red

and blue arrows) [55] (figure is reprinte with pe, mission from publisher).

2.2.2. Dissipative particle dynamics method

The continuum Navier-Stokes equations ‘NSE) are generally used to study energy transport in
micro/nanoscale heat transfer applications such as in . anofluids. The major concern-particularly with
nanoparticle aerosols-is whether the scale ¢. nan. scale should be simulated or if the continuum
assumption is still applicable. This issue can . » rr solved by comparing the mean free path of the base
fluid to the scale of the problem under ~or ,1de’ ation. For aerosol systems for which mean free path is
of order of tens of nm (e.g. the mea~ free pa.a of air is 60nm) the no-slip assumption may begin to
break down, even for microscale svstems. A similar breakdown of the continuum assumptions can
occur in liquid nanofluid syste 1s fr r problems involving length scales on the order of about 10nm or

less.

The most familie- .ppro. n among discrete particle simulation methods is molecular dynamics
(MD), where the proce: ~ starts irom tracking individual atoms of the fluid and calculating their
velocities, accelera’.ons a~d forces. From these microscopic details, further bulk properties such as
temperature, presswi ° Vviss 0sity, density, mass diffusivity, and flow rates can be recovered using
statistical sampl, 'g. >uch analysis gives comprehensive data about microscopic details of the
simulated system. h wever, the primary drawback of this method is the extremely small physical and

time scales, which are not appropriate for tracking larger temporal and spatial scales that occur in the
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bulk heat transfer applications. In general, the MD method is computationally expens‘ve and time
consuming, even for cutting-edge supercomputers. The time and spatial scales of '.¢ .. at transfer at
the nanoscale are larger than MD, yet smaller than the conventional continuum » st scales. Thus,
intermediate spatial and temporal scales must be captured. These scales can be ca, ared using
mesoscopic particle-based methods, so-called “coarse-graining” methods, v ~te e. ~h simulated
particle represents a group of actual fluid molecules. These methods poss. ~s t e unique capacity to
model relatively bulk physical systems and efficiently capture the esse iual d=tails of the pertinent
interactions within fluid molecules. A relatively recent coarse-grained .>chni-,ue of this type is the

dissipative particle dynamics (DPD) method.

The dissipative particle dynamics (DPD) method is a coarse- “rained version of MD where each
DPD particle represents a group or packet of actual molecu'=s |, "~ he DPD particles are randomly
distributed in the flow domain, and particle interaction o~~~ ~-___ervation of mass, momentum and
energy, as is shown Fig. 9. The figure shows a schematic for w.: fluid particles and wall particles
where each particle represents a group of fluid moleculc * ['o drive the flow in the domain, a body
forces is used and a periodic boundary condition is a;, n1. >4 at the domain inlet and outlet to guarantee
mass conservation. Further, a bounce back bounau. -v cuudition is applied at the walls to produce the
no-slip boundary condition. The DPD method can predict complex hydrodynamics at micro/nanoscale
with a much higher computational efficier ~v than raditional MD [63]. During recent years the method
was applied to several heat transfer app icatons, including conduction [64,65] and convective heat
transfer applications for pure fluids 21d .. tur-( convection [66—68], and heat transfer with

temperature-dependent properties ‘oY,
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Figure 9. Schematic for DPD domain shov.ing fluid and wall particles with appropriate

boundary . ~nditions

Recently, Abu-Nada [70,71] advanced .he "JPD approach to model heat transport within nanofluids.
The method was able to mimic ener« y tra.. ¥ : mechanisms by studying thermal fluctuations induced
by Brownian motion. Also, the mcchou nvestigated the inter-particle energy transport between
neighboring fluid particles [691 Th: results indicated that the DPD method is well suited for
nano/microscale applications, ana .* can be further extended to other practical heat transfer
applications.

In nanofluid heat transp ,rt aprlications, the most influential properties are the thermal conductivity
and viscosity. To unders and t' ¢ heat transfer mechanism that takes place microscopically within
nanofluids using D ’D, the “e two properties must be linked to the microscopic interactions between
DPD particles. Abu-i.-~.(70,71] described the linkage procedure between nanofluid’s bulk viscosity
and the microsco, ic force interaction between DPD particles. He also described the linkage of

nanofluids’s bulk thermal conductivity and the microscopic heat conduction fluxes occurring between
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DPD particles. In other words, he transformed the macroscopic bulk values of viscosi‘y and thermal
conductivity into microscopic particle-particle force and heat flux interactions betv ce.. ‘nteracting
DPD particles.

The interaction between DPD particles, shown in Fig. 9, is governed by the follov. "1g equations:

@ 0
dr '
& _(se . o, 7 @)
Ez( ijC +fijD +fin)+fext
dT; cond (3)

mC, —+ :(‘]ijv‘isc tq;  + Qi]; )

e
ij

where the conservative force -

dissipative force £ ana . ndo.. force ff are given in [70]. Also,

i
fex: accounts for any external force applied to the DPD pai..~les such as body force, pressure gradient,

cond visc

etc. The terms, ¢;", g, qif are conductive, viscour ar «i1«ndom heat fluxes, respectively, as given

in [70]. The conservative interaction between the D1+ art.cles, which regulates the potential energy
between the particles, is determined from the sta. vy~ ‘on of the DPD system. Also, the strength of
dissipative and random forces within the system of DFD follows the fluctuation-dissipation theorem to
warranty conservation of the total moment um in s "stem [70].

Generally, weighting functions are used n the ¢ “aservative and dissipative forces where they decline
monotonically with the inter-particle sc, = atic 1 distance, becoming zero at a critical cut-off radius.
The DPD conservative forces have o “ne repulsive nature-one which does not account for attraction
between DPD particles. The mor. . mmonly used weighting function for the conservative force is the
Groot and Warren soft repulsio.. = odel [63]:

‘. @
W/,,.j_)._ J(_%} (rz'j <l”c)

c

[0 (15 27.)

As for the dissipativ ¢ and random forces weighting functions, Fan’s et al. [72] generalized weighting
function (which is ¢ ~e of t 1 most famous models) has proven accurate for high viscosity fluids which
mimic high Sch. 1u. ... aber mass transport applications and high Prandtl number thermal

applications. Fan’s . ~odel is given as [72]:
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This weighting function can mimic greater DPD viscosity by either raising che e¥voonent, S, or by
modifying the value of . as cut-off radius. This weighting function plays a .. -v role in mimicking
thermal transport in water where S= %2 and r.= 1.1 [73].

The incorporation of experimental data for the bulk nanoflv*~ visc - _.cy in the DPD model can
be done by updating the dissipative force as proposed by Abu-Naiu'2 "/0,7 .]. Abu-Nada’s technique
improves Fan’s et al. [72] weighting function to account for the na..~fluid’s viscosity variation with

the domain’s concentration and temperature. Abu-Nada pronos. 7 the following analogy [70,71]:

Q°(Lp.ry)  ulrg (6)

w” (rii) He

Where ,u(T ,¢) is the experimentally measured visensity s a function of nanoparticles concentration

1

and the local temperature of the nanofluid. Note :~* thy parameter, QP (T > T ), is a modified

weighting function and the parameter, w” (I;,»). is weighting function [72], while g is the pure fluid

viscosity. Consequently, dissipative and ra. 1lom fo ces can be obtained by:

P(re)="- Q" Tor, 6,5, ), ™

J

T ) Yo, Q% Tor, ), A6, (&)

J#i
The incorporation of the bul’. th~rma. conductivity of experimentally collected data for a given
nanofluid can be included by dap ng the conductive heat fluxes. Thus, the typical DPD conductive

heat flux model can be fescrit °d as [73]:

"oy 11 )
.clond — K. WZ r. R
ql] J#I ! ( U) Tz Tj

The revised val. = v. . “=l heat flux is achieved by alteration of the x;; parameter, given in the former

relation. This paran =ter is calculated as [70,71]:
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K@l +T) (10)
Ky = 4k,

in which K (7, ¢) is a modified heat friction function. In the typical DPD cor. tant , “operties
formulation, a constant value (k, ), called heat fraction, is used instead of K (1, »). 1ae amount of heat
fraction (k, ) is usually estimated by tuning until it matches the value of thc. ~ al diffusivity. Here it is
assumed that the function K (7, ¢) changes with domain’s temperaturc and r. nofluid concentration

and, consequently, a relationship was suggested as:
K(T, )=k kT,p) (11)
where & (7, ¢) is experimental measured bulk thermal conductivity « “ nanofluid. Using this function,

the final set of equation for the DPD heat fluxes are given tx the “a1’Hwing:

o Z . )[___1 \I (12)
’ Jj#i T; )
2 13
qzyv‘isc(T)_ZZé [Q (T, 40,’1/){7!/( f';'__SW;'J_GyQR(Tago”?/)(éy"71‘/‘)4:‘/‘ "
i
qf (T)=>a,(T.0)Q" T,,r)At™" ¢} (14)
j#i
The relation between parameters y; an . g;; s as [73]:
il +1) 09

v. =

T Ak,TT,

Finally, the factor in the rando. ~ he at flux can be expressed as:

= \J2kzK; (16)
where kg is the Boltzma 'n con tant.
2.3. Microscale ba. ed tec iniques (Molecular dynamic simulation)

The fluid flow 1. asually solved for nanofluids using the continuum theory, which involves the

hypothesis of continuum medium. A mentioned in the previous section, the continuum approximation
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can begin to break down for problems at the smaller end of the nanometer size range {e.g. flow around
carbon nanotubes, etc.) due to comparable characteristic dimensions of the fluid co..“ned space and
the molecular free path. In this regard, methods to directly solve for the fluid oot n at the molecular
scale were introduced. The molecular dynamic simulation (MDS) method wa. first introduced by
Alder and Wainwright at the end of 1950. In this method, the molecules _.~d aw. s are regarded as
'fluid particles' whose dynamic and interactions are computed over a tir..~ o .riod. The period of time
for the calculation is defined according to the time needed to reac’. a dynainic evolution between
system components. MDS solves a system of interacting particles u.‘ng tt ¢ Newton’s equations of
motion and specifies the trajectories of molecules and atoms. 'n a~ui.’on, molecular mechanics or
interatomic potential force fields are used to calculated forces b“wee_ .ae particles and their potential
energies.

Recent advance and progress in nanofluidics has made MDS a romising simulation approach in this
field for problems on appropriately small length and time s.2les. A schematic of a water-based
nanofluid containing carbon nanotubes is given in Fig. (v, :}. The MDS method is known as a
viable method to investigate the flow physics in na. . ~calc nroblems since it is able to properly
determine the molecular structure of the fluid ar - «urfa-es, and to predict the atomistic interactions.
Jabbari et al. [75] and Lee et al. [76] quantitatively rc .“ewed recent advances of MDS in nanofluidic
systems, including enhancements in measv emeuw” of nanofluid thermophysical properties, thermal
wall modeling, the cut-off radius, and in‘tial « ~nc .tions, etc. These review papers provided very
critical discoveries and proposed impc tar . are .s needed to be taken into consideration in future
research, and thus the reader is recc amendeu to refer to these articles for further detailed information
on this matter. The MDS method was heicio used in various investigations on nanofluids. It is used for
measuring the viscosity and th: rme conductivity of nanofluid at different temperatures and using
different particle sizes [77], nvesting heat transfer characteristics of nanofluid [78] and their surface
nanostructures [79], Poiseun. " flo, of a nanofluid [80], chaotic movements of nanoparticles [81], etc.
According to Wei et al. [77], 1. olecular motion without temperature gradient are found to be
responsible for heat t=ns,_~ “_, the area of low viscous heat using a non-equilibrium MDS. Toghraie et
al. [80] used MDS o simu ate the Poiseuille flow of nanofluids containing platinum and copper
particles and wr =~ able 10 successfully employ the Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMM."“S) code for this purpose. In this method, the Lennard—Jones potential governs the

atomic interaction. Table 1 summarizes some advantages and limitations of different CFD approaches.
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Figure 10. Nanofluid molecular dynamic model: Carbon nanotube nan: part’ -'~ (red-colored) and surrounding

water (blue-colored) [74] (figure is reprinted with permission “;om publisher).
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Finite
Difference

Finite Volume

Finite
Element

Boundary
Element

Table 1 advantages and limitations of different CFD approaches

Simplicity.

Relatively small convergence time
Numerical evaluation of the difference
equation is simple

Simple code structures

Intuitive and easy to implement for simple
problems

Complexes geometries can be considered [83]
Neumann B.C can be easily established.
Suitable for Unstructured Grids

Governing equations are written as integral
form

Very general method and used for solving «
variety of problems

The stiffness matrix and the load vector - an be
computed for each element.

Allowing attention to be confined to « single
typical element [82].

Spatial variation of properties can be nandled
with relative ease.

Irregular regions can be 1. ~dellec with greater
accuracy.

Suitability for non-lir :ar - qua“ions.

High flexibility in c'.ang. "< .lement sizes
Mixed-boundary-' ."mie problems are easier to
handle[84].

Any shaped ge sme¢ 1y can be modelled with
the same effoi.

Less data is reguire! to run a program
efficiently 85’.

Small svetem . € quations. discretization takes
place ¢ aly or. *the surface of body

Well-s. ited tc problems with open domains
[85].

G od agr« zment between BEM and FEM

Mo. - »f¥ cient in modelling due to the

rea. “on of dimensions.

~“vantageous in the case of problems with
infi.ite or semi-infinite domains

Less data preparation time
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In large 5 ~le p.oblems small time
steps ar. neeued [82].

Co war ed w FEM needs high
numbe. ~f grids to give good output.
Jiffic. It to employ for complicated
Structur 2s

Irr. gular geometries require far
~ore effort than FEM

Equations are much more
mathematically complex.
Numerically intensive and can take
more CPU time and memory storage
space [84].

More mathematics involved - less
physical significance

Complex code structures

Programming complexity

BEM is not successfully applied to
non-linear fluid flow problems.
Matrices are asymmetric, dense and
not easy to solve[85].

Solution time is long and memory
size is large.

Poor for thin structures

In non-linear problems, the interior
must be modelled



Lattice
Boltzmann

Dissipative
Particle
Dynamics

The method is scalable, stable and suitable for -
parallel computing

Suitable for complicated geometries.

Suitable for multiphase flows calculations
Suitable for mesoscale applications such as -
colloids and flow in small pores encountered in
porous media.

Suitable for applying microscopic interactions
between fluid molecules.

Grid less method with a Lagrangia « ~atu, » -
Brownian motion is intrinsic in the f« *m.lation
of the method

Suitable for complicated geometries

Suitable for microfluidics 7 ,.,,. ~ations as it
contains thermal fluctuat’ ms

A coarse-grained partic'e me Mo . suitable for
spatial and temporal s .ale- that are larger than
the molecular dynaric. calf s and much
smaller than the cc 'tinuum vased models (i.c.,
Navier-Stokes)

Suitable for susc. sion flows and colloids
Suitable for v 1ltir nase flows

Straightforv ard ¢..“ension from two-
dimensior, to ‘arer dimensions

Suitable for . ‘ter- particle interactions at
micros .opic 'evel by including attraction and
repuls. »n forc s between fluid molecules and
the erro... l.ag media.
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Modeling vari- ble thermo-physical
properties (s* “h as viscosity and
thermal conductiv. ) is not
straightfo wa d.

The met..~d s limited to uniform
grid wi. “ve the modeling of very fine
grad’ __ ts en. duntered at boundaries
rec dires .- treatment which makes
the 1. <hod computationally
Jemarding, examples in shear
layers nd in boundary layers.

b.l. viscosity is not a direct input
pa. ameter to the method, but it is
re’ated to the relaxation time of the
method

Axisymmetric flows
implementations are not
straightforward.

Multiphase flows with large
variation in density is problematic

There is no direct connection
between DPD parameters and the
physical parameters of the system
under simulation (i.e.,
thermophysical properties are not
input parameters)

Computationally demanding when
compared with finite difference and
finite volumes.



3. Three dimensional computational modeling of nanofluid flows

The following review of 3D numerical studies of nanofluid flow and heat tranc *=r 7, divided into three
main sections. The first section deals with simulation of natural convection fl¢ ~ of nanofluids where
the buoyancy effect is considered. In the second part, forced convection stud cs ~re reviewed. In the

third, part mixed convection flows of nanofluids are discussed.
3.1. Natural convection of nanofluid flow

For natural convection problems, the buoyancy force is adac? to “.¢c momentum equation which
couples the momentum and energy equations. Many stul‘es hav: been done to analyze natural
convection in enclosures because of its importance in solar co.'=ctors, thermal energy storage systems,
electronics equipment, and buildings [86]. The physical p..-ameters affecting the 2D and 3D modeling
results as well as the influence of different CFD tech ‘1qu .. 'n the accuracy of results are compared.
Next, the effects of using different nanofluids, bou -'ary ( onditions, and even some external fields are

reviewed from the literature on nanofluid nature! ~onv ~tion.

3.1.1. Two dimensional versus three dimen<ional modeling

Obviously, it is tempting to find cases .or * /hics 2D simulation can provide accurate results since these
are less computationally expensive than tu. 3D simulations (for the same resolution). Even for 3D
simulations, several simplifications are ypically made (including limiting the domain) to obtain a
tractable model of reasonable r ost. Along these lines, several studies have been done to investigate the
agreement between 2D and ~ D simu’ations. These types of studies show that the results of 2D and 3D
modeling can be quite ditic~ nt ¢ epending on the range of physical parameters employed, such as
Rayleigh number, nan‘ partic.> volume fraction, and size of the thermal system (aspect ratio). For
example, Boutra et al |c7! ~pplied LBM coupled with FDM to solve the three dimensional natural
convection flow of Ag/wa =r nanofluids (with volume fractions up to 10%) in an inclined cube cavity
with differentir!'v heawcd side walls. In this simulation, Maxwell and Brinkman models were
implemented to ¢ culate the thermal conductivity and viscosity of nanofluids, respectively. Their

findings revealed that at low Rayleigh numbers (i.e. 10°) the average Nusselt number can be estimated
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via 2D modeling with high accuracy; however, with increasing Rayleigh numbe~, the 2D model
overestimated the average Nusselt number compared to a 3D simulation. More sve. the difference

between 2D and 3D results increased with the increment of nanofluid concentrat'on “See Fig. 11).
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Figure 11. Comparison between 2D and 3D modei.. > /.. 5 for average Nusselt number at various Rayleigh

numbers and nanofluid concentrations [87] (figure s reprinted with permission from publisher).

In another study, Ravnik and Skerget [88] . ~lved ' atural convection of nanofluids in a cube cavity
where a hot cylindrical body was instal ed 7 1 its center while front and back surfaces of cavity were
insulated, and other sides were kept .t low. *e"aperature (i.e. cold walls). The cross section of this body
varied from circular to elliptical. Tarec “vpes of water -based nanofluids containing Al,O3, Cu, and
TiO; nanoparticles with volume rra« tions of 10 and 20% were considered in the analysis where the
Rayleigh number varies betwzen . ** and 10°. They used a boundary element method to simulate the
flow of nanofluids. In add: ‘on the vlaxwell and Brinkman models were implemented to estimate the
thermal conductivity an . viscnsiy of nanofluids, respectively. Comparison between 2D and 3D
simulations reveals that vith ir creasing the Rayleigh number, the difference between 2D and 3D
results increased, a «d in g neral the estimated heat transfer rate by 3D modeling is lower than that of
2D. However, it was .~ uded that the difference between 2D and 3D results is not significant, so

apply 2D modelw. ¢ vas suggested to be suitable for similar problems.
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In another study, Sheremet et al. [89] used FDM to simulate free convention of nanc*luids in a porous
cavity with partially heated sidewalls. They implemented the Buongiorno model / f1s. *ssed above) in
which Brownian motion and the effect of thermophoresis have been inclurca. The results were
presented for various parameters including Rayleigh and Lewis numbers as we! as buoyancy-ratio,
Brownian motion, thermophoresis, and aspect ratio parameters. They conc]* '~d tu. * as the aspect ratio
increases the difference between 2D and 3D results for average Nu.-el’ number on a hot wall
decreases. In the limit, the difference tends to zero for aspect ratic, > 2 (See Fig. 12). They also
emphasized that considering the non-homogenous distribution of nanc rartic’es leads to more accurate

predictions of flow and heat transfer characteristics in the cavity.

Nu,t

3.022

r |
==d== 2D da.
i,

3.02 -
3.018 o

3.016

Figure 12. Comparison between 2D ar d 3D 1.~ Jts for variation of average Nusselt number with aspect ratio

for Le = 1, Nr = Nb = Nt = 0.1 [89] (sigure ‘s reprinted with permission from publisher).

3.1.2. What role does the CF+' te hnique play on the modeling results?

There are not enough cc .uparative studies that investigate the effect of both the CFD technique and 3D
simulation on the accu.acy o’ results. To date, only one paper was published in this regard in the
literature. Saghir ¢ al. [?0] investigated the natural convection of Al,Oj/water nanofluids (with
volume fractions up .~ 3°) in a cubic cavity where the sidewalls were differentially heated. They used
the Ho et al. [+ '] correlations for thermal conductivity and viscosity. For the simulations, they
implemented three well-known approaches including FDM, FEM, and LBM. The results of

simulations were compared against experimental data for volume fraction of 3% at Ra = 5.6x 10’
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where the temperature difference between sidewalls was 12 °C. As is shown in Fig. 13, in the case of
2D simulation, FEM was more accurate than FDM and LBM. Moreover, the comp-.risc » of 2D and 3D
results for finite element technique reveals that the results of 2D modeling are .10. =r to experimental

data.

Average absolute variation from experimental Nusseltn' . mber /%)

4.
37 7
3
. |
. -
FEM-2D FEM-3D FL 1-z1 LBM-2D

Figure 13. Comparison between the results of differe 't .. *merical models for volume fraction of 3% at

Ra= 5.0~ 1v ,90]

From just one study it is hard to concl ide whica CFD technique is better, so more studies should be

done to discover this issue.

3.1.3. What is the effect of nanofluid ty, e on the heat transfer rate?

The effective thermal co'.duc.ivit’ and viscosity of nanofluids strongly depend on the type of
nanoparticles and base ~iid. (",ing nanoparticles with higher thermal conductivity increases the
effective thermal conc ictivits of nanofluids. To date, two studies have dealt with the effect of
nanofluid type on r atural convection. In both studies the Brinkman model [92] was used to calculate
the effective viscosi..” so .hanging the type of nanoparticle has no effect on the effective viscosity. Of
course, other p.ope.ucs including density, thermal expansion coefficient, and viscosity vary by

changing the kind o."nanoparticles.
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In this regard, Purusothaman et al. [93] solved the natural convection of nanofluids 1 a cavity, which
its schematic has been shown in Fig. 14, using single-phase approach and FVM. .7 presented the
results for Rayleigh number in the range 10°-107, cavity aspect ratio between ' an 1 7.5, nanoparticle
volume fractions up to 10%, and for two different nanofluids including Civwa. v and Al,Os/water.
They concluded that Cu/water nanofluid is more effective than Al,O-’ -ater “or cooling of hot
elements installed on the enclosure wall; one reason behind the be.*er cooling performance of
Cu/water nanofluid could be its higher effective thermal conductivity 1hey utilized the Maxwell and

Brinkman models to calculate the thermal conductivity and viscosity 0. nanc uids, respectively.

Fixed Geometry
Parameters
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Figure 14. Physical configuration and g. - netr ¢ parameters (a) full view of the enclosure (b) half view of

sources mounted on wo . '93] (figure is reprinted with permission from publisher)..

.

Snoussi et al. [94] studied the .tea y state free convection of two water-based nanofluids containing
ALLO; and Ag nanoparticle, (wi.> maximum volume fraction up to 8%) in a cube cavity with
differentially heated sidew ‘!ls Thry used FLUENT software (based on FVM) to simulate the natural
convection flow while maxwveu and Brinkman equations were utilized to estimate the thermal
conductivity and viscos. ‘v of r anofluids, respectively. They found that particle loading diminishes the
heat transfer rate a- d the . *duction was highlighted when the convection mode is the dominant regime
of heat transfer. In o."**.0n, the results revealed that Ag nanoparticles provide higher heat transfer

rates.
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3.1.4. What is the effect of a magnetic field applied to natural convection nanoflvid flow?

Magnetic fields are utilized in many engineering applications (e.g. micropur .os, :lectronic devices,
and nuclear reactors). Therefore, nanofluids should also be studied with respec. ‘o MIID flow, to see if
there is any additional effect on heat transfer characteristics of thermal sv.ten = "95-99]. From the 3D
studies on MHD flow effect on natural convection of nanofluids, it seen tha. ~ith increasing Hartmann
number (a dimensionless number that indicates the ratio of magnet ¢ to vi cus forces), the average
Nusselt number reduces. This was attributed to the decrease of flui . seloc..y induced when MHD flow
field acts as a barrier to heat transfer enhancement.

In another study, Sheikholeslami and Ellahi [100] investigate. the natural convection flow of
AlyOs/water nanofluids in a cube cavity under MHD flov- wn. = “.ae temperature of bottom surface
was higher than that of top surface and other surfaces we=~ ~*:~ itic. They used LBM to simulate the
problem. To calculate the thermal conductivity and viscos..’, Koo—Kleinstreuer—Li (KKL) models
were utilized. The results were presented for differ.~. volume fractions (up to 4%), Hartmann
numbers, and Rayleigh numbers. They concluded th t . ~nlying magnetic field reduces the magnitude
of velocities in the cavity, and, consequently, e ivusselt number decreases. On the other hand,
Nusselt number would be enhanced through narticle loading and boosting the buoyancy forces. Figure
15 presents the effects of Rayleigh and Hartm: nn numbers on average Nusselt number and heat
transfer enhancement in the cavity. He st transicr enhancement parameter is the ratio of heat transfer
rate in the case of nanofluid to the casc £ brse fluid. As seen heat transfer enhancement index raises

with increasing the magnetic field ,tic ~oth especially at high Rayleigh numbers.
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Figure 15. Effects of Rayleigh number and Hartmann number ~» /= ~ _rage Nusselt number (¢ = 4%) and (b)

heat transfer enhancement [100] (figure is reprinted with permissio.. from publisher).

Al-Rashed et al. [101] modeled the effect of the an_ ~ in \ "hich an inclined magnetic force applies to a
partially heated cavity filled with CNT/water nanoflui’s. The magnetic source angle with respect to
horizontal was measured by o (0 <« <90°). The mou.'ing was done for Hartmann numbers of 0, 50,
and 100, volume fractions up to 5%, and R- ylelg~ numbers between 10° and 10°. The maximum and
minimum values of Nu number were obtainc.' for different conditions as shown in Fig. 16. They used
Brinkman model for calculating viscor «ty - ad “~ue model [102] for estimating the thermal conductivity

of CNT/water nanofluids.

In a continuation of the work of [ 1. '], Al-Rashed et al. [103] analyzed the second law of
thermodynamics for the same pi.* «em. They found that the effect of magnetic field inclination on

entropy generation is more visi’ le 2 Ra = 10°.
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Figure 16. Effect of the angle of magnetic for -2 applic 1 to a partially heated cavity on Nu number[101] (figure

is reprint’ d with pc.mission from publisher).

Kolsi et al. [104] studied the effects of ma, - etic field, and an inclined fin on natural convection in an
open cavity filled with CNTs/water na. ofluids. The results were presented for different values of
Rayleigh number, nanoparticle cor _entrations up to 5%, Hartmann numbers between 0 and 100, and
inclination angles of fin ran< ing 0 .. 360 degrees. It was found that heat transfer rate reduces linearly
with increasing the magne. - .ield intensity. It was also concluded that by adding nanoparticles the
heat transfer augments linear'v, moreover when the fin is at an angle of 180°, the heat transfer is

maximized. The problen. vas ,olved with the FVM and a single phase approach.

3.1.5. What is th. « (fect of cavity configuration on natural convection?
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Changing the slope of cavities and heating area as well as using internal fins (or blorks) can affect the
heat transfer due to natural convection in cavities. In the following, the effects of .nc.~ parameters on

discussed.

Kolsi et al. [105] simulated heat transfer and entropy generation due to »atw.l convection of
AL Oj/water nanofluids with volume concentrations up to 15% in a cube cav -~ by implementing the
FVM and single-phase homogenous approach. Solid panels with three AJifferent positions were
installed at corners of the cavity. They used Maxwell and Brinkmar model. to calculate the thermal
conductivity and viscosity of nanofluids, respectively. It was fr.ud tuac with increasing nanofluid
concentration, the heat transfer rate enhances. Moreover, partic. .0ad’1g into the base fluid is not
advantageous from the second law viewpoint. By using the solid pa. ¢ls one can adjust the rate of heat

transfer in the cavity.

Kolsi et al. [106] studied transient natural convection 1.t transfer and entropy generation due to
Al,Os/water nanofluid flow (with volume fractions .» w 27%) in a cube cavity with differentially
heated walls. The problem was solved via the FVI . whe. » the Maxwell and Brinkman relations were
used to estimate the thermal conductivity and viscos.‘v of nanofluids, respectively. They concluded
that with increases in Rayleigh number and nanoflui' concentration both average Nusselt number and

entropy generation increase.

Meng and Li [107] simulated the fr:e ~onv.ction of Al,Os/water nanofluids with two volume
concentrations of 1 and 4% in a he+ize fal  ylinder where the sizes of length and diameter are the
same. The ends of circular cylinde. 1.. 1 a finite temperature difference to create free convection in the
cavity. The problem was solved oy DpenFOAM (FVM). They found that at a given Rayleigh number,
the Nusselt number decreases w “1 the increase of nanofluid concentration. They also observed that
when a temperature-depen- ent solver was used for simulation, the results of water, and nanofluid with
a concentration of 1% a-_ closc. 0 experimental data. On the other hand, a temperature-independent
solver should be utilize 1 to sir wlate the results at the concentration of 4% to minimize the deviation
from experimental Jata. Ternik and Rudolf [108] solved the natural convection of non-Newtonian
nanofluids (Au nanc ~artic.es with volume fractions up to 10% dispersed in carboxy methyl cellulose)
in a cube cavit, w . differentially heated walls for Rayleigh numbers between 10 and 10°. The
problem was again solved with the FVM and assuming power law behavior for nanofluids. They

found that by loading nanoparticles to the base liquid the onset of natural convection prolongs. In
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addition, after the onset of free convection in the cavity, the average Nusselt nun-ber reduces with

increases in nanofluid concentration independent of Rayleigh number magnitude.

Kolsi et al. [109] examined the natural convection and entropy generation of Al,( s/water nanofluids
with volume fractions up to 15% in a cube cavity where two adiabatic blocks -ere .astalled inside it,
as shown in Fig. 17. The modeling was conducted by using finite volur.ie 1-.*hod and results were
presented for Rayleigh numbers between 10* and 10°. They found that Nuss_ 't number increases with
increases in Rayleigh number and with the nanofluid concentration. On the other hand, when blocks

with a smaller size were mounted in the cavity, the average Nussel* ..amvoc.: ameliorates.

i
ﬁl TPJL_*

T &y

Lim

XY- "'an T

____.ﬁdia batic

Figure 17. Schematic of the problem considered by " ~Isi ¢ * al.[109] (figure is reprinted with permission from

publisi. ©).

Salari et al. [110] analyzed 3D flow, heat u.~sfe and entropy generation in an inclined cavity that is
partially filled with MWCNTs/water r mno’.uid and the rest space on the top of nanofluid was occupied
with air. A single-phase homoger sus moJ:l was used to simulate the problem. The results were
presented for volume fractions of V.2, 0.-. and 1%, Rayleigh numbers between 10° and 10°, and cavity

slopes between 0 and 60 degre  s. T «¢ main results of this study can be summarized as:

e  When the cavity is n v rticnl position (0°), two secondary eddies are formed in the vicinity of
bottom side of ¢~ ty. '1.."se two eddies are converted to one eddy with an increase in the slope
angle (see Fig. .%).

e With incressing © volume fraction of nanoparticles the heat transfer rate increases while

entropy genc tior reduces.
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Figure 18. Three-dimensional flow pattern for enclosures ith different tilt angles at Ra = 10° and

= 1% [110] (figure is reprinted with permission 1.. ™ publisher).

Al-Rashed et al. [111] simulated the natural convectior. ¢ - CNTs/water nanofluids in an inclined cube
cavity using finite volume method where Ahmed bc 1y ‘s 1astalled inside it (See Fig. 19). It should be
mentioned that an Ahmed body is a simplifieu ~uap< Of car that is used for simulation purposes in
automotive industry. The simulation was performed for volume fractions up to 5%, Rayleigh numbers
between 10° and 10°, inclination angles 'etweer, 0 and 180 degrees, and thermal conductivity ratio
between 0.01 and 100. The authors .onclua.d that the maximum average Nusselt number was
achieved in inclination angles of 20 *d 1,0 degrees whereas the average Nusselt number was
minimized at 90 degrees. Thermal .. ~ductivity ratio has no significant effect on the heat transfer rate

compared to other parameters. M. ~over, particle loading increased heat transfer rate inside the cavity.

o ol

\

- Y
a) Iso-vie of the Geometry b) Iso-view of Ahmed body ¢) 2D view of the Geometry

Figure 19. Geometrical representation of the problem considered by Al-Rashed et al. [111].



In another study with the same geometry and nanofluid given in [111], Al-Rashed et ~1. [112] analyzed
entropy generation in the cavity. They found entropy generation increases with “.aci.2ses in volume

fraction of nanoparticles.

Kolsi et al.[113] applied the FVM to study the natural convection ana ~ntro,y generation of
Al Os/water nanofluids with volume fractions up to 15% inside an open ¢ uabe -. ity where a diamond
shaped body is installed in the middle of cavity. Maxwell and Brinkman eq. ~tions were employed to
estimate the thermal conductivity and viscosity of nanofluids, respec ively. ‘hey concluded that from
the first law of thermodynamics viewpoint, adding nanoparticles .o the vase fluid is advantageous,
however, from the second law of thermodynamics viewpoint parti.’ . loar ing is not beneficial since the

entropy generation increases in the cavity.

Kolsi et al. [114] solved the natural convection and entropy g« ~eration of Al,Os/water nanofluids with
volume fractions up to 20% in a cube cavity in the presc *ce of Marangoni effect (or called thermo-
capillary force). Maxwell and Brinkman equations we ¢ u . to estimate the thermal conductivity and
viscosity of nanofluids, respectively. Two sidewali ~fca -ity were partially heated and the top surface
of cavity was open and in contact with free stre»m ot ras. The analysis was done by employing finite
volume method for Marangoni numbers between -1u9 to 1000 and a constant Rayleigh number equal
to 10°. It should be mentioned that a posi’.ve n’arangoni number implies that thermo-capillary force
boosts the buoyancy force, and, consecuen...” t'.e convection flow intensifies, on the other hand, a
negative Marangoni number means tb -t th srm- -capillary force acts against the buoyancy force. It was
found that at a given value of Mar ngoni n.umber, the Nusselt number increases via particle loading.
The results also revealed that the increas > of Nusselt number with an increase in Marangoni number

and entropy generation rises w <h p .rticle loading.

Al-Rashed et al. [115] inve ,tigr ced *he MHD natural convection inside a partially heated cavity where
the active zone of magne’._ fiei. vas variable(the magnetic field could be applied to a part or whole of
the cavity). The workin_ fluid - vas CNT/water nanofluid and the method of solution was FVM. It was
found that adding r .noparticles increases the heat transfer rate. Moreover, the heat transfer reduced

with extension of ac.‘ve 72 ne and Hartmann number.

Rahimi et al. [116; :mployed LBM to model natural convection and entropy production of CuO/water

nanofluid(volume fractions up to 4%) in a cavity with four different sets of thermal boundary
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conditions. Figure 20 shows the schematic of the problem considered by Rahimi et al [116]. The
authors used a single-phase approach to solve the problem while KKL. model has b .en. *sed to obtain
the properties. Figure 21 shows a sample of their results for temperature field an . a. ferent cases. It
was found that adding nanoparticle to the base fluid increases the heat transfer an. “educes the entropy

generation.

Figure 20. Schematic of the problem considered by Rahimi et al. [ . 6] (fig) re is reprinted with permission from

publisher).

Ra = 10°

Ra = 10*

Ra = 10°

Ra=11°

Figure 21. 1. vee- . znsional temperature field for different arrangements of discrete active walls and

Rayleign "umbers at ¢ = 4% [116] (figure is reprinted with permission from publisher).
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In another work, Rahimi et al.[117] conducted experiments to investigate the naturs 1 convection in a
cubic cavity with partially heated walls filled by DWCNTs/water (in siv u.“erent volume
concentrations including 0.01, 0.02, 0.05, 0.1, 0.2, and 0.4%). They meas' ceu the properties of
nanofluids experimentally. A three-dimensional code was developed based on .\ = FVM and single-
phase approach where for properties the measured data were used. They . 'nd . ~t the heat transfer
coefficient is maximized at a volume fraction of 0.05%. Sheremet  * a'. [118] studied the free
convection of a nanofluid in a porous cubic cavity employing Tiwari -.aa Das’ mmodel, the FDM, and a

non-uniform mesh.

As can be appreciated at this stage, most papers model natural ¢ _vect’hn in nanofluids with single-
phase approaches (mostly the homogenous temperature-independc. © technique). Table 2 summarizes

the studies on 3D simulation of natural convection of nanof'ids.
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3.2. Forced convection of nanofluid flow

The study of forced convection flow is significant for heat exchangers. As s... researchers have
simulated nanofluids in applications ranging from micro to conventional si.~ composed and for
straight and helical tubes. The hope for replacing conventional base fluids *ith . ~nofluids is that the
heat transfer rate increases. However, this must be balanced with the fac. that the pressure drop
(pumping power) also increases due to the increase of viscosit,. The .atio of heat transfer
enhancement to pressure drop increment due to adding nanoparticle. to ba.e fluid is called thermal
performance index (or the performance evaluation criteria) D’"vent definitions of thermal

performance index (shown by, ) has been presented in the '‘terat+.. For example, Bizhaem and

Abbassi [119] used the following relationship as the therma. »erforn ance index (TPI) for the analysis

hy (1)
hy

of forced convection in helical tubes:

Hashemi and Akhavan-Behabadi [120] v..u *he following equation as the TPI in the study of

nanofluid flow in horizontal coiled tube:

Y

‘1, /
Ap nf'
L Ay

Yang et al.[121] invest 2ated \ ‘e nanofluid flow in a parallel channel by assuming the same pumping

power for all conditi~=s. .-, used the following equation as the TPI:

50



Nunf (3)
Nuf

[f,,f]m
Sy

A greater TPI implies that nanofluid efficacy increases.

n =

Next, the studies conducted on forced convection of nanofluids are rev'. ved 1. two main sections (i.e.

single-phase and two-phase studies).

6.2.1. Studies using the single-phase approach

Doshmanziari et al. [122] simulated the forced convec..~m iu.oulent flow and heat transfer of
Al,Os/water nanofluids with volume fractions up to 1.2 = i1 a norizontal spiral-coil tube which was
kept in a water bath with a constant temperature < = <0 °C. Figure 22 shows a schematic of the
problem. Nanofluid enters the coil with a constant temp, rature of 34 °C and after heating in the bath
exits. The 3D numerical results were compared aga ns. experimental data and showed a maximum
17% deviation. They concluded that using nanofiu.? with a volume fraction of 1.5% instead of water
can enhance the heat transfer rate up to 477, "t Reynolds numbers between 9,000 and 21,200. The
authors assumed that there is no slip betw. n nar oparticles and base fluid (single-phase homogenous
approach was used). Moreover, the F* M - vas used to discretize the governing equations while RNG

k-¢ model was employed to mode’ the ..~ alent flow. For thermal conductivity and viscosity, the

Corcione correlations were used.

Nanofiuld Nanofluid
inlet outlet

Figu ~ 22. A schematic of the problem considered by Doshmanziari et al. [122]
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Tohidi et al. [123] applied two passive approaches for heat transfer enhancemrnt inside a heat
exchanger with helical tubes. The two techniques included the use of nanofluids ns.~ad of water as
well as changing the simple structure of helical tubes to chaotic configurat'on. The results were
presented for Al,Os/water and CuO/water nanofluids, nanoparticle concentra. »n up to 3%, and
Reynolds numbers between 100 and 500. The single-phase governing er_~tion., were solved using
FEM through the commercial software of ANSYS FLUENT. They conc.de 1 that a water-based heat
exchanger with chaotic configuration provides higher heat transf.r rates in comparison with a
nanofluid-based heat exchanger having simple coils. It should be 1.~ted ‘.1 chaotic tubes the flow
turbulence is more than simple tubes that it provides higher heat trar .ic rate. In addition, they found
that CuO/water nanofluids are more advantageous than Al,Os . ater —unofluids. Figure 23 compares

the heat transfer rate for different structures and nanofluids.
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600
coil-water
coil-AlOy
550
coil-CuQ -

chaotic-water T

chaotic-AlO, -

500

ErE 4t

chaotic-CuQ s i

300

250 - - - - -
100 200 300 400 0

(c) Re
Figure 23. Variations of heat transfer coefficient with Reynolds number v volume concentrations of (a) 1%,

(b) 2%, and (c) 3% and different configurations [123](figure *s rep. ‘nte . with permission from publisher).

Togun et al. [124] solved the turbulent flow of Al,Os/wa. - nanofluid with Reynolds numbers between
20000 and 50000 and volume fractions up to 2% in ai. a.... *"*< with sudden expansion by employing
the FVM. The effects of Reynolds number, nanoflt " co1. *entration, and expansion ratio on flow and
heat transfer characteristics have been investigated in .he study. The authors concluded that with
increasing the working fluid velocity and nanopartic:~ volume fraction along with a larger expansion
ratio the surface heat transfer coefficient ca-. oc mhanced. In the simulation, k-€ model was used to
capture the turbulence flow while the nanou. id w s assumed as single-phase. Maxwell and Brinkman

models were used to estimate the therr .al ¢ ondrctivity and viscosity.

Shalchi-Tabrizi and Seyf [125] 7..~stigated numerically heat transfer and entropy generation of
alumina/water nanofluids in 7 .°ngential microtube heat sink using single-phase homogenous
approach(temperature depende..“ oroperties). The geometry has shown in Fig. 24. The flow was
assumed laminar with fo ced convection mode with Reynolds numbers between 50 and 200.
Nanoparticles with two di#ferc, * .1zes (i.e. 29 and 47 nm) and concentrations from 0% up to 4% were
employed in the simul 'tions. "he results of this study suggested using nanoparticles with a smaller
size, and higher co .centration to have a higher heat transfer rate and lower entropy generation. In
another work with . imilar geometry used in [125], Seyf et al. [126] simulated heat transfer, pressure
drop and entrop_ go .. “ation in the microtube heat sink where nanofluids having a nano-encapsulated
phase change mate. al (NEPCM) enters the ducts of heat sink from the top. The results revealed that

particle loading can enhance the heat transfer rate in the system. Moreover, increasing the Reynolds
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number and the melting point of nanoparticles reduces the thermal resistance, and, sonsequently, the
heat transfer rate ameliorates. It was shown that increasing the two main indepen en. ~rariables (mass
concentration and Reynolds number) both have a major effect on the total e.trc vy generation rate

which means that irreversibilities in the system reduce.

Hot Nanofluid

Cold ~. ~ofluid

Solid Region
% H

W

Figure 24. Schematic of microtube microchannel he.» .k, ith tangential impingement [125] (figure is

reprinted with per ..=~ian from publisher)..

Yavuz and Tokgoz [127] studied single-pb~-~ flow of water, argon, Al,Os/water nanofluid (with a
concentration of 8%) in a tube with rectai. lar crss section where 8 square ribs were designed in the
bottom side and 8 square ribs in the t p s’Je for disrupting the boundary layer. They concluded that
using argon is more reasonable than ising e .er and nanofluid.

Gunnasegaran et al. [128] conside ed .. = cooling of a compact heat exchanger as shown in Fig. 25. A
nanofluid (coolant) with a volur e 1 action of 2% and under turbulent regime enters the channel with
temperature of 82.5 °C while the .. 'et temperature of air is 37.5 °C. The base liquid of nanofluids was
ethylene glycol and three ¢ ffer ent .anoparticles were considered in the analysis including Cu,
diamond, and SiO,. It w .5 founa .hat to achieve highest heat transfer coefficient diamond
nanoparticles should be 1sed. T.igher heat transfer coefficients were reported in the case of Si0,

nanoparticles comy ared t¢ Cu particles.
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Figure 25. Schematic of the problem considered by Gunnasegaran e. 1. [128] (figure is reprinted with

permission from publi-her,.

Seyf and Feizbakhshi [129] simulated nanofluid flow .~ micro-pin-fin heat sinks using FVM and
single-phase homogenous approach. They used t. v : =< of nanoparticles including CuO (in
diameters of 28.6 and 29 nm) and Al,O; (in diame ~rs o. 38.4 and 47nm) and water as the base fluid.
The results were presented for volume fractions of 1 .na 4%, and Reynolds numbers between 25 and
75. The authors reported that with increasing the . ~lume fraction of nanoparticles and Re, the heat
transfer enhances for both types of nanopar’.cic. and the main reasons may be the Brownian motion of
nanoparticles that enhances the micro-con, *~tio’ in the system. It was also concluded that pressure
drop increase induced by particle lo7 dins is not much significant. The article also investigated the
effect of nanoparticle size. It was .oncluc -« that with increasing the particle size, the heat transfer
enhanced in the case of CuO/water nan. fluids while for CuO/water nanofluid an opposite trend was
obtained. The reason for this wa< attributed to thermal conductivity changes that for CuO/water
nanofluid with increasing tb . parti.’~ size the thermal conductivity increases, but for Al,Os/water the
trend was reversed.

Dugaria et al. [130] nvestivated turbulent forced convection of single wall carbon nanohorns
(SWCNHs)/water nanot, “ids “a a direct absorption solar receiver. Single-phase homogenous approach
was employed in the mc deling. Because of low concentrations of nanoparticles, thermophysical
properties of nanoflu.co were assumed to be equal to water and just a function of temperature.

Instead, optical p.~perties of nanofluids were involved in the governing equations. It was found that
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among nanoparticle concentrations of 0.006, 0.01, 0.02, and 0.05 gr/lit the optima' concentration is
0.02gr/1it in which the receiver thermal efficiency is maximized.

Tiwari et al. [131] experimentally studied turbulent flow of Al,Os/water (with a .on entration of 1%)
and CeO,/water (with a concentration of 0.75%) nanofluids in a plate heat exchaw, >r. Next, CFD
simulation was done using single-phase homogenous approach with temper- ' *te ac ~endent properties
and ANSY S/Fluent software. It was found that CeO,/water as the workin, flr.d illustrates better
performance.

Mukherjee et al. [132] investigated alumina/water nanofluid turbulent ."ow v .th Reynolds numbers
between 6,000 and 20,000 in a duct with trapezoidal ribs. Nusselt nur uc. enhances by 42.5 and 40.1%
for volume fractions of 5 and 3%, respectively. Entropy generau. n we.- «ncreased by adding

nanoparticles to base fluid.

Hussein et al.[133] simulated forced turbulent convectior ~* ™ ‘'water nanofluid (volume fractions
up to 4%) in a duct with application in car radiator usine singi. phase homogenous approach
(temperature-independent properties). The results were | v ;sented for Reynolds numbers between
10000 and 100000 and inlet temperatures of 60-90 “C  .* was found that by using nanofluid with a
concentration of 4%, the heat transfer rate can be . meuvrated by 18% although friction factor rises by
12%. As expected Nu increases with increases in inlet temperature and Reynolds number.
Sheikholeslami et al. [134] employed t' = LBM to study the forced convection of alumina/water
nanofluid(volume fractions up to 4% in a cavity where the bottom wall moves with a constant
velocity. The authors investigated the o act of Lorentz force intensity (due to magnetic field), wall
velocity, and volume fraction of na..~narticles on heat transfer and fluid flow in the cavity. They
indicated that with increasing t' ¢ 1 orentz force the velocity and temperature gradients reduce. It was
also found that Nusselt number .. ‘reased with increases in nanoparticle volume fraction, and velocity
of wall but it decreased wit! ra’sing the Lorentz force. The authors used the KKL model for

properties.

Hawwash et al. [1351 s. ¥ the performance of a flat plate solar collector using alumina/water
nanofluids (volumc fractio 1s 0.1-3%) both experimentally and numerically. Single-phase homogenous
approach with *~mnerawre dependent properties and ANSYS/FLUENT was used for simulation. It

was found that the nermal efficiency of solar collector was optimized at a concentration of 0.5%. The
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authors stated that adding nanoparticles with volume fractions higher than 0.5% ceanot enhance the
solar collector’s efficiency because of agglomeration of nanoparticles.

Seyf and Nikaaein [136] employed a single-phase homogenous approach (f.m; zrature dependent
properties) to model the forced convection of nanofluid flow in microchanu. heat sinks. Three
different types of nanoparticles including CuO, ZnO, and Al,O3 suspende” ™ a 1..’xture of water and
EG (40:60 by mass) and two sizes of 29 and 77 nm were examined. TL ~ ar thors indicated that CuO
nanoparticles provide the highest thermal performance followed by ".nO and Al,O; nanoparticles. It
was found that heat transfer ameliorates by increasing the volumc fract on of nanoparticles and
decreasing the size of nanoparticles. Brownian motion and mic1 )-ce v\ ction were introduced as the
main phenomena for heat transfer enhancement.

Najafabadi and Moraveji [137] solved forced laminar coi. ection flow and entropy generation of
AlyOs/water nanofluid in a microchannel with converging cha. nels under imposed pressure difference
and considering partial slip boundary condition. The pic™lem was solved with OpenFOAM and a
single-phase homogenous approach with temperatu1 * ac .. dent properties. It was found that if a
partial slip boundary condition is considered for ti. . ~rob. »m, even single-phase approach can predict
well the experimental data. It was also noted tb~* witl, increasing the nanoparticles to base fluid, heat
transfer enhances and entropy generation diminishes.

Chen and Cheng [138] studied numericall, the jotential of TiO,/water nanofluids (volume fractions
up to 3%) for cooling of stave of blast “urna =. “ingle-phase homogenous model was used to predict
the turbulent flow (56,800 to 75,700) ~f r ano”iuids in the heat exchanger by considering aggregation
of nanoparticles. It was found that aeat tra..sfer coefficient increases with an increase in the volume
fraction of nanoparticles. Also, heat tran. fer coefficient increases linearly with Re. It was elucidated
that with aggregation of nanop rtic’es heat transfer coefficient reduces while pressure drop increases.
Hybrid nanofluids are a <ind o1 nanofluids which are composed of two different types of
nanoparticles. In hybrid na.. - <luir s, usually a kind of nanoparticles with high thermal conductivity
(such as CNTs) is acded t¢ another kind of nanoparticles with lower thermal conductivity for
enhancing the effective .~~.nal conductivity of mixture. Nanoparticles such as CNTs with high
thermal conductivi v have 1igh price so this mixing them with cheaper nanoparticles is reasonable.
Huminic and F--~inic |139] analyzed heat transfer and entropy generation of two different hybrid
nanofluids includ: g multi-walled carbon nanotubes + Fe;Os/water (with volume fractions of 0.1

and 0.3%) and nanodiamond + Fes;O4/water (with volume fractions of 0.1 and 0.2%) in a flattened
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tube with application in car radiator. For properties, experimental data available in the literature were
used for calculating thermal conductivity and viscosity which were as a funct.on ~f nanoparticle
concentration and temperature. Single-phase homogenous model and ANSY",/C "X software were
applied to solve the laminar forced convection problem. It was found that usi. r hybrid nanofluids
enhances the heat transfer rate in the system. Moreover, the results rev-_'ed u.~t to minimize the
entropy generation the use of multi-walled carbon nanotubes + Fe;O,"va er is more advantageous
than nanodiamond + Fe;O4/water.

Recently, Alfaryjat et al. [140] studied numerically the effects of differ nt tv’ es of nanoparticles
including Al,O3, CuO, SiO; and ZnO in four sizes i.e. 25, 40, 55 ' nd “v nm suspended in water on
flow and heat characteristics of nanofluid forced convection in a “exa_ ..1al microchannel heat sink. It
was found that heat transfer coefficient was maximized by A:_Os; nan yparticles and it was followed by
CuO, Zn0O, and SiO; nanoparticles. Indeed, using nanoparticle. with a higher thermal conductivity
guaranteed a higher heat transfer coefficient. The heat tran.“er coefficient augments with increasing
the volume fraction of nanoparticles and decreasing th > siz . . “nanoparticles. On the other hand,
pressure drop increases with reducing the nanopart. -~ siz. since the effective viscosity of nanofluids
having smaller nanoparticles is higher. For solvi-~o the Navier-Stokes equations, ANSYS/FLEUNT
was used by assuming a single-phase homogenous ni. del for nanofluids.

Ghasemi and Ranjbar [141] modeled turk alent ‘orced convection in a receiver tube of a parabolic
trough collector using CuO/water and Al,__‘w- cer nanofluids with volume fractions up to 3% with
very high Reynolds numbers i.e. ab- at 7.54030. To solve the equations, single-phase homogenous
model along with temperature-dep ndent p.operties were used. For modeling the turbulent flow k-¢
model was utilized. The results indic.!ed that using Al,Os/water and CuO/water nanofluids at a
volume fraction of 3% can en’ anc'. the heat transfer coefficient by 28% and 35%, respectively. Since
this work dealt with model ag nf a parabolic trough collector; it is useful that in future works some
results on outlet temperaturc - d e ficiency of solar collector are presented.

Karimi and Afrand [14 2] invc “tigated the influences of hybrid nanofluid, tube arrangement, and tube
cross section(circular anu ~''ptical) on the thermal efficiency of an air-cooled heat exchanger. They
concluded that the heat e changer with circular tubes has about 25% smaller pressure drop, while
elliptical pipes “~e 10 larger heat transfer rate. Moreover, they concluded that the Nusselt number

and pressure drop ~ «crease by nanoparticle loading.
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Hosseinzadeh et al. [143] simulated numerically a nanofluid based photovoltaic thermal device. They
reported that the thermal energy performance of the ZnO/water nanofluid with a s tiu "olume fraction
0f 0.03 is about 12.78% higher compared to water.

Toghraie et al. [144] investigated the combined impacts of nanofluid and porous . »s on the efficiency
of microchannels. It was concluded that by using the porous ribs, the nar “uid ..~s not a significant

effect on heat transfer augmentation.

3.2.2. Studies using the two-phase approach

Khoshvaght-Aliabadi et al. [145] simulated laminar flow ¢ Al_“ ;/water nanofluid in twisted
minichannels having different shapes of cross section  ~cludins elliptic, half circular, square,
rectangular, and triangular. The results were presented for vo. 'me concentrations up to 4%, Reynolds
numbers less than 1500, and three different ratios of twis. »itch to channel length i.e. 0.25, 0.5, and 1.
The modeling was done based on two-phase mixture . “ou. . = :d FVM. They concluded that by using a
nanofluid with a volume fraction of 1% the perforr. . 2ce i "dex is maximized.

Zhu et al. [146] numerically studied laminar flow ~f Al,O; nanoparticles suspended in a binary
mixture of ethylene glycol and water inside two mic *ochannel heat sinks with different arrangements
of channels. The first microchannel heat -.nk ..~d straight channels, and the second one had cosine
shaped channels. The study was done for vo''m’ concentrations up to 4% and Reynolds numbers up
to 1,200. It was found that using r mo”.uid. with volume concentrations higher than 1% is not
beneficial based on performance index criterion. Although with increasing the nanoparticle
concentration, the heat transfer enhances Hut on the other hand, pressure drop rises, therefore, volume
fraction of 4% is not the optinr d cc.acentration. A two-phase mixture model was used in the numerical
study.

Bizhaem and Abbasi [147] 1. - estiv ated forced convection and entropy generation of alumina/water
nanofluid(volume fract ons up to 3%) in a helical tube using two-phase mixture model for Reynolds
numbers between 200 anc ?°”J. It was found that nanofluid effect on heat transfer enhancement is not
visible at entrance egion t 1t in fully developed region the heat transfer enhancement is significant.

Their results ind*~afed wat at ¢ = 3% for Re = 200 the heat transfer enhancement (ratio of heat transfer

coefficient of nanc¢ (uid to water) reaches about 22% while for Re=2000 the heat transfer enhancement

approaches 15.7%. By adding nanoparticles, heat conduction in the system improves therefore
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temperature gradients diminish and consequently entropy generation reduces especial'y at low
Reynolds numbers. As expected, using helical tubes ameliorates heat transfer rate <.nc. ~entrifugal
force applies to working fluid.

Delavari and Hashemabadi [148] simulated the cooling of a car radiator using alu. a nanoparticles
where water and ethylene glycol were considered as base fluids. The numer .~ stu.'y presents a
comparison between single-phase and two-phase approaches for both lan. nar and turbulent regimes.
Nusselt number obtained by two-phase model was greater than that of ubtaired oy single-phase
approach (between 10-45%). Experimental data confirms that two-pha. » mor ¢l results are more
reliable and closer to tests. Figure 26 compares experimental data witt ic 'ults of single-phase and two-

phase approaches.
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Figure 26. Comparison vetwee. experimental data [149] with CFD results obtained by

Delavari and Hashemabadi [1- 1 fr 0.7% AL, Os/ethylene glycol (figure is reprinted with permission from
publisher)..

Ahmed et al. [150] ir.,cstigaw.d turbulent forced convection of Al,Os; and CuO nanoparticles
suspended in water flov ing in 1 triangular duct with vortex generators. Two-phase mixture model was
considered to solve the nanofluid flow by using ANSYS/FLUENT software. The results were
presented for volun.~ fr2_tions up to 3% and Reynolds numbers between 4000 and 24000. It was
found that addin_ n‘.noparticles even at a low concentration of 0.5% is more effective than equipping

the plain duct to vo tex generator. The authors showed that alumina/water nanofluid with a volume
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fraction of 3% provides the maximum heat transfer rate even more than CuO/water r anofluid with the
same concentration. This was attributed to higher Prandtl number of alumina basec na. ~fluids.

Ghale et al. [151] studied laminar forced convection flow of alumina/v atc ' nanofluid (with
concentrations up to 2%) in a ribbed microchannel heat sink using both sing.. nhase(homogenous
independent-temperature) and two-phase (mixture model) approaches. It v _~ fou. 1 that single-phase
approach underestimates the heat transfer rate with a high error .~ ‘nat the deviation from
experimental data becomes 32.6% and 37.4% for 1% and 2% nanof aid, r=spectively. However, the
two-phase mixture model gives very good prediction of heat transi.~ rate especially for a volume
concentration of 2%. For the case of the mixture model, the devi itior 1. m experimental data reduces
to 11.39% and 2% for 1% and 2% nanofluids, respectively. ™ we- also indicated that using ribs
increases both heat transfer and friction factor. The simul.“on wa, done by ANSYS/FLUENT for
Reynolds numbers less than 900.

Kumar and Sarkar [152] employed single-phase and two- ~hase mixture models to study the laminar
forced convection flow of Al,Os/water and AlL,Os+M VU 7 /water nanofluids in a minichannel heat
sink. The numerical results for heat transfer coeffi. ..nt w ~re compared to experimental results for the
case of Al,O;+tMWCNTs(9:1)/water nanofluid ~* Reyi olds numbers of 307, 368, and 430 as shown in
Fig.27 . As seen, in the case of nanofluids, two-pha.~ mixture model overestimates the experimental
data while single-phase underestimates the expe. ‘mental data. Based on the figure, it cannot be stated
that two-phase mixture model gives ceraini, be cer results since as shown at Re = 368 the results of
experimental data and single-phase a: nrc .ch .re closer to each other compared to experimental data
and two-phase mixture model resu’ s. In gew.eral, it was also found that by using nanofluid instead of
water, heat transfer coefficient increases. The maximum enhancement in the heat transfer coefficient
in the case of Al,Os/water nar ~flv .d with a concentration of 0.01 vol.% was about 4% while for the
same concentration of hyb'.d rano.iuid (AlLLOs+tMWCNT) it reached 9%, 12% and 15.6% for the

nanoparticle volume ratio o1 [:1) (8:2), and (7:3) respectively.
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Figure 27. Comparison of single-phase and two-phase approaches with >xperimental data[152] (figure is
reprinted with permission fron. ~ubul.or)..
Yang et al. [153] investigated the turbulent flow of 2° O wawer nanofluids (concentration up to 4
vol.%) in a channel with square cross section wher- *the bowom of channel was equipped to step-
shaped turbulators. To solve the governing equations, . ¢ turbulence model was implemented while
the equations were discretized through finite volum. approach. The simulations were conducted for
single-phase and mixture models and the results w.~e compared. Both response surface method (RSM)
and genetic algorithm (GA) were utilized *. ~otimize the performance factor (the ratio of Nusselt
number enhancement to pressure drop inc. *ase ca ised by using nanofluid instead of base liquid) in the
channel for Reynolds numbers betwee ( 5.700 and 2,0000. The results of this study show that single-
phase approach estimates the Nusse!  nuin.~er and performance factor lower than that of mixture model
(see Fig. 28). The authors stated t' at s.. ~e in the mixture model the interactions between nanoparticles
as well as the drift velocity 'etw 2en base fluid and solid particles have been considered in the
governing equations, so the mixi. = model provides higher values of Nusselt number. An interesting
point that is observed in F o. ",7 is that the same trend of graphs was obtained from both the single-

phase and the mixture a-,proache..
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Figure 28. Comparison between single-phase and mixture mo.'ls (a) 1 usselt number enhancement (b)

Performance factor (for volume fraction of 4%) [153] (figure 1s . ~nrinted by permission from publisher) .

Later, in a similar work to [153], Yang et al. [154] solved the ~anofluid flow in channels with wavy
walls where the flow was turbulent and both single ana v’ xture models were applied to obtain the
velocity and temperature fields. In this work, they ccns:dered different values of amplitude and

wavelength for the walls. Similarly, they found .. *xw..< model gives higher values for heat transfer.

Babhiraei et al. [155] modeled alumina/wate  na.. ~fluid flow in a shell and tube heat exchanger with
helical baffles applied using both CFD (two ~hass mixture approach) and a neural network. The
authors concluded that although partic’e lo .diny leads to increases in pressure drop, but heat transfer
enhancement is high enough to neg! .ct the , - essure drop penalty. For reaching high heat transfer and
low pressure drop simultaneously, the ho'*x angle selected should be small.

Ghasemi et al. [156] investigat .d le ninar forced convection of CuO/water nanofluid(for volume
fractions up to 0.75%) in her ¢ sinks “aving channels with two different cross sections i.e. circular and
square. Eulerian-Eulerian 1v. » phar ¢ approach and single-phase homogenous model with temperature-
independent thermophy sical r lations were used for the simulation. In the Eulerian-Eulerian two-phase
approach lift force was 1.. 7ler_ed and just drag force was involved in the equations. They compared
the results obtainec from s ngle-phase and two-phase approaches by experimental data available in the
literature for 400 < Re¢ -:000. The comparison showed both approaches overestimated Nusselt
number. The max.~.um deviation between single-phase approach and experimental data was 8% while

it reached 6% by using two-phase approach. The results revealed that adding nanoparticles and
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increasing Re enhance the Nu number, on the other hand, friction factor increases with increasing
nanoparticle volume fraction and reduction of Re. It should be noted that the value ot . ™1 was higher
for heat sink with rectangular channels. The authors concluded that using minicl ani 1 heat sink with
rectangular channels is more advantageous to employ in cooling of electronic dev. es since the base
temperature is lower.

Mashayekhi et al. [157] studied the laminar forced convection flow of A_’w: cer nanofluids through
tubes with staggered and non-staggered inserts as shown in Fig. 29. T} ¢y solveau the governing
equation by ANSYS FLUENT and two-phase approach (Eulerian—Lag “ngia  method) which
considers drag, Saffman lift, thermophoretic, and Brownian force . TF_ 1 sults were presented for
Reynolds number between 100 and 1500, nanoparticle volume 1. ~~tic._ up to 5%, and three types of
tube i.e. plain tube(without insert), tube with staggered inseri. and tv e with non-staggered inserts.
The results indicated that adding nanoparticles enhances both ,.~at transfer rate and friction factor. On
the other hand, it was revealed that although non-staggere. ~tructure illustrates higher heat transfer
rates but staggered structure provides higher Figure 01 Vier .. ("oM) because of lower friction factor.

With increasing Re the parameter of FoM increase. .~.

S S
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5\999a‘ o e‘e \
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Figure 29. A mixing insert studie . by Mashayekhi et al. [157]: (a) staggered alignment and (b) non-staggered
alignreni | “oure is reprinted by permission from publisher).

Naphon and Nakharintr [1° 3] € <per:mentally studied the forced convection flow of TiO,/water
nanofluid with a volume _uncen. ation of 0.4% through a minichannel heat sink. Next, they made a
3D model of the systen. with b sth single-phase (homogenous) and two-phase (mixture and VOF)
approaches. They f ,und t™at two-phase approaches are more suitable for modeling the experimental
system. The authors '<ed '.-¢ turbulent model to capture the Brownian motion of nanoparticles while
the investigated > ev 101ds numbers were less than 200.
Rostami and Abbas:™ [159] simulated laminar forced convection in a wavy microchannel using

alumina/water nanofluid(with volume concentrations up to 2%) by both single-phase homogenous and
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two-phase Eulerian—Lagrangian approaches. The results were compared with experinental data
available in the literature. It was found that the results of two-phase Eulerian—Lagr .ag. n approach is
close to experimental data while single-phase approach underestimates the heat *.an fer rate. Adding
2% nanoparticles to the base fluid led to about 12% heat transfer enhancement an ?.4% increment in
pressure drop. It was also concluded that it is more effective to use nanoflu’ ** in w. 7y microchannels
instead of microchannels with straight tubes.

Shi et al. [160] modelled laminar forced convection flow in a microch .nnel nsiug Eulerian-Lagrangian
approach and by considering the effects of drag force, the grav.‘v, th. Brownian motion, the
thermophoretic force, Saffman lift force, and pressure gradien fo'.c. It was found that by using
nanofluids with a concentration of 2%, the heat transfer coeffic, nt e..'.ances about 8.5% whereas this
enhancement for volume fraction of 1% is about 5.9%.

Bhattad et al. [161] experimentally investigated turbulent force ! convection flow in a plate heat
exchanger using Al,Os/water and Al,Os+tMWCNTs/water . anofluids. Next, the experimental data
were compared to simulation results of single-phase a. 11v « Jhase approaches. The main results of
this study can be summarized as:

e The comparison between numerical moc ~'< anu experimental data in the case of Al,Os/water
nanofluid showed that both single-phase and .. 0-phase approaches underestimate the cold
outlet temperature from the heat ex nang. -, and single phase results are closer to experimental
data compared to two-phase approacu.

e The comparison between num. “ic7 . me Jels and experimental data in the case of hybrid
nanofluid i.e. Al,O;+MWC? ‘Ts/watc: showed that two-phase approach provides better
predictions of cold outlet temperawure compared to single-phase approach.

e Hybrid nanofluid show . 1 b tter performance compared to Al,Os/water nanofluid since adding
MWCNTs with higlh the-mal conductivity improves the effective thermal conductivity of
mixture.

e By using hybric nanofi 'id instead of water, the heat transfer coefficient increases up to 39%

while pumpi-._ powu: increases just about 1.2%.

Sheikhalipc .. .- Abbassi [162] used the Buongiorno’s two-component non-homogeneous and
Eulerian-Lagra. gian two-phase models to simulate a nanofluid flowing in a trapezoidal

microchannel. Their findings indicated that the Eulerian-Lagrangian approach predicts the heat
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transfer coefficient of microchannel with higher precision. It was found that wher the size of
nanoparticle reaches 100 nm, the magnitude of thermophoretic force is greater “aa.. that of
Brownian force at the entrance region of the tube.

Moraveji et al. [163] employed different methods including single phase, mix. <e, VOF, and
Eulerian methods to simulate dilute heat-dissipating nanofluid flow in t+ . mici. ~hannel. They
found that there is an acceptable agreement between all methods with “he :xperimental data.
Moreover, they reported that using single-phase method to model *'ie narotiuid flow through the
microchannel is more accurate than two-phase methods.

Table 3 provides a summary of studies on 3D simulation of force . co” ve tion of nanofluids.
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3.3. Mixed convection of nanofluid flow

Although they are not as common, some studies have been done to simulate nar oflv ds in the mixed
convection mode. As before, these studies can be roughly classified into two 1. ~in g. ~ups — (i) single-

phase and (ii) two-phase approaches.

3.3.1. Studies using the single-phase approach

One major applications of nanofluids is in nuclear reactor. “ancfluids with higher thermal
conductivity compared to base fluids can be good coolants 1.- nuclear reactors. In this regard,
Mousavizadeh et al. [164] investigated the effect of using 1.7/w.ter nanofluid on cooling rate of
VVER-1000 nuclear reactor with a height about 3.8 m bv m«. 'ling the mixed turbulent nanofluid
flow as a single-phase and homogenous working fluid. It w. = found that adding nanoparticles with a
volume concentration of 1.5% can reduce the clad .=r.perature about 1 °C. Maybe testing other
working fluids such as CNTs based nanofluids ¢ ui? s.uow better cooling performance since the
effective thermal conductivity of TiO,/water is . .= h high. It was also found that with decreasing
the size of nanoparticles and the increase of nanoparticle concentration, the heat transfer coefficient
increases.

Dawood et al. [165] studied laminar mi .ed couw. zction of different nanofluids containing Al,O3, CuO,
Si0, and ZnO nanoparticles in an el *'c ar.aulus under constant heat flux(5000W/m?) using finite
volume method. The effects of ra. 2particle type, nanoparticle size (from 20 to 80 nm), volume
concentration (up to 4%), Rev...'ds number (between 200 and 1000), and different base fluids
including water, glycerin, eng.. ~ »il, and ethylene glycol have been investigated in the study. They
concluded that although S°O, “.anoparticles have the lowest thermal conductivity among the above
mentioned particles but veing ", based nanofluids provides the highest Nusselt number (followed by
AL O3, ZnO, and CuO 1anopa ticles). It was found glycerin was the best base fluid for heat transfer
enhancement. In ad liuon. heat transfer rate was maximized at Reynolds number of 1000, nanoparticle
size of 20 nm and v ~lume raction of 4%.

Kherbeet et al. | *ou: . ~'ved laminar mixed convection flow(at Re= 35) of four different ethylene
glycol based nanot, "ids containing SiO,, Al,0O3, CuO, and ZnO nanoparticles over a micro forward-

facing step through single-phase approach. The results were presented for nanoparticle sizes ranging
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from 25 to 70 nm and volume fraction up to 4%. They found that using SiO, nanopar‘icles provides
highest Nusselt number. Moreover, an increase in volume fraction ameliorates the “Ju.. =lt number
while using nanoparticles with a smaller size is more advantageous from the hea tre 1sfer

enhancement viewpoint.

Al-Rashed et al. [167] simulated mixed convection of CNTs/water nanofl «ds -. ~ cavity equipped
with adiabatic-driven baffle for Rayleigh numbers between 10° and 10° using “VM and single phase
approach. They investigated the effect of baffle motion in different di ections on heat transfer and

entropy generation inside the partially heated cavity.

Al-Rashed et al. [168] later applied the FVM to model the singi. »has~ .nixed convection flow and
entropy generation of Al,Os/water nanofluid inside a cavity - “here a ) ot block was installed in its
center. Maxwell and Brinkman models were used for thermai « ~nductivity and viscosity estimation. It
was found that Nusselt number and entropy generation inc. »ase with increasing the nanoparticle
volume fraction. The results also revealed that with in. rea: ... the block size, Nu number and entropy

generation increase.

Zhou et al.[60] analyzed mixed convection in a ¢ 1ty 1.ded with alumina/water nanofluid using LBM
(D3Q19 model) and employing Maxwell and Rrinkman models for thermal conductivity and viscosity.
The cavity was under an external magneti field a d the cold side wall moved with a constant velocity
towards up. The effects of nanoparticle volrme .cactions up to 6%, orientation of magnetic field
(angles between 0 to 180°) , Richard-on . mt ers between 0.1 and 10, and Rayleigh numbers of 10*-
10° on flow and heat characteristic , 1.."ide the cavity. The results of this study show that the average
Nusselt number decreases with “.ici rasing the Ri number, and the average Nusselt number increases
with an increase in volume fracu. « of nanoparticles at Ra numbers of 10* and 10° , however, for Ra =
10° in which the convectio. me de i~ dominant an optimal value for volume fraction can be found in
which Nusselt number i¢ ...axin..".ed. It was also found that with increasing the magnetic field
intensity the average N. decre: ses, on the other hand Nu is minimized when the magnetic field is
applied to the cavit perp~undicularly. This study suggests that for increasing the average Nusselt
number, nanopartic, < car oe added to the base fluid, especially at low Ra numbers, also the direction

that magnetic fo. ~e - pp.ies to the cavity should be parallel to the cavity as much as possible.
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Karbasifar et al. [169] studied the effect of adding alumina/water nanoparticles to v-ater on flow and
heat transfer patterns in an inclined cavity where a hot cylinder was installed in i*, cc ~ter and the top
wall could move with a constant velocity. The results were presented for Richs.as n numbers of 0.1,
1, 10, 100, nanoparticle volume fractions of up to 0.2%, inclination angles of U , 15°, and 45°, and a
temperature difference of 50°C between hot cylinder and cold side walls. ™ <ir 1. "ults show that at a
given Ri number, the Nu number increases with nanoparticle volume *ac ion linearly, the authors
attributed this increase to Brownian motion and clustering phenome .on. Fowever, the authors used
the Maxwell and Brinkman models to calculate the thermal conduc.'vity ".nd viscosity, and on the
other hand, single phase approach was used to solve the r ob! .u, therefore the heat transfer
enhancement due to particle adding is not because of Browni..® mc: un and clustering phenomenon
since they were not considered in governing equations anc *hermo hysical models. The only factor
that can be considered in this problem as responsible ta ftor for heat transfer enchantment is

enhancement in thermal conductivity.

Mohammed et al. [170] simulated the laminar mixed co. ¥ ection of Ag, Au, CuO, diamond, and SiO,
nanoparticles suspended in water in a vertical channc' w *h square cross section by considering
radiation effect. The simulation was done for voi. me cuacentrations up to 3%, Reynolds numbers
between 200 and 1000, and Rayleigh number< hetween 2x10° and 2x10. It was concluded that despite
the lowest effective thermal conductivity « £ SO,/ 7ater nanofluids, they give highest values of Nusselt

number. On the other hand, Au nanopa- .icles provide lowest Nusselt numbers.

Selimefendigil and Oztop [171] ce sidereu mixed convection in a cavity where two cylinders rotate
with a constant angular velocity mside w. ¢ cavity. Three different water based nanofluids containing
AlLO3, TiO,, and Cu nanopart’ :les 1ave been selected as the working fluid. The results were provided
for Ra numbers between 10” and 10" and volume fractions up to 4%. Single phase approach and FEM
were used to solve the prov’- m v nile Maxwell and Brinkman models were selected to estimate the
thermal conductivity ¢1d vis. osity. Figure 30 shows the variation of Nu number versus different
values of dimensionless «. - ar velocity of cylinders for volume fraction of 2% and Rayleigh number
of 10°. As seen, acding C nanoparticles with highest thermal conductivity to the base fluid leads to
highest heat tra~~fer ennancement. Indeed, the heat transfer enhancement has direct relationship with
thermal conductiv’ y of nanoparticles. Also, the maximum heat transfer happens when the cylinders

rotate with maximum speed and in counter-clockwise direction.
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Figure 30. Variations of Nusselt number versus relative angular veloc'y of _y. nders [171] (figure is reprinted

by permission from publishe

Akbari and Behzadmehr [172] employed finite volume approac™ to s slve the laminar mixed
convection developing flow of Al,Os/water nanofluid (with voli. e fractions up to 4%) in a horizontal
tube under constant heat flux. It was concluded that adding 1.. noparticles has no a significant effect on
the velocity field. However, the temperature field is afi. <t .d clearly by particle loading because of
heat diffusion induced by solid nanoparticles. It was ¢ on:d that local heat transfer coefficient

ameliorates by adding nanoparticles.

3.3.2. Studies using the two-phase appro.-h

Safikhani et al. [173] first simulated lz nin .r mixed convection flow of Al,Os/water nanofluid in ducts
with circular and flatted cross sec.ions .~'ag two-phase mixture model, next using CFD results,
optimization was done to reach .ne ni.vimum heat transfer coefficient and the least pressure drop.
Multi-objective optimization v,as .arried out by employing artificial neural networks (ANN) and
genetic algorithms (GA) by nvolv ~g different parameters including heat flux, size of nanoparticles,

volume flow rate, nanopar..~le con .entration and geometry specifications.

Mohammed et al. [174 investi jated laminar and turbulent mixed convection of ZnBr,/acetone
nanofluid by emplo ...g twou-phase mixture model. It was found that adding 1.5% nanoparticles

enhanced heat tran: ‘er coe ficient up to 180% mainly due to Brownian motion of nanoparticles.

Shariat et al.[175, s’ adied laminar mixed convection flow of alumina/water nanofluids in ducts with

elliptical cross section under constant heat flux using two-phase mixture model. They used
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temperature-dependent models to estimate the thermal conductivity and viscosity. Th> authors
indicated that adding nanoparticles boosts the secondary flows, and, consequently. .he “eat transfer
rate enhances. In addition, the authors showed that a duct with elliptical cross se .10 * can be more
advantageous than a circular tube by considering both maximum heat transfer raic ‘nd minimum
friction factor.

Zonouzi et al.[176] simulated 3D dimensional mixed convection flow of .* 1,( 3/water nanofluid
(laminar and developing flow) in helical tubes using mixture model ar .« FVM. 1 emperature dependent
models for properties were employed in the simulation where the max, wum - oncentration of
nanofluids was 3%. Effects of different forces including centrifug il ar u  -avitational as well as
nanofluid concentration and structure of tubes on heat transfer 1" » of :'.C system were investigated.
The authors concluded that although adding nanoparticles cc. ‘inuous y increases the heat transfer rate
but for concentrations higher than 2% the heat transfer enhanc. ment is not significant and is not

economic.

Sivasankaran and Narrein [177] numerically investigate.' aminar flow of alumina/water
nanofluid(with volume fraction of 1%) in a helical ai.1 . ~rous microchannel using two-phase mixture
model. Modified models for thermal conductivity ~na v.scosity were used. In the study, there is no
discussion on the effect of working fluid type 2nd concentration; instead the focus was on the inlet
velocity profile to microchannel.

Kareem and Gao [178] studied turbr.ent mixed convection in a double lid-driven cavity using
ANSYS/FLUENT (based on FVM) 21d . ‘o-r 1ase mixture model. The results were presented for three
different nanoparticles including £.0,, 7“nO and CuO suspended in water as well as Reynolds numbers
between 5000 and 30000, nanr pa. ‘icle diameters between 25 and 85 nm, and nanoparticle volume
fractions up to 8%. For modeli._ the turbulence flow, Unsteady Reynolds-Averaged Navier-Stokes
(URANS) and Large Eddyv Sir alat’on (LES) techniques were employed. The results of this study can
be summarized as follov ..

e The maximum 1. ~at trar sfer enhancement was obtained by using SiO; nanoparticles because of
their lowest densit 7 and hence the maximum velocity. Following SiO,, ZnO and CuO are in
the next rank.

e Large Ea'v “imulation method gives more details of velocity and temperature fields compared

to URANS. . .Ithough their prediction of Nusselt number is not much different.
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e With increasing volume fraction of nanoparticles and Reynolds number and c 1 the other hand
decreasing the size of nanoparticles, Nusselt number enhances.

e [t can be observed from Fig. 31 that the effect of adding nanoparticle to ' ase fluid on Nu is not
much visible at low volume fractions (i.e. 2%), however, with increas’ng u.~ nanoparticle

loading the heat transfer enhancement highlighted(for volume fracti ...~ frou. 2 to 8%).

80 0
——a—— URANS, Re=5000
——&—— LES, Re=5000
—@&—— URANS, Re=10000 /| 0
&l

60 — v LES, Re=10000 _

0 . 1 (- 1
0 0.02 "4 0.06 0,0%

Volume . av *an, $
Figure 31. Comparison of average Nusselt number. .. T ent Reynolds numbers and volume fractions [178]

(figure is reprinted by permu.ssion from publisher).

Aminfar et al. [179] investigated the pot:ntia. of passive and active techniques for heat transfer
enhancement in a straight tube w'ierc wa‘er flows inside it with a laminar regime and mixed
convection mode. Using a curved tuu. instead of straight tube (passive), loading Fe;O4 nanoparticles
to water with a volume fractior o1 4% (passive), and applying a non-uniform magnetic field (active)
were the three used technigres. © ieure 32 shows the effect of applying different techniques on the
value of local heat transfe- cor ific’ :nt for Reynolds numbers of 50 and 100. As seen, using the three
techniques can enhance ..¢ hea. ransfer significantly (especially nanoparticles loading and applying

magnetic field). The au.hors us 2d two-phase mixture approach to model the problem.
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|
=15
—— Straight tube, water M _I
10004, Curved tube, water
l.. — = = Curved tube, water - Fe, O,(4%)
"2. ll — - = Curved tube, water - Fe,0,(4%), G =4x10"A/m’
=
£ 600 1
200 ; .
0 0.05 0.1 15 0.2
x=R_0 (m)
(@) g
1
\l — Straight tube, water Re =100
|
1000 4 \v o Curved tube, wa'~r
\
\ — = = Curved tube, water Fe, ™ (4%)
'2 \ — - —Curved tube, e -7, 0,(4%),G =4x10"A/m’
:-’-,T - ’.__,.r"'-'-:_a_‘--'_-’-._'-‘___-_‘
£ 600 <"
200 —_ — - .
0 0.05 0.1 039 0.2
x=R_0 (m)
(b) -

Figure 32. Effects of the geome vic curvature, magnetic nanoparticles and magnetic field on the heat transfer
coefficient behavior a. mo v’ ¢ tube (a) Re = 50 (b) Re = 100 [179] (figure is reprinted and modified by

permission from publisher).

Shahmohamma -, =4 TJafari [180] studied mixed convection of alumina/water nanofluids in a

horizontal tube unc >r constant heat flux and equipped to baffles. The simulations were carried for both

laminar and turbulent flow regimes (Reynolds numbers up to 3000) and two volume concentrations of
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1 and 1.6%. The authors employed homogenous single-phase approach (temper~ture-independent
properties) and three two-phase approaches including Eulerian, mixture, and VO ... The results were
compared with experimental data and it was found that single-phase approach 1 su. s are relatively far
from experimental data, so a two-phase approach should be used to capture u. experimental data.
Among the three two-phase approaches, mixture model was proposed as t+ . mos. ~uitable because of
easiness of application. It was also found that effects of adding nanop. “tic es to base fluid is more
visible at Re < 1000, while equipping the tube to baffle is mor. advontageous at Re > 2000.
Yousofvand et al. [181] studied the first and second laws of thermo«_mam’_s for an electromagnetic
pump using nanofluids by employing LBM.

Table 4 gives a summary of studies on 3D simulation of mixed ¢ *nve.*.on of nanofluids.
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4. Conclusions

Nanofluids are attracting increasing attention due both to their highly attracti. ~ the, ~al properties and
to the fact that the nanofluid properties can, to some extent, be tailor.d o specific applications.
Nanofluids are used in wide-ranging applications, from automobiles to so." - thermal collectors—any
applications which require efficient heat and mass transfer. This comj rehens ve review built upon Part
I [1], which dealt with fundamental and theoretical physics of na=~ofiu.?~, including various models
presented to describe nanofluid flow on different scales. As such, *h- pre: ent review, Part II, discussed
the primary CFD approaches for solving the transport equations g ’en in part I [1]. These approaches
were categorized into three general groups i.e. macroscale-b. =d, “.aesoscale-based, and microscale-
based techniques. To examine the state-of-the-art in this fielc. recent three-dimensional studies on
modeling nanofluid flow were reviewed, indicating the .~nge of flow regimes, geometries, the
nanofluid types, solution methods, and the physical ph.nr mena incorporated in each model. Although
underlying phenomena can be applied to many app. <.“'ons, it was found that these three-dimensional
studies have most frequently been used to a.y.. 1ermal systems such as solar collectors and
microchannels. The main points that have been revealed in Part II of this review can be summarized

as:

e FVM and ANSYS/FLUENT uire .he most used numerical method and software package,
respectively, for solving pr-olems “. nanofluid flow. However, as with all fluid mechanics
problems, the choice of numeric.." method depends critically on the specifics of the problem.

e Several studies look a’ the natural convection of nanofluids in cavities, and the difference
between 2D and 3D -.aodels iverge with increasing Rayleigh number and nanoparticle volume
fraction (see, for ex.. v le, "ef. [87])

e The aspect ratic of a c. vity may cause differences between predictions of 2D and 3D models.

e For a speci: ic prob >m, the single-phase approach may results which match experimental better
data cor~nared w a two-phase approach, but by changing the nanofluid this trend may reverse

(as mentio. :d in Ref. [161].
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Brownian motion of nanoparticles has often been cited as the most impor:ant phenomenon
responsible for heat transfer enhancement of nanofluids, especially in st dic. that employed
the single-phase homogenous approach with temperature-dependent pror erti s.

Using nanoparticles with a higher thermal conductivity (for example A. O3 with a thermal
conductivity of about 40) does not always provide a higher heat tra-..>r ra... Sometimes using
nanoparticles with a lower density (such as SiO, with a therma. ~c iductivity of 1.4 W/mK)
yields a higher heat transfer rates because a lower density nanc cluid ~an have a higher velocity.
In other words, the velocity of nanofluid is also an impc.*ant- -but often overlooked—
parameter in the determination of the heat transfer rate.

Entropy generation in thermal systems where irreversiv.'*tv uue to heat transfer is dominant
usually decreases by adding nanoparticles, since nanc articls s enhance heat conduction in the
system and consequently reduce temperature gradients.

Considering a partial slip boundary condition in n..~rochannels increases the accuracy of the
single-phase homogenous approach in compa.isc « with experimental data (see for example
[137]).

The effects of adding nanoparticles or. -..2* t.nsfer coefficient is not high at the entrance
region of tube in cases of forced and mixea convection, but when the flow becomes fully

developed the effect of nanopartic] . loadn 2 on heat transfer coefficient is more pronounced.

5- Gaps and future work

The present review revealed tr at th cre are still many unsolved questions in the field of nanofluid flow

simulation, particularly w’.en thrco-dimensions must be considered. The literature still needs

comprehensive studies that -~ s’ ier all involved physical phenomena in nanofluid flow and heat

transfer problems with jut exc *ssive simplifications. Figure 33 shows the most common keywords in

studies on three-dimensiu. ~' .nodeling of nanofluids, and may help to better identify the gaps in this

area. The following points >an be found from the figure:

As seen, mr ng nanoparticles, Al,O3; nanoparticles are the most used. Other nanoparticles such
as CuO, TiC , SiO, and CNTs are other materials that used frequently. Moreover, almost all

nanoparticles used in the studies are spherical and cylindrical in shape. Therefore, one
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suggestion may be developing experimental and theoretical models fcr prediction the
properties of nanofluids having novel nanoparticles and shapes, and ther ev.™mation of their
potential for heat transfer enhancement in different systems.

e Most studies use homogenous models (either temperature-depenac.* or temperature-
independent) or the mixture model. More studies, both numerical ar . »xpe. nental, are needed
to determine the optimum approach for modeling and the condi..~n‘ under which the single-
phase homogenous approach (the easiest technique for mor.eling of nanofluid flow) gives
acceptable results.

e Besides laminar and turbulent regimes, nanofluids flow i th- z 1sition regime is an area that
requires more investigation.

e The FVM was the most used numerical approa.® for simulation of nanofluid flow.
Comprehensive studies are still lacking that compare e capabilities of different numerical

approaches.

‘l '-‘_"‘ v 7
For ceu Convection .Mnm "
Homogenous{ temperature-de, “nc... |

Natural Convection ¢yon-hased
Homogenous(temperature-' adey endent) FV M water
FLUENTAI 205 S bulent

Figure 33. Word cloud _,"most used terms in three-dimensional modeling of nanofluids

In the following some other <agge. “ons have been given for future work:

e Three dimensional moJ 1y .g of nanofluids in thermal systems having vibration may be
interesting sinc. in prac ‘ice vibration might keep the particles suspended better and create
mixing at the ,ume uine.

e More attem, ts sho’ Id be done on three dimensional modeling of thermal systems by
conside: uy , “*cle sedimentation during the computational time interval.

e FErosion anc ~orrosion due to nanofluid flow may be another topic of interest.
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Using experimental-based correlations or more advanced models for thermopysical properties
may reduce the difference between heat transfer rate predicted by the single -pi. <e
homogenous approach and experimental data.

Using two-phase approaches for hybrid nanofluids, where the non-unifor..” v in shape and size
of nanoparticles are included simultaneously, could be a challenge.

Studies can be done on the determination of the exact contributioi. ~f .fferent forces,
including common forces such as Brownian and thermophoret' . 1n ore hand, and on the other
hand interparticle forces such as double layer and van der Waa.-

Solidification and melting phenomena may be considered or >.» modeling using two-phase
approaches.

Three dimensional analysis of solar desalination syst. ~s [182; could be of interest due to the
present crisis of fresh water in the world.

Determination of dominant forces in nano-refrigera.t flows and modeling of this type of flow
in various configurations and regimes could be 211 ..o est.

There are only a few studies on CFD simulc .~n 0. bubbles dynamics in pool boiling of
nanofluids (for example see Ref. [183]) =~ thre. dimensional modeling of pool boiling of

nanofluids could be of interest going forwara.
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