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Abstract

It has been more than two decades since the discovery of nanofluids-mixtures of commo.. liquids and
solid nanoparticles less than 100 nm in size. As a type of colloidal suspension, ‘anr (luids are typically
employed as heat transfer fluids due to their favorable thermal and fluid prop.-ties. There have been
numerous numerical studies of nanofluids in recent years (more than 1700 .. “oth 2016 and 2017,
based on Scopus statistics). Due to the small size and large numbers of nano, ~rticles that interact with
the surrounding fluid in nanofluid flows, it has been a major challeng : to cap ure both the macro-scale
and the nano-scale effects of these systems without incurring extr? .1 dinaiuy high computational costs.
To help understand the state of the art in modeling nanofluids .ad t- discuss the challenges that
remain in this field, the present article reviews the latest developmc. s in modeling of nanofluid flows
and heat transfer with an emphasis on 3D simulations. ™ p.* 7, a brief overview of nanofluids

(fabrication, applications, and their achievable therme ~*;-_.. properties) will be presented first.

Next, various forces that exist in particulate flows such as drag, lift (Magnus and Saffman), Brownian,
thermophoretic, van der Waals, and electrostatic dc "vle layer forces and their significance in
nanofluid flows are discussed. Afterwards, the mam .~odels used to calculate the thermophysical
properties of nanofluids are reviewed. This will v > touuvwed with the description of the main physical
models presented for nanofluid flows and he~* transfer, from single-phase to Eulerian and Lagrangian
two-phase models. In part II, various ‘omput tional fluid dynamics (CFD) techniques will be
presented. Next, the latest studies o. 31 smuulation of nanofluid flow in various regimes and
configurations are reviewed. The prrsen. vev ew is expected to be helpful for researchers working on

numerical simulation of nanoflu'ds "nd also for scholars who work on experimental aspects of

nanofluids to understand the un-.er1 -ing physical phenomena occurring during their experiments.

Keywords: Nanofluids, the’ .nonrhys, :al properties, dynamics of nanoparticles, physical models
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1- Introduction

Amelioration of heat transfer rate in thermal systems has been alw..’s one of the primary concerns of
scientists. Let’s start with a simple example. Consider the ¢, ~7ir. of an automobile. The friction
between moving and stationary parts in the engine le~-~ *~ - _mperature rise in the system, so a
lubricant (Engine oil) is used for cooling the components. The 2ngine performance improves if we can
increase the lubricant ability in heat removal. But the q. < stion is, how can this be done? One solution
is the augmentation of oil thermal conductivity; in 1.:1s vay its ability for cooling purposes increases.
The thermal conductivity of solids is much grec‘er wun that of fluids. Figure 1 has been drawn to
show the difference between thermal conductivity of liquids including water and oil with some solids
such as ceramics, metals, and grapher :+ (whic1 is known as a semi-metal). As seen, thermal
conductivity of metals and graphene 2 ¢ bindiuds of times higher than that of liquids. As shown in
Fig. 1, some solids like graphene hae v. v b gh thermal conductivity (thousands of times higher than

liquids) which makes them a suita’ {¢ . ntion to employ in thermal systems.

Heat Transfer Fluids Ceramics Metals Carbon

""'! 2

Water Alumina Silicon carbide Afuminum

40 120 240 400 3000~ 5000

Graphene

Thermal Conductivity (W/m.K)



Figure 1. Thermal conductivity of some common liquids and solids, the high thermal conauctivity ~fsolids gives

the idea to mix them with liquids to enhance the effective thermal conr ucti- ity.

From the above discussion, one idea for thermal conductivity enhancement 0. 2il could be adding
solid particles at low concentrations to the base fluid to augment the ef ecti /e ...ermal conductivity.
However, what sizes of particles are most suitable? Using particles wit'. diamc 2rs in the millimeter or
even micrometer range results in the eventual sedimentation of susper 1ed pa :cles unless the particles
are perfectly neutrally buoyant. Gravitational effects are minimiz ¢d b=~ “1se of solid particles with the
smallest possible size, in the nanoscale size range. The stabilit:” ot nane particle-based liquids is much
greater than that of microparticle-based liquids; moreover at a g ven mass of solid particles, the
contact surface area between nanoparticles is bigger than tu. * ot .uicroparticles, which leads to faster
thermal response of the particles to change in liquid tem, ~rature 1n mixtures containing nanoparticles.
Figure 2 compares the diameter of typical carbon nar .. =< with the size of some well-known things
such as an ant and a single grain of salt to bette” visu. ‘ize the size of a nanoparticle. As seen, the

diameter of a carbon nanotube can be 1 million times . ma.ler than that of a single grain of salt.

é

Water molecule Carbon nanotube dacteria Blood cell Cancer cell A single grain of salt Ant
4.Lmn 0.3.50 nm 0.25.1.5 ym -7 pm 10-100 jum 0.3 mm 37 mm

| a [

0.1 nm 1 nm 10 nm 100 nm 1 pum 10 pm 100 pm 1 mm 10 mm

Figure 2. Comparison . ~tw cen < zes of carbon nanotubes as a typical nanoparticle with other things

1.1. What is a nar fluid:

In 1993, Masua. et . 1] measured thermal conductivity and viscosity of three different water-based
suspensions contain 1g Al,O3, TiO,, and SiO, nanoparticles (particles with a size between 1 and 100

nm). They reported that both thermal conductivity and viscosity of the water become greater than



before by adding nanoparticles. Later in 1995, Choi [2] selected the name “nanoflid” for a mixture
of nanoparticles and a liquid. It should be kept in mind that nanofluids are not prep.~red simply by
adding nanoparticles to water or oil and stirring the mixture, similar to mixing s’ ga1 and tea, but rather
the formation of a nanofluid requires special physical and chemical processes 1. order to produce a
uniform and efficient dispersion of particles for long-term application-. "Jse ¢ surfactant (non-
covalent functionalization), functionalization of nanoparticles, control ot ~H and sonication are some
primary approaches for increasing the stability of nanofluids [3]. Fig.re 3 nresents the main physical
and chemical approaches that might be used to prepare stable nanofi. ‘ds. ” he most suitable method
for preparing stable nanofluids is determined based on the nanc par‘.ci s type and the choice of the

base liquid.

Nanoparticles

' -

fiser ablation

-

Nanofluids

Covalent functionalization

| Chemica’ _

v Non-Covalent functionalization

g

T V

Figure 3. Nanofluid prepc w.ion is ..ot just mixing nanoparticles and a liquid but special physical and chemical

te: hniques are needed to have a stable nanofluid.
1.2. How has the 1 >searcl on nanofluids evolved?

After the initial *.troduction of nanofluids, many researchers assessed the potential of various

nanofluids for heat transfer enhancement. Figure 4 indicates how the research on nanofluids evolved



from its introduction in 1995 up to the present time, and which subject areas hsve been of most
interest during this time period. The results were extracted from the Scopus da aba.~ by searching
“nanofluid” or “nanofluids” in the article title, abstract, and keywords (date of e .tra ’t: 16 April 2018).
As seen in Fig. 4(a), after 2005 the number of articles per year increased remark. *ly year by year, so
that by 2017 it reached more than 2000 papers. Regression analysis of data - the | zars between 1995
and 2017 shows that a polynomial of degree 4 can be fit to the data wii. hi:h accuracy. If this trend
were to continue, by polynomial expression it is predicted that the aumb-r of articles per year on
nanofluids will exceed 3800 in 2020. Figure 4 (b) shows a word clou of *'ie most prevalent subject
areas to which nanofluids have been applied. As indicate |, F.g.1eering, Physics, Chemical
Engineering and Materials Science have been the subject areas ..~ wh._it nanofluids were most widely

engaged.

1.3. What applications are suitable for nanofluids?

Indeed, in most applications in which conventional fluids “te used for cooling or heating purposes, nanofluids
can be used to replace single-phase fluids. Nanofluids . = be used in solar collectors and photovoltaic systems,
car radiators, refrigerators, boilers, medicine-r .._ delivery, cooling of electronic equipment, lubrication of
components, heating and cooling of buildii._<. desa ination, CO, absorption, porous media, aerospace, oil
recovery, and any type of liquid-based hee exchangur [4—18]. Figure 5 gives an overview of primary nanofluid

applications.
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a) b)

Figure 4. Research in field of nanofluids, (a) number of articles per year (b) word cloud of most p. pular subject

areas (done with wordle.net); information extracted from Scop .s

ELTrE -

Medicine- Drug Delvery

Refrigerator

Heating and Cooling of Buldings

Figure 5 . me applications of nanofluids in a glance
1.4. What are the advantages anc' disadvantages of nanofluids?

Generally, by using a nanof 1id ae r.te of heat exchange in thermal systems is enhanced because of higher
thermal conductivity of ns .. fluids .ompared to the base fluid. Therefore, to transfer a specified value of heat,
the size of a thermal syst. m can | e reduced by using nanofluids to enhance heat transfer rate, implying a more
compact system and  aving in material weight and expense. In comparison with microfluids, nanofluids have a
higher stability and ° bette’ ability to enhance heat conduction. On the other hand, nanofluids have some

disadvantages wi -v.. "= he listed as follows [19]:

. Nanofluids ha e a relatively high cost of production.



. Preservation of nanofluids for long-term use without aggregation and sedimentation - f nanoparticles is
a challenge.
. The higher viscosity of nanofluids compared to base fluids leads to increases in ¢y ired pumping
power and increases the rate of frictional heating.

. Use of nanofluids can increase rates of corrosion and erosion of components tha. ~ome into contact

with the nanofluids.
1.5. What is the aim of present review article?

As mentioned in the section 1.4, one of the challenges of using 1 anc”.u. 1s is high cost of production.
Therefore, it is reasonable that before applying nanofluids in a . ~2l si“.ation, the effects of nanofluids
on the system performance are physically modeled. Up to i.~w, sor ¢ interesting review articles and

books have been published on physical modeling of nanofluia., including Refs. [20-27].

The present article aims to comprehensively investicate u.> latest developments in modeling of
nanofluid flow, focusing on physical phenomena affec. ~ g2 the heat and fluid flow of nanofluids. The
review is presented in two parts. In the present part (,a1. ), various mathematical models and the main
physical phenomena that affect the heat transte. “atc .1 nanofluid flows are reviewed. In part II, an
overview of common computational fluid dvramics (CFD) approaches and software used for solving
nanofluid flows is presented. Finally, < ~ree-diiensional studies on modeling of nanofluids are
reviewed, focusing on differences bet veen 2L and 3D simulations, physical models and solution
method effects. Figure 6 summarizes ti. ma a questions that the review aims to answer in parts [ and

II.
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Figure 6. The main questions that . “1l be answered in the present work
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2. Dynamics of nanoparticle motion in a liquid

Knowledge of the dynamics of nanoparticles in the base liquid is a pi.=qui,*e for accurately
describing the processes of heat transfer in nanofluid flows. There are a v 1d¢ range of forces that act
on particles suspended in a fluid, but only a fraction of these forces are six. ‘ficant for nanofluids due
to the small particle size. In general, forces acting on particles suspendec in a fluid include those
induced by:

1- The base liquid

2- Surrounding walls and solid surfaces

3- Other nanoparticles

4- External magnetic or electric fields (if any)

5- An acoustic field (if any)

Figure 7 summarizes the main acting forces on a g ' .ral suspended particle in a fluid flow. In
following sections, we present definitions of forces su.~marized in Fig. 7 and discuss which ones are

most important and which ones can be neglected 1 .. fluid flows.

12
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Figure 7. Forces aci.. » on a general particle suspended in a fluid flow by different sources
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2.1. Forces acting on a nanoparticle by the base liquid

When a spherical nanoparticle with a vector velocity of V, and a diameter o.” 4, moves through a
viscous liquid with a velocity of V, and a viscosity of x,, a force oppo.*e *» the motion direction of

the particle due to relative velocity between the particle and the liquir is cre ‘ted which is called “drag
force”. The drag force based on Stokes law, which is modified by a fric. ~n “.ctor (f), is given by [28]:
F,=-3zd, uN,f (1)

where V =V -V, is the particle slip velocity, defined as the re.. tive velocity of the particle with

respect to the fluid. The friction factor, defined as f = C;(_ =, w..cs into account the effects of fluid

inertia (C;), slip flow (C.) and crowding by fluid part. s (Lp). It should be noted that the Faxen

effect, which takes into account the non-uniformity € .* ~f the incident fluid velocity profile (V,),

is not included in Eq.(1) because it is generally n .'igib = due to the ultra-fine size of nanoparticles
[29]. The above equation can be rewritten as:

F 2 ()
1 S R /
5,0 vid S

C,=

where F), is the drag force magnitude Cr :s the drag coefficient, V; is the slip velocity magnitude, 4

is the cross-sectional area of the r anopa..’.le (7zdf7 / 4) and Re, is the particle Reynolds number,

defined as:
_Pr Vsdp 3)
Hy ‘

Rep

It should be noted that setting .~ .riction factor at f= 1 recovers the original Stokes relation. Also, the
inertial coefficient (C;, depen's on the particle Reynolds number, so for a small particle Reynolds
number (Re, <I), w. can let ¢; = 1. However, for higher particle Reynolds numbers, in the range of 1-
800 (transition regi. “e), it hould be corrected by the Schiller-Naumann relation [30]:

C, =1+0.15Re) (4)

The comparison botween experimental data and Eq.(4) shows good agreement [28]. Other

experimental correlations are also suggested for higher Reynolds numbers, but for nanofluid flows the

14



mentioned range for particle Reynolds number is sufficient and higher values arr not expected to
occur. Concerning typical range of particle Reynolds number in nanofluids, ses."ni et al. [31]
performed a series of numerical simulations for alumina nanoparticles with a s’ ze « f 47 nm dispersed
in water with concentrations up to 1.8% under laminar flow (100< Re <160N) 1. * 2D channel. They
indicated that for the range of their simulations, Re, changes between 3.57 2" and 6x10™ (i.e., much
smaller than 1). The slip velocity magnitude for the experiments of [31, ~a’ then be estimated using
Eq. (3) using the values of water properties.

As a particle gets very small, the no-slip assumption on the particle s.face can begin to break down,
necessitating a slip correction to the drag force expression. The Kn» usc1 number is a dimensionless

parameter that determines the significance of slip between partic. < ar..> che base fluid, and it is defined

as the ratio of the mean-free-path of fluid molecules to .= par’ cle diameter (Kn:/l/dp ). The

Cunningham relation [32] approximates the slip correction coe. “cient for small Knudsen numbers as

the following:

__ (5)
1+326 N9

Ce

Slip correction becomes important if Kn excee: . ® 01. For nanoparticle suspensions in a gas, particle
slip relative to the fluid can be very important. Howe ver, for liquid nanofluid flows the slip effect on
drag is generally not very important due te che sn. 1l values of mean-free-path in a liquid. The effect of
crowding by fluid particles is importan‘ in 1..*9d zed beds and flow through packed beds. This effect
should not be relevant in dilute fluid . ~w,, as 1s the case with many nanofluids, for which we can set

Cr=1.

2.1.1.1. Wall effect on drag coe’ c. nt

Here, we consider two cases s.. wn in Figure 8. In the first case, a particle migrates with a low
Reynolds number (creepin’ flo v) trwards a wall, for which case the drag coefficient is given by [33]:

d (6)
Cp= A[l +_P]
Re, 2h,

where £, stands fo1 the dis ance between the center of the particle and the wall surface.

In the case that a paruc.c moves parallel to wall surface, Faxen suggested the following expression to

calculate the drag ~ sefficient [28]:
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Figure 8. Drag coefficient when (a) particle moves toward ... "' ‘h) particle moves parallel to wall.

2.1.2. Lift force

Lift force (also called lateral force) acting on a nanopa.ticle moving in a liquid is composed of two
independent forces, typically referred to as <he Sa.fman and Magnus lift forces.

2.1.2.1. Saffman force

Consider a nanoparticle moving in a w.*fc.m ¢ 1ear flow where the movement directions of particle
and fluid are the same (say, the x-d". ~ction). T'he shear-induced force that acts on a particle moving
with the fluid elements is called *' ~ Saffman force. Saffman [34,35] presented the following equation

for the lift force (in the y-direc..~n" due to shear flow:

By = S 464,(d, 127V, (p,G 1 1),
(®)

Where G is the flui { shea, rate.
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2.1.2.2. Magnus force

A rotating particle in a flowing fluid experiences an aerodynamic lift force that ~vas Srst studied by
Rubinow and Keller [36], and which is referred to as the Magnus lift force 11 rotation may be
induced by collision between particles with each other or collision between « narticle and a wall
surface. If we again consider a flow in the x-direction, such that the rotatior .. velo. y of the particle is
given by Qk , where K is the basis unit vector in the z-direction, the M« s force will be a force in
the y-direction given by:

9
FLszzpf(dp/Zst(Q—;—:[Gj ®)

Saffman employed an asymptotic analysis to write the total lift J>rce acting on a particle in a shear

flow is the sum of the Saffman and Magnus forces, or:

F,=646.,(d,12)V,(p,G/u,)" +7p,(a, /2)3[/{9_&(;).
o N8 (10)

2.1.2.3. Scale of lift force compared to drag force

As pointed out in the scaling analysis by ! tarsha.’ and Li [29], the ratio of the Saffman lift to the fluid

drag varies in proportion to Rel> and the ra.- of the Magnus lift to the fluid drag force varies in

proportion to Re,; , where Re; =/ ,a §

, */ 7, is the shear Reynolds number. Since Re, <<1 for a

nanofluid flow, the lift force on ti.e pa. *cles is negligible. It is worth noting that the Magnus force is

much smaller than the Saffman orc : for nanofluid flows.

Unsteady flow forces on naru.'es can be divided into three groups including inertial pressure gradient

force, added (virtual) n ass for« 2, and Basset history force, which are defined as follows.
2.1.3.1. Inertial pre sure oradient force

3

Consider a spherica: ~-.icle with a diameter of d, and volume of V' = %d ,, immersed in a liquid with

1

density of p,. The force acting on the particle due to pressure gradient is obtained by integration over

the volume [29]:
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- _ _ T3 (11)
F, ——IVVpdV— -VVp ——gdep

On the other hand, the momentum equation in simple form is written as:

DV

/’thf=—Vp+V.[ﬂf(va+(V\/f)Tﬂ (12)

In the above equation, DV, / Dt is the material derivative and the visc yus .erm: can be neglected for

high fluid Reynolds numbers, outside the boundary layer, therefore wr have:

DV, (13)
V=P D

The final form for the inertial pressure gradient force becomes:

DV T
S/ 3
F,=p, —t(_d”)

(14)

One of the important applications in which inertial pres.mre gradient force appears is in vortex flow
fields, where it is responsible for drawing particles t. 4 o . 'ighter than the surrounding fluid (such as
gas bubbles) into the vortex core.

2.1.3.2. Added (Virtual) Mass Force

The force acting on an accelerating particle in a 1. juid is higher than the force acting on the same
particle in vacuum because of the need to ilso «celerate the surrounding fluid elements that are set in
motion by the particle. Added (virtual® ma. - fr.ce is the additional force that is needed to act on a
particle inside a fluid to change its ve oci’y in comparison with the case in which the particle moves in

vacuum in an inviscid flow. It is ol ained as [29]:

15
o (T (e DY, as)
4 M6 P\ dt Dt

where c,, is the added mas< cor.ficient and for a sphere is equal to 0.5. The first derivative on the right-
hand side of (15) is the +..e de. ™ ative with respect to the particle, whereas the second derivative is the
material derivative witi respec . to the fluid. Although the above equation has been derived for inviscid
flows, it has been s’.own t2 remain accurate also for viscous flows over a wide range of Re numbers.
2.1.3.3. Basset Histo. v Fr.ce

Boussinesq-Bass °t I .swry force, or simply Basset force (sometimes simply called the 'unsteady drag

force'), is an unsteac.; force due to velocity change of a suspended particle in a viscous flow. This force
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can affect the drift rate of particles significantly in vortex flows. It is calculated by tt > following

equation derived by Boussinesq (1885) and Basset (1888) [29]:

1/2
f(3\ o, N, av
F — d - J P J )4 dt!
s =K d'[(Zj[yf(t—t') dt'  dt (16)

—00

where (¢ —1t") is the time delay of the acceleration term.

2.1.3.4. Scales of Unsteady Flows Forces

The order of magnitude of the pressure gradient force with respect tc the pa: :icle inertia is proportional

to the density ratio(po,/p,]. As the added mass force given ty (17, also follows a similar scalin
f1Pp g g

relationship. Therefore, the importance of pressure gradient ai.' acucd (virtual) mass forces become
more important for nanoparticles with lower density. We w.'! inves .igate the importance of these two
forces for different nanofluids. Consider five common nanop.ticles including Cu, Al,O3, TiO,, SiOs,
and CNTs with densities of 8933, 3970, 4250, 2220, and .50 kg/ m’ [37] and three conventional base
fluids including ethylene glycol (EG), water, and oil \ -ith approximate densities of 1100, 1000 and 900
kg/m’. The lowest value of py/pp,=0.1 belongs .~ C./ Oil nanofluid, and the highest value of

0.81corresponds to CNTs/EG; therefore, for na. .. such as CNTS/EG the inertial pressure gradient
and added (virtual) mass forces are not negligible compared to particle inertia. Figure 9 shows the order
of magnitude of pressure gradient and ad .ed (vii 'ual) mass forces with respect to particle inertia for a

wide range of nanoparticle densities.

1 v —
— 0l
e T Water
0gH'®*=—CN.sEG  —rmememes EG

2000 4000 6000 8000 10000
A

p
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Figure 9. The order of magnitude of inertial pressure gradient and added (virtual) mass fo ces with respect to

particle inertia (proportional with p; | p,, ) for common nanofluids

The ratio of the Basset history force to the fluid drag force is given by [29] as:

12
d,V. 1/2
Fer _ o) Prép"s :O(Rep)/
Fp iy

(17)

where V. is the particle slip velocity. As seen, the Basset history for1 :e is nc zligible in nanofluid flows

N

because of the ultrafine size of nanoparticles.

-~ -_served by microscope the collisions

In 1827, Brown, a botanist, was probably the first one -
between grains of pollen of a plant with water molecnles wi.ch leads to random motion of grains in
water [38]. In general, Brownian motion (called also pe.'<sis) is defined as the random motion of solid
particles inside a fluid due to collisions between soli’ p.. *icles and fluid molecules. In nanofluids, heat
and mass transfer might be enhanced significan.. - auc 0 micro-convection and mechanical agitation

which are induced mainly by Brownian motion of nanoparticles in the base fluid [39].

Figure 10 shows schematically the Brovnia.. mo (on of a solid particle in a vessel filled with a liquid,
and the position of the particle versus tim .. A* seen, the position of the particle changes rapidly with
time, therefore Brownian force i a timc dependent force. In this regard, Li and Ahmadi [40]
suggested to simulate the Brownian force as a white noise process with zero mean and finite variance.

They proposed the following e wat on to obtain the components of Brownian force [40]:

Fy _ |xS, (18)
m, i At

where at every time ..cp, ¢, 1s selected from a population of zero mean unit variance Gaussian random

i

variable, Atis the . me-st.p used for integration of particle equation of motion, and S, is a spectral

intensity functic », w . 1 is related to the diffusion coefficient and is given as:
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2160, k5T (19)

2
7r2pfdp5 [,01,] C,

0

Py

where k, is Boltzmann constant equal to 1.38064852 x 10> m* kg/ s> K, v s ku.~matic viscosity of

fluid and C. is the Cunningham coefficient.

Position

|
\

A,

l"_

T 1

il
|

Solid particle path

Time

Figure 10. Schematic of the Brow .ian .. otion of a solid particle immersed in a liquid

In separate studies, Einstein and Smolr chowsn’ (29,41,42] proved that after passing a specified time

(t) where ¢>> 3 " (in the case of na. 7 articles the time may be just a hundredth of a second),
TdpHy

particles diffuse from a region * .. -ing high concentration of particles towards a region with a lower
concentration via Brownian mc “ca. In this regard, if concentration ¢ is assumed to be a function of

time and space, the diffusic .1 ec aatinn for particles can be written as:

o¢ 2 (20)
=D,V
o De ¢
where the Browniar Z:ffusiou coefficient Dg (m?/s) is defined as [43]:
_ <sTC, 1)
5 3mu,d,
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The above equation is called the Stokes-Einstein relation. It is worth mentioning that the Stokes-
Einstein relation is used to identify the size of particles where Dg can be measurer ex, ~rimentally via
dynamic light scattering.

The equation for Brownian force presented by Li and Ahmadi [40] can be rewritic. in terms of Dg as:

Fy A 648D, (22)
m, ' p,dC N At

The magnitude of the Brownian force per unit mass affects the hec. trans =r rate. The value of the
Brownian force per unit mass, as well as the diffusion coefficient, ir~re. ~= with decreasing size of the

nanoparticles and increasing temperature.

2.1.5. Thermophoretic Force

Thermophoresis (also known as thermomigration, thermou “fusion, the Soret effect, or the Ludwig—
Soret effect) can be viewed as a consequence of the . sy ametry imposed on Brownian motion by a
temperature gradient. In nanofluids, the thermophc «.*s p..enomenon acts to migrate particles from a
region with higher temperature (hot zone) to a . .2 v-ith lower temperature (cold zone) [44]. Figure
11 shows the thermophoresis phenomenon schematica.ly.

Dire .10n of p. ticles migration

Hot Zone ~ ' Cold Zone

Figure 11. Schematic of thermophoresis phenomenon

Most of studies ava 'able in the literature deal with thermophoretic force in gas-solid suspensions, and

relatively few studies has been done on solid-liquid suspensions (nanofluids). In this section, we first
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review three models that have been derived for solid-gas mixtures, but which are sor ietimes also used
for solid-liquid mixtures. Epstein [45] was probably the first study that develsped a relation for
particle velocity and force induced by thermophoresis in solid-gas mixtures by - on: ‘dering continuum
conditions. Epstein [45] obtained the following relationship for the theromophore.. - force:

e 9ﬁd{ k, Jﬂf VT (23)
g | | VT
"\ 2k, +k, ) pr Ty

where T} is the mean temperature of the fluid and VT is the fluid te nperat. re gradient, kr and k&, are
respectively the fluid and particle thermal conductivity. Accordi*_ to u.. Stokes' law, Epstein [45]
suggested that the steady thermophoretic velocity can be obtained ~-.

v 3k Jmvr -
T2\ 2tk oy T

In writing this expression, Epstein [45] has assumed th.~ thermophoretic force is the sole resistance
force that balances the drag force.
Later, Brock [46] suggested the following expressi- s fo. obtaining thermophoretic force and velocity,

respectively as:

— pid, 2C,(k,  *,Kn) VT (25)
= —JT - -
! p; \(1+3C, )k, +k, +2k,CKn) | T,

. N /‘KL_‘ k,Kn) He VT (26)

V., =—
d ((1 +3C, Kn)(2k, +k, + 2kpctKn)J p; T

where C;=0.75, Cy=1.14, and (";- 2.18. The above equations were obtained by including thermal slip
at the interface of gas and partic. .

Talbot et al. [47] presented .nor > ac~urate equations for thermophoretic force and velocity in solid-gas

mixtures as:
£ _ 3 p2d, (2C (¢, +k Kn)[1+Kn[1.2+0.41exp(-0.88/ Kn)]] | VT (27)
= —JT = — _—
r pr | (1+3C, Kn)(2k, +k, +2k,C,Kn) T,
v (28, Ghy +k, Kn)[1+ Kn[1.2+0.41exp(-0.88/ Kn)|] | 1, VT (28)
T (1+3C, Kn)(2k, +k, +2k,C,Kn) Py
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where C;=1.17, C,=1.14, and C;=2.18. It is noted that the above equations reduce t* that of Epstein
[45] in the limit of vanishing Knudsen number.

He and Ahmadi [48] proposed a semi-empirical model to account the thermophc .es. : force (even for
the non-continuum regimes) with large Knudsen numbers (Kn>1). They modifiea e equation of Cha-
McCoy-Wood (CMW), calling it the MCMW model, and presented the fol .. ing .. 'ation for the

thermophoresis force:

V2 g2 (29)
F, =115 Kn {1—exp(—Kiﬂ(3i¢7z1Kn] ‘-g[d—g VT
4\@1(1#;1@) nJI\>% “J

where d,, is the molecular diameter, and @ and 7, are given by.

. 12 (30)
E¢
a=022
1+£Kn
2
7, =0.18 36/2 (3D

(2-8,+" li‘—rSn

As mentioned, the above equations fo~ thc.mo  horetic force were derived for solid-gas mixtures;

however, Michaelides [49] argued tha  spr cial elations should be obtained for thermophoretic force in
solid-liquid mixtures for the follow’ 1g reaso.ss:

e The Knudsen number (the ratio «f mean free path, A, to particle diameter) should be small

enough in a solid-liqui - mi .ture so that the continuum assumption is valid. Consequently, the

size of particles that can be u.spersed in liquids via Brownian motion are much smaller than in

gases because the me. © fir ¢ path for liquid molecules is much less than that of gas molecules

(e.g.l‘l—"’»lo \

water
e The trend « f varia. ons of viscosity with temperature for liquids is the inverse of the trend in
gases. With 1. casing temperature, liquid viscosity reduces while in gases the viscosity

increases v.th temperature.
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In this regard, Michaelides [49] suggested the following correlations to obtain therme phoretic force
and velocity:

Thermophoretic force:

-5 32)
d 2 (
F,=—6nd 4| <2 | YT
w) Pr Ty
Thermophoretic velocity:
s (33)
Vool & | # VT
T
d Py Ty

y4\l

where d, =2 nm. Also, A and B are constants that have been ot *ained f~. 20 different nanofluids [49].

Table 1 provides the coefficients of 4 and B.

Table 1. Constant coefficients of (4, B) to obtain thermoy.” vretic force for common nanofluids [49].
Base fluid

Water Engin~ Oil Ethylen Glycol R-134
Nanoparticle
Aluminum (1264, 1.417) (3.0920 124, (14.615,1.869) (4401,1.774)
Aluminum Oxide (1227,1434) (7.1026,1.579) (5.1095, 1.621) (6270, 1.819)
CNTs (945.5, 1.263) (5.804- 1.445) (3.6765, 1.406) (8580, 1.894)
Copper (2039, 1.870) (.'39 ., 1.724) (2.3558, 1.587) (4191,1.659)
Gold (3155, 1.799) (6.€483,1.917) (4.2431,1.672) (2721,1.603)

A scaling analysis for r icrom ter-scale particulate flows is given by Marshall and Li [29], and scaling
analyses for nanofluids . ve gi- en by Buongiorno [21] and Savithiri et al.[50]. It is generally the case
for micrometer-scc le part, “ulate flows that the particle motion in the fluid, in the absence of collision
or external electric, ...._aetic or gravitational fields, is controlled primarily by a balance between
particle inertia a. 4 fluid drag. Other forces, such as added mass force or inertial pressure gradient

force, can often have the same magnitude as the particle inertia for liquid flows, and for purposes of a
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scaling analysis these forces are typically lumped in with inertia. In addition to drag and inertia,
secondary forces such as Saffman and Magnus lift forces, Bassett history force, F cow *ian force, etc.,
can influence particle motion in a non-negligible way, but are usually smaller t'.an *he dominant drag
and inertia forces.

For nanometer-scale particulate flows (nanofluids), the fluid drag remains .  orin.. vy importance, but
the inertia decreases sufficiently rapidly with particle size that other fore >< "aay become of a similar,
or greater, order of magnitude as the inertia. In examining the relativ . scale ot the fluid forces on the
nanoparticles, we recall our previous argument that the lift force a. 1 the Basset history force are
negligible for nanofluids due to the very small particle sizes. Th: p» uc 2 Reynolds number is small,
so that the inertial correction to the drag force can be omitted. 7or 1. u1d nanoparticle flows, usually
the Knudsen number is also small, so that the slip correc*on on the drag force can be omitted.
Furthermore, we will assume that the nanoparticle density 1. of a similar magnitude to that of the
surrounding fluid, so that the inertial pressure gradient foi. ~ and the added mass force are of the same
order of magnitude as the particle inertia (and these ‘*ore ., are therefore lumped in with inertia for
simplicity). The two forces of particular interest in ..nop. -ticle flows, with the potential of displacing
particle inertia in balancing the drag force, a=~ the Rrownian force and the thermophoretic force,
which are examined in more detail below.

The significance of Brownian force comr ared .» particle inertia is determined by the value of the

particle Peclet number, Pe,,, which is de‘inea ©v
Fe, - V.(, | Dy. (34)
In this equation, V, = ’Vp —Vf‘ is .ne p.ticle slip velocity, d, is the particle diameter, and Dj is the

Brownian diffusion coefficient give.a by Eq. (21). The ratio of Brownian force to particle inertia scales

like [29]:

%zO(Pe'm) (35)

so that the Browni: n force is significant for Pe, < O(1) . The slip velocity V| associated with particle

inertia scales as ...~ »raduct of the fluid free stream velocity U and the Stokes number St. The Stokes

number is defined . s the ratio of the particle time scalez, to the fluid time scalez, = L/U , so that
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T AL (36)

T, 18u,L
where L is a characteristic fluid length scale. Using the estimate V, = O(StU) {u_ <! p velocity, the
particle Peclet number can be written in terms of constant quantities as

Pe, =O(StUd, /D). (37)

The significance of the thermophoretic force compared to the parti.'e ircrtia can be assessed by

equating the force ratio to the ratio of the thermophoretic drift ve oci’y m 1gnitude V; to the inertial slip

velocity magnitudeV, = O(StU), giving:

o ) A Ar ) (38)
V. St U Re O T,

S

el

where Re , = p UL/ y, is the Reynolds number of . aw bient fluid flow. In writing Eq. (38), we
made use of the data in Table 1 for the two cons ..*~ 4 ~und B in Eq. (32), which indicates that B =

O(1) but that 4 varies in magnitude from O(1) to O(1u*) for different nanofluids.

A typical example illustrating the signific.. ~ce of 3rownian and thermophoretic forces in nanofluids is
given by the problem of 10 nm diar.iete aluminum particles in water, for which Table 1 gives

A=1264. We assume a temperatv e du>r nce AT, =10K, an ambient temperature 7, =300K, a
fluid length scale L =1cm, and a fluia -=locity scale U =1m/s. The Brownian diffusion coefficient
for this problem is D, =4x1/ ''r /s and the fluid kinematic viscosity is Vv, = 10 m?s. The fluid
Reynolds number is Re, = 10* and the Stokes number is St =5x107"". Our estimates Egs. (35) and

(38) of the ratio of Brow ..un fo.. ¢ and thermophoretic force to particle inertia yield for this example

F _ (39)
== oPe’?)= 0(2.7x10%)
AT,
oA 20 L 03.4x10) (40)
£ Re, St T,
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Both the Brownian force and the thermophoretic force are observed to be significan’ly larger than the
particle inertia. For this particular example the thermophoretic force dominates, - na —ould therefore
balance the drag force to determine the particle motion, but the balance b tw.2n Brownian and

thermophoretic force in general depends on the problem details and the materials . =d.

The readers may refer to Refs. [21] and [50] to see more examples of scal . an :,-is.

2.2. Inter-particle forces

Interparticle forces become important especially when the numbe - of - ticles in a specific volume of
mixture increases, however, if the concentration of particles i. the ~v-.em is small, the interparticle
forces acting between non-adhesive particles — ignoring ag~lomerai on or aggregation of particles —
may be safely neglected. Of course in systems of adhesive . ~rticies, collisions will eventually occur
even in dilute suspensions, giving rise to formation of p.-ticle agglomerates. In these suspensions of
adhesive particles, interparticle forces are therefor. .. ~-cary at all values of the bulk particle
concentration. In this section, we first study t' ~ cri.>rion that determines the range in which
interparticle forces are negligible in systems of non-achesive particles, or for short-time computations

of systems of adhesive particles, and in the next sec..~n various interparticle forces are discussed.

Based on the solid volume fractio’. of n« - ,particles dispersed in the base fluid, nanofluids (solid-
liquid mixtures) can be classified into ..o general groups including: diluted and dense [51,52]. Solid
volume fraction (or nanofluid vol .me concentration) is defined as the ratio of solid nanoparticles
volume to the total volume ¢ “mixi. *=. Mathematically it can be written as:

In.n part cle volume (m,/p,) (41)

e = x100
Touwd volume (m,/p,)+(m/p,)

$(%) =

A nanofluid can be con: derer to be a dilute mixture when its volume concentration is less than 0.1%
[51,52]. Interpartic e forc s can be safely neglected for a dilute nanofluid provided that adhesive
forces are not presen.. ~ur concentrations higher than 0.1% the nanofluid is dense. The dense flow is

also divided into w0 groups. When 0.1<¢(%) <10 collision between particles is dominated and when

¢ >10% contact is dominated in the flow [52]. Due to the heterogeneous distribution of nanoparticles
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that may be created by aggregation and sedimentation of nanoparticles, in nanoflv'd flows we may
have both dilute and dense flows in different regions of the flow field at the se ne :‘me. It may be
interesting to estimate the minimum distance between two spherical nanopartic.es n ideal conditions
so that the suspension is considered dilute (i.e., with almost no collision between , ~rticles). For a case
with two spherical particles with the same diameter (d,) and where the di-..ce v *tween the particle
centers is /,, the relation between particle diameter, distance between w. = f ¥o particles and volume
fraction of the nanoparticles is [52]:
1
(5]
» ¢

Based on the definition of dilute flow in which the volume concenti. ‘ion should be less than 0.1% and

[
using the above equation we find that the ratio of particle dista..~e to particle diameter (—-) should be
P

more than almost 8 to have a dilute nanofluid. Fig .. '? iliustrates schematically the concepts of

dilute and dense flows and the associated range of - ~lum. fraction [52].
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Figure 12. Concepts of dilute and iense fi. ws based on solid volume fraction of particles.

2.2.2. Van der Waals Force

Van der Waals force appears etv cen molecules or tiny particles and acts generally as an attractive
force. Van de Waals force "tself is composed of three forces: dispersion interaction (London force),
dipole—dipole interaction (i~ =sor: force) and dipole-induced dipole interaction (Debye force)[53].
The van der Waals for ;e may be significant in a wide range of distances ranging from atomic scale
(0.2 nm) to greater th~m 1. = . [54,55]. The Hamaker theory [56] is used to estimate the van der Waals
force between diffc "ent me erials. The van der Waals force between two rigid (non-deforming) spheres

formed of the s+ = material is given by [36]:
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P A_H FouTy (43)

Van =" 3
r +r
62[7 )2 P2

where z, is the distance between surfaces of two spheres(the shortest distance), .~ r, and 7, are radii

of spheres. Also, Ay is Hamaker constant that depends on the materials of t* . <phe. . If the spheres are
made from different materials (we face with this in hybrid nanofluids), .~= - oefticient Ay is replaced

by A 12 so that it is estimated as[28]:

Ale =+ AHIIAH22 (44)

where Ay ;; is Hamaker constant for the first sphere and A4y », .. Hamaker constant for the second
sphere. If the two spheres are dispersed in a medium (like . flu'd) the Hamaker constant can be

estimated as:

A3 :(\/E_\/%)(\/;Z V%g) (43)

where Ay 33 is the Hamaker constant for the medium (fiuid). Hamaker constant for some materials is

given in Table 2.

31



Table 2. Hamaker constant for some materials[52].

Hamaker constant

Material (An)
(Ix10%)
Water 4.38
Al,O; 155
Cu 2.4
AU 45 A

The van der Waals force between a sphere and a pla. ¢ . »n oe estimated as [36]:

(46)

"

The above equations for van der Waal , force assume that the particles are perfect spheres. Since the
van der Waals force acts only ove~ ve. r stort distances, even tiny deformation of a sphere upon
collision can have a significant ei.>~t on the van der Waals force. The influence of particle
deformation is quite importar. 1 r micrometer-scale and larger particles, but of only moderate
importance for nanoscale partic’»s. A more extensive review of van der Waals force between
deforming spheres is givra b,y [13]. The van der Waals force is one of the reasons behind the
aggregation of particles (since ney act mainly as an attractive force); therefore, the stability of

nanofluids is critically « 2pends at on accurate modeling of this force [53].

2.2.3. Electrostati. doubl layer force
The presence of “~ns in e base fluid (e.g., electrolytes, such as salt water) can result in the formation

of an electrical do. Hle layer around charged particles. This electrostatic double layer will induce a
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force of very small range which can be modeled using the Hogg—Healy—Fuerstenau ("IHF) formula

[57]:

Edl —

er,r, We +Ve 1+exp(—x |
_er,r, Wy ‘//02)|: 2V W0 h{ p(xz,) +1n(1—eXp(-2K"))|

4(}’1)1 +r, ) (‘/’31 + l//gz) 1- exp(_KZp) | @7
dE
Fo=_Y
Edl Az

P

Here Egy is the particle—particle electrostatic interaction potential ene1_:* /,, andy,, are the particle

surface potentials, ¢ is the dielectric constant of the solution, and .- ' 1s tt 2 Debye length (double layer
thickness). The above relation is a good approximation when parw. ~le surface potentials are less than
50-60 mV. The above relation can also be modified to estirate .~e i .teraction force between a particle
and a wall by assuming one of the particle radii tends to infini Contrary to the van der Waals force,
electrostatic double layer forces are repulsive in nature; ther. “re, they decrease the agglomeration of

nanoparticles, and, hence, enhance the stability of a nan. f"aid [53].

Other interparticle forces such as steric electrc steric, depletion, capillary, solvation, structural or
hydration forces can affect the stabil'.y of u..10fluids. For example, steric force can prevent the
aggregation of nanoparticles. Steric to.~ . ler ds to absorption of a layer of organic molecules at the
surface of particles. Depending .. the thickness and density of the layer, attractive forces and

consequently the aggregation ra*. . ~duce [53]. Interested readers may refer to Refs. [53,55,58].

Based on independent studies >f Derjaguin and Landau (1941) and Verwey and Overbeek (1948), a
quantitative theory saown as DLVO was established to demonstrate the stability of colloidal
dispersions [53,55, The *ieory of DLVO combines the effects of two opposite forces i.e. van der
Waals attractior au. =~ electrostatic double layer repulsion to describe the dispersion stability. Indeed
in DLVO theory o er forces are ignored. Figure 13 (replotted based on a figure given in [53]) shows

schematically the DLVO theory concept. At the primary minimum point, the amount of attraction
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between particles is maximized; therefore, the suspension is unstable (strong'; flocculated or
irreversible aggregation). At the energy barrier point, the repulsive force is maxir.zc.': therefore, the
suspension attains a stable condition. At the secondary minimum point, the amc .nt Hf attractive forces
is less than at the primary minimum point, giving rise to a weakly flocc. ‘ated or reversible

aggregation.

Potential Energy
SN -
Double laver
(repulsive)

Strongly flocculated

Repulsive
2
0
DLVO
Dispersed (Stable)
Attractive
J Van der Waals - Secondary minimum ‘
(attractive)

Weakly flocculated

Figure 13. DLVO theovy . 1 be used to describe the stability of suspensions.

2.3. External forces

Sources such as gravity, mag. ~tir, eler .ric fields, and acoustic oscillations can create forces which affect the
flow and heat transfer fiel s 1n a nanofluid-based thermal system. Here, an overview of these forces is

presented.

2.3.1. Reduced gr. vity fo ce
The reduced grr --*+v force is the outcome of gravitational and buoyancy (obtained from Archimedes’

law) forces. It can ' e obtained by the following relation [29]:
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d3 (43)
5?:[”7fJO%’V%)g

The reduced gravity force can be neglected usually in nanofluid flows due to ulu. € ae size of

nanoparticles.

If a fluid with an electrical conductivity of o (with dimension of 1/Q. 1) flov s in a duct under an
external electrical field of E and magnetic field of B, a force is appliea ~ el-ments of the fluid called
Lorentz force. Lorentz force affects the velocity magnitude and te np- catu re field in the thermal

equipment. Lorentz force is defined as [59]:

F,

Z

=JxB=c(E+VxB)xL (49)

In the above, V is fluid velocity vector, and J is current dens.. " (with dimension of A/m?). In the case
of magnetohydrodynamic (MHD) flows, by neglecting .\ electrical field and assuming that the

external magnetic field has a constant strength of By, 1.~ Lurentz force simplifies to:

F,. =oByV (50)

For MHD flows, a dimensionless number alled “ lartmann number” comes into play, which can be

defined as:
(51)
Ha= 0L, |<
Y7

where L. is the characteristic le .gth for example, the diameter of a tube) and x is the viscosity of the

working fluid.

For nanofluids, the correspo. <ing .lectrical conductivity can be calculated based on the Maxwell

model that is used to ce culatc *he thermal conductivity of nanofluids (See section 3.1.1.1).

The energy of sour. 1 wave (acoustic waves) can also be used to enhance the performance of thermal
systems. The fc <. “*me averaged) acting on particles by acoustic waves (e.g., an ultrasound field) is
called acoustic raa. ‘tion force [60]. For a particle dispersed in a fluid, the acoustic radiation force is a

nonlinear function of acoustic pressure, velocity of particle, sound velocity and fluid density [60,61].
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Many studies have been done to determine the radiation force on particles (either elas:ic or rigid) in a
fluid (for example see Refs. [60,61]). However, based on the best knowledge of au’ao1. there is no
CFD study on nanofluid-based systems in which the interaction of radiation forc - w *h other forces
acting on nanoparticles in nanofluid flows has been assessed. However, since the . -oustic radiation
force is proportional to the particle volume, it would be expected to be sma'’ . ymp.. ‘ed to forces such

as drag (that are proportional to the particle diameter) for these very smal. ~ar.icle sizes.

2.4. Other forces

There are some other forces such as diffusiophoresis, centrifugal, and .ur. ophoresis that may be found

in the literature. Here, an overview of these forces is given.

Diffusiophoresis phenomenon happens due to concentratio: orau.~*.s of solution. In this phenomenon,
due to diffusiophoresis force, nanoparticles migrate fromr - __... ..ith high concentration to a zone
with lower concentration. Since diffusiophoresis requives two ase fluids, it is not common in

nanofluid systems (which historically have just one basc f.uid component [21]).

Another force included in some studies is the co=trifuy al force. One should note that centrifugal force
is related not to the rotation of the particle abom - fixed point, but rather to the rotation of the
reference frame about a fixed point. I' is u>cessary to include the centrifugal force only if
computations are needed to be done in 7 rota.'ng reference frame (for example, consider nanofluid on
a rotating circular disk). If instead, ¢ ir ortie. reference frame is used, the centrifugal force on the
particle is contained within the p7 ticle incrtia. The centrifugal force for a coordinate system that

rotates with an angular velocity of Qg can be expressed as [62]:

52)
P (

where r stands for the 1 dsition Hf nanoparticle times the unit vector in the radial direction.

Turbophoresis is a shenoi “enon in which the particles tend to migrate towards a region with less
turbulent fluctuation. Sir_ce turbulent fluctuations decrease very close to a wall, the possibility of
particle sedimen. ti- n on the wall increases through this phenomenon [63]. For turbulent flow in a

pipe, turbophoretic 1 srce can be evaluated as[64]:
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Tu — p - | 7.
'2
d<vp>
Vi, = 7, &

in the above, <v;72> is the particle mean square fluctuation velocity in th . iorm.." direction and

2

T, = fé’ £ is the particle relaxation time as defined earlier.
Hy

3. An overview of nanofluids thermophysical p. ~oerties

In this section, the main models available for thern. ., hysi al properties of nanofluids are first
presented, and then the importance of using pro~+ moJ'«ls in flow and heat transfer simulations is

highlighted.
3.1. Thermophysical properties

3.1.1. Thermal conductivity (Kqs)

Thermal conductivity characterize: u.~ ability of a material to conduct heat, and it is measured in units
of W/mK. The thermal conducti. 1. - of nanofluids is generally higher than that of conventional liquids.
Here, the most used theoretic.! models and experimental correlations for thermal conductivity

presented in the literature 2 e re vieved.

3.1.1.1. Theoretical mod ..

The Maxwell mod 1[65,6 °] is probably the first model presented for the thermal conductivity &, of

solid-liquid dis; .. “*~ns. where we set
_kp+2kf+2¢(kp—kf)k (54)
= s
k,+2k, —g(k,~k,)
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and k, and k, are the thermal conductivities of the base fluid and the nanoparti- les, respectively.

This model is valid for spherical particles with small concentration (¢ <<1).

Bruggeman [65,67] presented the following model by considering interact'ons oetween spherical

particles:
k
3g-1)-L+3(1-¢)—1}+/A
kn_,.:(¢ )kf+{( ) }+f. )
! 4 ’
k ok
where:A=|(Bp-1)-L+{31-¢)-1}| +8-L
kf kf

Hamilton and Crosser [68] extended the Maxwell model by nciu '~ 2 a shape factor as follows:

_ k,+(n—Dk, +(n-1)g(k, f—/k (56)
& k,+(n-Dk, -k —k.) 7
2
where 7 is the empirical shape factor, determined b_',. =— in which y is the particle sphericity. The

N
sphericity parameter is 1 for spherical particles ana * reduces to 0.5 for cylindrical particles.
It is important to mention that the previ- .. models, valid for large particle sizes and generally
underestimate the thermal conductivity n.. mnitur e compared to real (experimental) data. However,
they are still widely used in numerica” sir.alations of nanofluid flows. To avoid these discrepancies,
several attempts have been made to extend <. renovate the previous models and take in consideration
phenomena involved in heat condu.“on of nanoparticles and nanofluids such as nanolayer,
nanoparticle interaction, aggres atio . and Brownian motion.
The following models are -aaini, developed for metallic and oxide nanoparticles which are also
spherical in shape.
When nanoparticles ar. disp=rsed in a liquid, a thin layer of liquid is formed on the surface of
nanoparticles called the “liqu’ 1 nanolayer”. Yu and Choi [69] considered this factor to derive a new
thermal conductivi y moa. ! as follows:

_k, 2k, +2(k, -k )1+ 7)Y é
Tk, 42k, =20k, —k )(1+y) 4 "

1

(57)
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where vy is the ratio of liquid nanolayer thickness to radius of nanoparticles and it is v ;ually assumed to
be 0.1.
Xuan et al. [70] presented a model for nanofluid thermal conductivity by consi .eri \g the aggregation

and Brownian motion of nanoparticles, giving

ky _k,t2k =29k —k) pde,, [26,T, (58)

B ~ave

k,  k,+2k,+o(k, k) 2k, \3zdpu,

where k', 1s the Boltzmann constant and d, is nanoparticle diameter. There. yre, based on this model,

the thermal conductivity of a nanofluid depends on the nanopartic’c theriual conductivity, the volume
fraction of nanoparticles, the temperature of the mixture, the ‘e ¢ the nanoparticles, and the
properties of the base fluid, including thermal conductivity, viscosi,, and specific heat capacity.

Koo and Kleinstreuer [71] proposed the following model “or n.~~",uid thermal conductivity (known

as the K-K model):

Koy = Koaic + Kprounian (59)
This model is composed of two parts, referred to ac -tatic *nd dynamic. The static part (k.. ) has the
form
3(k,/k, -1 (60)
Foe = [l Tk, Tk, Er; —f(kp )Z _1)¢ka'
The dynamic part accounts for the effec. of Bro. nian motion on nanoparticles (ky,,,,..,) and is

calculated by:

KT
kBruwniun = 5 x1 04O-¢ \I“)Cp)f £ f(T:' ¢) (61)
P,

where 0 and f are two empiri .al fu..~tions and « is the Boltzmann constant.

Li [72] developed the K-." r10dr(« by combining functions o and f and replacing it by a single

function g, which resul’s in th * expression

f}( T (62)
k -ownian =5X104¢(pcp)f pLdg(T’¢’dp)
p%p

where:
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g(T,¢,d,)=(a,+a,In(d,)+a;In($) +a, In($)In(d,) +as In(d,)*) In(T) + (63)
(a5 +a,In(d,) +ay In(¢) + a, In(#) In(d ) + a,, In(d ,)°)

The constants a, —a,,, which may be either positive or negative, are determ.. =d b."=d on the type of

nanoparticle and base liquid.

Feng and Kleinstreuer [73] presented a more advanced model in which ‘~ere is no need for any
empirical function (called the F-K model). This model takes into ac count 11e Brownian motion and
turbulent fluctuation effects. This model is valid for water-basec ..anouuids containing metal oxide
nanoparticles with diameter in the interval 30 <d,< 50 nm, v.'ume fractions less than 5%, and
absolute suspension temperatures lower than 350 K. The F-K mode. ‘s written as:

ko o=k +k (64)

nf — "static

in which &, is the same as defined earlier in the K-i. model and £k, indicates the micro-mixing

static

contribution caused by the Brownian motion. The para net 1 «,, is given by

mm

KpT N
k :49500%.60.(,0%)%#.01;1 7).

P

3u.d ) K—
exp(—¢w,7,) Sinh ( ﬁ’ufz“) B My
41, m, 3mu.d, 65)

r \/de)z _ oo
p

Here, m,is the particle mass. Tt : p.-ameter C, is constant and equal to 38 for metal-oxide based
nanofluids. Also, the damping .oef icientd , natural frequency @, , and characteristic time interval z,

are defined as

3rd o K, , m, (66)
= —, = T =
2m,m, m " 3mu,d

p

where K ,_, shows he majs nitude of particle- particle interaction intensity and is estimated by

67
P :pp.@.(32'172;X273K—19.4849] (67)

In 2014, Xu and Kleinstreuer [74] proposed a new model that is more accurate than the F-K model
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and considers the effect of aggregates, it reads as:
ey =ie + Ko (68)

static

where kg4 Teads as
69
. 3(k, /k,—1)¢ (69)
(ka /Ry +2) = (/K ~1) g
In this equation, k, is the effective thermal conductivity of the aggreg .ces, a- proposed by Nan et al.

[75]:

static — "V f

3+¢b[2ﬂ11(1_L11)+1333(1_L33,‘-| (70)
3-¢, (zﬂnLn + PisLsy)

The thermal conductivity of the aggregate due to dead-ena | ~ttic es, kg, is defined based on the

k = kde'

a

Bruggeman model[67].

The geometrical factors L;; and L;; are expressed in [75] as

Ly=p /2( ) p*cosh™ /2 )1'5 ar ' Ly 1-L, (71)

The aspect ratio is p =R, /d, , and

:Bii = (kli - kde )/|:kd T L, (kz(; _kde )J: i=1,3 (72)

k; are equivalent thermal conductiv'des a..".g corresponding symmetric axis of an ellipsoidal
composite unit cell, with £ :kf//(l-r,'f,,. cp/kbf), y=02+1/p)a, a=4,/d, with 4, is the

Kapitza length. Also,

e = (30 =1) Koy +(2=3¢u Koy (73)
+\/(3¢de—1) K+ (=20 ) K2 +2[ 2496, (1= 82 ) [ Kk

and the improved param ..cr &y, -s:

v, - 19631.C,¢ B”(pc) (T.nT-T) (74)

My
ll

In the above, C, is a . ~rre _tion factor having a value about 1 for water-based nanofluids.

Prasher et al. [7¢” dr r1ved a correlation as follows:
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ko
k—f = (1+ T Re} Pr** §) x (75)

[[kp(1+2a)+2kf]+ 24k, (1—2a)—kf]j
S

[k, +2a)+ 2k, 1-glk,(1-2a)— k]
in which the random motion-induced convection is included. In the above rel7.don Reynolds number

18x, T/ 7pd,

due to Brownian motion is Re, = , and «ais the nanoparti~'~ Bio. mumber defined as

Ly
a=2Rk,/d,. Also, R, is the thermal interface resistance equal te .77 .0 Km?® / W for water-

based nanofluids, while I and m are empirical constants depending . n nan sparticle type. For Al,O3
nanoparticles, m = 2.5 and I'=40000.
Another model that considers Brownian motion of nanopartic'~»s is = csented by Patel et al.[77] as
follows:

k

k. A A
L =14+ L2+ Ck,Pe—L

ky k4, koA,

(76)

where C, should be determined by experiments. In adc 10", ..,/ 4, and Pe are obtained by:

A4 b g et (77)
4, d, (1=9)
in which u, is the Brownian motion velocity of nanoparticles:
'k, T (78)
Up=— "7
ma,

In another model, Amiri and Vafai cons.. >rec the contribution of thermal dispersion to thermal
conductivity model, this model rer s . ~78,79]:
ke +k, (79)

static

'f:

Maxwell’s model is used t es*.mat : kg1, and the thermal conductivity induced by thermal dispersion
(k,) is estimated by:

Ly =CpC)) Vi +V; ¢, (80)

where C, is the con. “ant 0! tained from experiments, v is the fluid velocity.
Several models hav . .'so been developed for the prediction of thermal conductivity of nanofluids

containing carbon-u *sed nanotubes.
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Xue et al. [80] offered a model to obtain the thermal conductivity nanosuspensions « ontaining carbon
nano tubes (CNTs). The model originates from the classic model given by Ma .w.'' Moreover, it
takes into account the influence of physical characteristics of CNTs, includins ax 2l ratio and space

distribution, to obtain

k k +k
1—¢+2¢k P__In—2—Y

b = p Ry 2ky (81)
v ky K vk, Y
1-g+2g " =

P kbf 2kbf

Patel et al. [81] presented a model in which the thermal conduc ivity of CNT nanofluids was a
function of nanofluid volume concentration, and both the ba. > fluird molecular and nanoparticle radii,
ryrand r, respectively, which reads as

k@7 (82)
kbf (1 - ¢) "

Nan et al. [82] proposed the following model fo~ “NTs based nanofluids:

ko =hky |1+

nf

3448+ P (83)
knf T, W kbf'
' R 7% '
where
2(k6' _khf) kc33 (84)
ﬂu:_c_ _;:333: -1
k‘a + khf khf
and
k k 85
kv =— L k= — ( )
1: 2kap l+2akkp
dk Ik

In the previous eq ations. kj; is thermal conductivity along transverse axis and k33 is the thermal
conductivity alr=~ longitudinal axis of a thin interfacial thermal layer and depend on dimensions of

CNT. Also, Kapit.  radius ax =Rykys, with R=8x 10 mK/w [83].
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Murshed et al.[84] developed a model for CNTs nanofluids by considering the siz'. of nanoparticle,

nanosuspension volume concentration, and interfacial layer. It writes as

ko = (kp —k, )k, (7’12 -7+ + (kp + kzr)712[¢72(k1r - kbf) + kbf] (86)
g 7k, + k) = (k, =k, )g(n" + 77 = 1)
with
n=l+t/r, sy =1+1t/d, (87)

ki represents the thermal conductivity of interfacial layer and t is ne thic ness of interfacial layer
between nanoparticle and base fluid.

A comprehensive overview about thermal conductivity models ¢ _NT based nanofluids is given in
Ref. [85]. In addition, Estell¢ et al. [86] measured the thermal conu “ctivity of CNTs/water nanofluids

and compared the results with available models.

3.1.1.2. Experimental based correlations

With regards on experimental based correlations, t. ..” we. = mainly obtained for spherical metallic and
oxide nanoparticles. Maiga et al. [87] presente” two \ orrelations based on experimental data for the
thermal conductivity of Al,Os3- water and Al,O3- EG . anofluids as follows:

ALOs/water:
k, =(497¢> +2..2 ¢+ 1)k, (88)
AlL,O3s/ ethylene glycol:
k, =(28.C02 4 +2.8273 p+1)k, (89)
The above correlations were de' elo red for nanoparticles with a size of 28 nm.

Based on various experimen‘al a.*» for thermal conductivity of nanofluids, Corcione [88] developed

the following correlation:

0.03 90)
k k (
U144 R POy (k—”j 9
S freez f
where:
20.x,T 91
Re, = pfz B 1)
THy dp
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The above relation is valid for nanoparticle sizes between 10-150 nm, volume fractic 1s of 0.2-9%, and
temperatures between 294 and 324 K. It should be noted that 7}, is the freezine, te.. nerature of the
base fluid.

Khanafer and Vafai [65] proposed a general correlation for the thermal corduc.. 7ity of Al,Os/water

and CuO/water nanofluids as follows:

k 47 k 92)
nf P
=1+1.0112¢+2.4375 —0.0248
¢ ¢(d (nm)) ¢”(0.613)

f p

The above correlation is valid for nanoparticle size between 13nm ana °Onr, and volume fractions up
to 15%.
Chon et al.[89] derived the following correlation for alumina/w. =t nanofluids which is valid for the

temperature range between 21 and 71 °C, and nanoparticle si~.~ betw 2en 11 and 150nm as follows:

0.3690 0.7476 93
I}Zﬂf =1+64.7 ¢0.7460 [d_fJ L%J ;«u‘u.mg Rep1.2321 ( )

A d A

p
As seen, Re, is included in the equation which implies . ownian motion has been taken into account
in this correlation.

Ho et al. [90] derived the following empirical ¢.-relauon for thermal conductivity of alumina/water
nanofluids where the size of nanoparticles is ?? nm:

ki, =k (1+2 9444 -19.672¢%) ©4)

The above relation is valid for concent atic .as v to 4%.
A correlation developed by Sharr.a et o' [91,92] can be applied to all water-based nanofluids
containing either metal or metal oxide n. ~oparticles where the particle diameter is between 20 and 150

nm, nanofluid temperature is b- cwe .n 20 and 70 °C, and maximum volume fraction of 4%. It reads as:

k . "7 7\ d\oer 0.01737 (95)
i=0.8938(l+ 4 | 142 “r
k, L 1oc) 70 150 a,

!
In conclusion, it shoulc be note 1 that most of articles on nanofluids indicate that the thermal
conductivity increas .. witn wmcreases in volume concentration and temperature, and it decreases with
increase in the part. -le siz¢ . It should also be mentioned that many other empirical correlations have
been developed + ..~ in the literature, but they are specific to the kind of nanofluids tested,
including the natut. of the base fluid and the nanoparticles, the size and shape of the nanoparticles, the

range of nanoparticle content, and the temperature.
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To date, there is no universal model for the prediction of nanofluid thermal condur tivity, which is a
significant challenge in nanofluid research. The readers can refer to several paper su.™ as Refs. [93—
104] on the thermal conductivity of EG-based nanofluids and Refs. [105- 11.] on the thermal

conductivity of water based nanofluids, as well as comprehensive reviews such as ‘efs. [114—123].

My
Viscosity is defined as the resistance of a liquid to flow and it is me.sured in terms of Pa.s
(pascal*second) or N.S/m”. When we say water flows faster th-n oi' ~n an inclined glass it means
viscosity (resistance) of water to flow is less than oil. Fluid~ can be Jdivided into two groups, i.e.
Newtonian and non-Newtonian fluids. A fluid is called a Newtonian fluid if (i) shear stress (the force
per unit area applied to fluid) has a linear relationship wiu. <hea: rate (called also deformation rate-

G =0V, / 0y ) and (ii) when shear stress is zero, the shea. ate being also zero (see Fig. 14 (a)) at fixed

temperature and pressure. For a Newtonian fluid, visc. sitv . 2s not change with increase in shear rate
(Fig. 14 (b)). Fluids such as water and air are simp. « nstc 1ces of Newtonian fluids. However, in non-
Newtonian fluids the viscosity follows the ve-iation. of shear rate. Non-Newtonian fluids can be
categorized as (i) time-dependent, if shear rate varic~ with magnitude and amplitude of shear stress,
and possibly time between two consecutiv: app. »d shear stress. Fluids with time-dependent viscosity
can be classified as thixotropic (viscosity red'ce, with time) and rheopectic (viscosity increases with
time) fluids. However, if shear rate ¢ ly .epe «ds on current shear stress the fluid is classified as (ii)
time-independent, and generally re’ :r to pu :ly viscous fluids. Non-Newtonian fluids can also present
(ii1) viscoelastic properties. Among non Newtonian fluids, one can distinguish shear-thinning (also
called pseudoplastic) fluids ar { sk :ar-thickening (also called dilatant) fluids, as shown in Fig.14. In
addition, they can possess ¢ yield suess, i.e. a minimum stress that should be applied for starting the

flow. Toothpaste is a familia. 10n Newtonian fluid which is classified as Bingham plastic (see Fig. 14

(2)).
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Figure 14. Newtonian versus non-Newtonian fluid (a) shear st. ~<s v.. “~..ons with shear rate determines the

fluid is Newtonian or non-Newtonian (b) Vari~+~= ~* [scosity with shear rate

The viscosity of nanofluids is generally higher tha “hat « ¥ conventional liquids. With increases in the
concentration of nanofluids, they may become non-N. wtonian liquid. Here, a brief review is done on
models presented for viscosity of nanofluids basea .n a Newtonian behavior or at a fixed shear rate.
As for thermal conductivity, first models couwidered are issued from suspension theory of large
spherical particles. However, they are als. un:ole to predict viscosity enhancement of nanofluid

viscosity with volume fraction.

3.1.2.1. Theoretical models

Einstein presented a model oas‘ d or kinetic theory for mixtures of solids and liquids which is valid for
volume fractions less th>-- 1%. .. sives the mixture effective viscosity as [65]
fy = 1, (142.59) (96)
Brinkman propose « the 1 llowing model for particles(spherical)- useable up to 4% particle volume
loadings [124]:
__Hr ©7
Mg
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For wider range in nanoparticle content, the model proposed by Krieger and Drugherty[125] for

monodisperse spherical particles is more suitable. It reads as

Ll (98)

where the intrinsic viscosity [p]= 2.5 for hard spheres and the maximum pac “~o fraction ¢, is about

0.605. This equation reduces to the Maron-Pierce equation with expone=* [p]y,. =2 [126].

The equations given in [125,126] were successfully used with nano luids ¢ " different natures in the
presence of aggregates[127—129], with the nanoparticle volur.e froction being replaced by the
aggregate volume fraction.

Masoumi et al. [130] presented a theoretical model for nanoi nid viscosity as a function of
nanoparticle size, nanofluid temperature, volume fraction . ¥ na.._particles, nanoparticle density and

viscosity of the base fluid as
p, [ BT o (99)
g =y + 2] L I
n2C\\\mp,d I\ 7

(100)

where

C= i[(—o.oooom 133d, - 0.000002771) 4 +(0.00000009d,, —0.000000393) |

Hy

3.2.2.2 Experimental based correlations

By using experimental data for Al Os-, -ater nanofluids, Singh et al. [131] modified the Einstein model

as
fy = 1, (1+109) (101)

Corcione [88]presented a.. .mp'.ical correlation for viscosity of nanofluids as a function of

nanoparticles diameter d,) a.d the molecular diameter of base fluid (d ) as

ol 1 (102)

1, 1-34.87(d,/d,) " ¢""

where the mole '~ diameter of base fluid can be calculated by knowing the molecular weight of base

fluid(M) as
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1/3
d,=| M [103)
’ Nap,

Here, N is the Avogadro number (6.022140857 x 10%) and Py, 1s the density ~.f bi se fluid calculated

at the temperature of 293 K. The above correlation is valid for nanoparticle s..»s be.ween 25 and 200
nm, concentrations between 0.01 and 7.1%, and temperatures between 292 anc ~33 K.
Maiga et al. [87] presented two experimental-based correlations for the vis. ~sity of Al,Os-water and

AL O3-EG nanofluids, respectively, as
ty =(123¢> +73p+1) u, (104)

e =(3064> —0.194+1) 1, (105)

Rea et al. [132], using regression analysis of experimental a. ~ of V illiams et al.[133], presented the
following correlation for Al,Os/ water nanofluids that is valia 2> volume fractions less than 6 % and

temperatures in the interval 20-80 °C:
M, (9, T) = 11, (T)exp[4.91¢(0.205° — ) (106)

The water viscosity (u, ) can be obtained by the foliow.~a equation:

n (107)
=g 2 il A_LH

ref L \T Tref

where B=4700 ,n=8.9, Tre =295 K 'nd 4, =959x107° N—f
) m

In a combined experimental and numerical study, Jang et al. [134]noted that the viscosity of
nanofluids when the nanofluid flows 1. micro and mini tubes depends on the size of the tube.
Therefore, they developed the <in-.ein model by including the effect of slip velocity of nanoparticles

for nanofluid flow in micro .nd nim cubes as follows:

e~ (0+2.59) {1 +n (ﬁj ¢2/3(c+l)]
L't D, (108)

in which D,, is the .nner (‘iameter of microchannel (or minitube), and €and 7 are empirically obtained

constants which for ..'-, nanoparticles are equal to-1/4 and 280, respectively.
Ho et al. [90] p.~srated the following correlation based on their experimental data for viscosity of

alumina/water nanoi.uids, where the size of nanoparticles is 33 nm (valid for ¢ <4%):
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Hy = 1, (144.93¢+222.44%) (109)

Sharma et al. [91,92] presented the following correlation for viscosity of -vate -based nanofluids

containing either metal or metal oxide nanoparticles:

. —0.038 —0.061 110
ﬂ_nf:(1+ijll3 1+T’_7f 1+d_p ( )
i, 100 70 170

The above correlation is valid for particle diameters between 20 anc 150 n 1, nanofluid temperature
between 20 and 70 °C, and maximum volume fraction of 4%.

It should be noted that most articles on nanofluids indicate that the viscr sity increases with ¢ and the

increase in the particle size and temperature lessens the viscosity.

Here, only a few models are presented as the literaturc ~n uus topic is abundant. For a more
comprehensive overview, the reader can refer to recent .. view papers on this specific topic [135-138]
and other research papers [139-144].

Contrary to thermal conductivity and viscosity, rnly o« few equations are available and useful for
density, specific heat capacity and thermal coefficie. t c.pansion. They are mainly based on mixing

rules.

pnf

Density is defined as the ratio of ms ss to vo. .me of a substance and it is measured in terms of kg/m’.

For a nanofluid with a volume concentra.’ on of ¢ , the nanofluid density can be calculated as[145]

Py =P, (1=0)+p,¢ (111)

Cp,nf

Specific heat capacitv is .~ amount of heat that should be given to one kilogram of a substance to
increase its temper 'ture by 1 degree Kelvin, and it is measured in units of J/ kg.K. The specific heat
capacity of nan~“Iids can be calculated by [65]

_ P =P+ pc, 4 (112)

c ,=
p.f
P, nf
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wherec, ;and ¢,  are, respectively, the specific heat capacities of base fluid and nan' particles.

A common simplified model that is valid when the nanoparticle density is similar o tha. ~f the base
fluid is given by
Com = (1-¢) Cp.r +¢Cp,p (113)

Specific heat capacity significance is highlighted in solar collector appl.ati ;ns where the demand is

higher outlet temperature of collector.

ﬂn

The volumetric thermal expansion coefficient for a nanofluid is wne a*iount of change in nanofluid
volume per one degree Kelvin increase in the temperature of the mix. 1re, and it is measured in units of

1/K. The following relation is used to estimate the thermal ¢..ans.on coefficient[65]:

5 = (A=) pph), +9(ph), (114)
nf
A pm"

Again, if the particle and fluid densities are similar, . . muion approximation of this expression is
By=0-0)p,+0p, (115)

Significance of the thermal expansion ¢ vefficie it is highlighted in natural and mixed convection

problems.

7 nf’
Surface tension is the amount of force pe. unit length that is consumed for extending the surface of a

liquid by overcoming the inter 1ole cular forces (measured in units of N/m). Surface tension is a crucial
parameter in the analysis of "ieaf tran.fer phenomena such as pool boiling since it affects surface
wettability and bubble grow.. <14/ |. On the measurement of surface tension of nanofluids, Ahammed
et al. [147] measured tl & surfa e tension of graphene/water nanofluids and showed that with

increasing the temper~tui. ~~ 4 nanofluid concentration the surface tension decreases. They developed

0.163 0.0884
7nf TOO 1
7y nf ¢
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a correlation as:



where y,is the surface tension of nanofluid, y . is the surface tension of base fluid, #.d T, is the

ambient temperature. The above relation is valid for temperatures ranging from 10 to 90 ™, and
graphene volume fractions between 0.05% and 0.15%.

Similar trends of nanoparticle effect were also reported in [148] with graphen. nano.™ids while
opposite effect of nanoparticle content was observed in [98] with different vas : fluias and
nanoparticles. In another study, Chinnam et al. [149] presented a nanopartic. size dependent
correlation for surface tension with four different nanoparticles, incluc ing A1, O3, ZnO, TiO,

~

and SiO,, suspended in a mixture of propylene glycol and water (6010 « T '.vater) as follows:

| J (117)
Ty :A1¢+A2£iJ+A3(—p} 1,
Yy Ly dy

where To=299 K, A; =-1.02219, A, =-0.27706, A3 = 0.00c <355 and A4 = 1.17344. Also, dris the
molecular diameter of the base fluid. The above relation . ~u ve used for 303< 7,,,< 343 K, 0.5 <¢
(%)< 6 and 15<d, (nm) < 50.

In a recent review, Estellé et al. [146] highlighter the 1. le of surface tension in thermal engineering
applications and investigated the effects of variou~ parameters such as temperature, surfactant,
morphology and concentration of particles, and ba.~ fluid type on the surface tension of nanofluids.

There are some other correlations on the su.ac. tension of nanofluids which are gathered by Estellé et

al. [146].
3.2. On the importance of thermophys. al riodels in modeling

A challenge in modeling of nar~fluid tiows is the choice and use of suitable models for property
determination, specifically for *he mal conductivity and viscosity. Figure 15 gives a summary of the
effects of nanoparticle cor cen’:ation, nanoparticle size, and nanofluid temperature on the thermal
conductivity and viscosity o1 . *nr (luids, with trends that are valid for almost all nanofluids. However,
it should be noted that 1st the »rediction of trends by models (or correlations) is not sufficient, but it is
vital to have the mi-__nui. uncertainty in the estimation of thermal conductivity and viscosity when

the data are compa. »d witlt experimental (real) data.
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Figure 15. Variations of therm [ cona.. “*ivity and viscosity with temperature, volume fraction, and nanoparticle

size. Note th..* al 10st ull of studies on nanofluids have verified the above trend.

In this section, some wc *k foc using on the impact of uncertainties in thermophysical properties on the
results of nanofluic mode. ng are reviewed.

Mahian et al. [150] .- " .ated that although using different thermophysical models has a significant
effect on the valu.>s of heat transfer coefficient in solar collector tubes, there is no significant effect on

the outlet temperatui ¢ of solar collectors. Mahian et al. [151] found that using different thermophysical
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models may lead to opposite predictions of entropy generation between two rotatiig cylinders. For
natural convection in square and triangular cavities, Mahian et al. [152] noter. tu.* using classic
models for thermophysical properties instead of experimental based correlatic.as 1ay give opposite
predictions of heat transfer coefficient. Abu-Nada and Chamkha [153] al<o s..»wed that different
thermophysical models can give different trends for prediction of M. selt .umber in natural
convection of cavities. In other work, Abu-Nada [154] analyzed the r.'~ r  ditferent viscosity and
thermal conductivity models on flow and heat transfer characteristics st Al,")3/water nanofluid natural
convection flow in cavities.

Figure 16 highlights this note that using different thermophysical me .¢i: may provide opposite trends

for heat transfer coefficient variations.

Classic “hermophysical Models

(just consider effect of
concentration)

e

Advanced Thermophysica’
Models

(consider effects of nanonartic’»
size, nanofluid tempera’ are “nd
concentration, and 1 07.)

Figure 16. Using different thermoy hysic..” models may provide opposite trends for heat transfer coefficient

variations

4. Physical mocels for nanofluid flow and heat transfer

In analysis of a ther.aal system, one seeks to solve for the velocity and temperature fields and to use

these fields to determine integral measures such as heat transfer coefficient, Nusselt number, thermal
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efficiency, and entropy generation rate of the system. In this section, we present t1e main physical
models used to describe the nanofluid flow and heat transfer characteristics. We oeg ~ by reviewing
the transport equations for conventional fluids, including continuity, the Navier stc tes equations, and
the energy equation, which are used for evaluating the velocity, pressure, and teny, rature fields due to
motion of a conventional fluid in an arbitrary geometry. This is followed " the « ztension of for the

conservation laws to nanofluid flows.

4.1. Transport equations for conventional fluids

In the following equations, V is the velocity vector, p is th= presst e, T is the temperature, | is the
identity matrix and F is the summation of external body i.ces (due to gravity or magnetic field)
discussed in section 2. The transport equations a.. written below for steady, Newtonian,

incompressible flow of a conventional fluid with a dvrisie ¥, a thermal conductivity of k¢, and a
viscosity of x,. The continuity equation states the .~ nire nent of mass conservation for the fluid, and

is given by:

V(r,;v, =0 (118)
The momentum equation is obtained by pply ~¢ che Newton’s second law applied to an element of a
viscous fluid and is given by
p,(V-VIV==vbGr -V [u (VV+ VWH+V-[AUV-VII+F (119)
In the above equation A is the se.u. 1 coefficient of viscosity due to viscous effects of volume changes,
and usually can be considered to * : negligible. However, A ~ — 2u¢/3 is a common approximation

for this parameter, when it”s nc. igr orable. In addition, p (V- V)V is the convective term, —Vp is the

pressure gradient, V- [/ (VV + VV7")]is the viscous diffusion term where the viscosity is a function

of temperature and n~~op...“"_ie concentration.

Considering the (v« ry com non) case of incompressible flow with constant viscosity and density and

ignoring the ser .~ viscosity coefficient (1), the momentum equation can be simplified as follows:
pr(V-VV) =—Vp+ u;V?V+F (120)

The energy equation that indicates the temperature field (7) can be written as
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V-(p;e, NT)=V - (k,VT)+® (121)
In the above equation, the left side represents the thermal convection, V-(kaT) V- (k,v ™) is the heat

conduction and @ is the viscous dissipation function, which arises from the wc 'k d /ne against viscous

forces and for a Newtonian incompressible viscous fluid and is given by:

R (6u)2 N (617)2 N (6w>2 N (av N 6u>2 N (aw N 617)2 PRI .3"/)2 (122)
17 \6x) T \ay) T \az ax " ay) " \ay " 9z) T \o.” ox
+ A(V.V)?
It is also worth mentioning that the viscous dissipation energy is usually 1gnored with respect to the

other energy transfer terms. In the remainder of this section, we ha. ¢ nes iected the viscous dissipation

source term on the right side of the energy equation.

The component forms of the above equations are presented .~ Appendix A for different coordinate

systems.
4.2. Transport equations for nanofluids

Considering the transport equations mentionea ‘"t vo..ventional liquids, we will develop governing
equations associated with different approaches for nanofluid flow modeling in the next sections. In
this regard, Fig. 17 presents the main app raches or nanofluid flow modeling, which can be classified

as either single-phase or two-phase app oaches.
4.3. Single-phase approaches

A nanofluid is inherently a tw ,-ph ise fluid (solid-liquid); however, for numerical simulations under
certain conditions some apr.opria.~ assumptions can be made to model nanofluids as single-phase

fluids.

In single-phase models the go erning equations are solved only for an effective liquid phase. Single-
phase based mode'. can ve divided into three main approaches including homogenous, thermal

dispersion, and Buc ngiorn » models. In the following each model is described in detail.
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Figure 17. Main approaches jo.  nanofluid flow modeling

4.3.1. Homogenous model

The simplest approach for mode ing o1 aanofluid flow is the homogenous model. The main

assumptions in this model are:

- The slip between the base liqu..' :nd the nanoparticles is negligible.

- The size of solid particles . = ultr «fine and dispersed uniformly throughout the base fluid.

- Solid and fluid phases are in ) ydrodynamic and thermal equilibrium.

The above assump ions in »nly that any interphase forces and thermal exchange between the fluid and
the solid particles can . neglected. Therefore, the mixture of nanoparticles and the base fluid can be

considered as a c<mngle-phase continuum with certain effective material properties. Figure 18

schematically describes the single-phase flow approximation for nanofluid flow in a tube.
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Homogenous model

pkp.Pp  Hpcpkypp “
A | '+ F=0 (no slip)
@ . t

Tp=T¢
O..O.l....l.......... Vo=Vt

HnpiCupKng, Pns

Figure 18. A schematic of the single-phase homogenor - moa.' in which effective properties of the mixture are

used to capture the nan-vas Cicle influence

The transport equations given in part 4.1, can be wiodified for nanofluids, considering negligible

viscous dissipation and A = 0, and applyir ; the h 'mogenous model as follows:

Continuity equation:

v V) =0 (123)

Momentum equation for a nan- fluj . with variable viscosity:

pnf(\/-‘7)V ———Vp+V-[,unf(VV+VVT)]+F (124)
Regarding the momentur- 2qua. - a presented above, it should be noted that in many studies on
nanofluids the viscosity is cons dered to be a function of temperature and concentration. In such a
case, it is necessary (o include (VV)T in the viscous shear term.

Energy equation:

V-(0,,¢,y V) =V -k, VT) +® (125)
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Selecting suitable models for thermophysical properties of nanofluids (mainly the'mal conductivity
and viscosity) is the main challenge of this approach. The properties can be cor siuc"=d as constant
(temperature-independent) or temperature—dependent, depending on thr | oblem and the
characteristics of the mixture. A large number of studies have been conducted reg ‘rding the modeling
of the nanofluids by employing the homogenous single-phase model. Herr, . ome . ‘udies that utilized

homogenous model are reviewed briefly.

Saha and Paul [155] simulated the turbulent flow of water-based \l,O; ¢1d TiO, nanofluids in a
horizontal tube under constant heat flux boundary condition usi* gz homougenous single-phase model
and temperature-dependent properties. Demir et al. [156] simula._u for.ed convection of Al,O; and
Ti0O; based nanofluids in a heat exchanger with double tube struciw.-e. The homogenous single-phase

model was used to solve the problem.

Namburu et al. [157] studied the turbulent flow of EG/wa. r nanofluids having SiO,, Al,O3, and CuO
nanoparticles in a tube using homogenous single-phas > nr <.! with temperature-dependent properties.
Moraveji et al. [158] investigated the convective . ~at . ansfer of Al,Oj/water nanofluid flow as a
single-phase liquid in the developing region c* a tur= with constant heat flux. Manca et al. [159]
analyzed the forced convection of alumina/water -~anofluid in a two-dimensional channel under
uniform heat flux using homogenous s'agle- hase approach and the properties were assumed
temperature-independent. Ahmed et al. '16u] st died the laminar convective heat transfer from tube
bank under constant wall temperatur co .diti sns in cross flow using Al,O3 nanofluid. Vajjha et al.
[161] carried out a numerical ana’sis ot ..uid dynamic and heat transfer performance of ethylene

glycol/water-based Al,O3 and Cu() nano.:ids in the flat tubes of a radiator.

For obtaining Nusselt number a..~ heat transfer coefficient as indicators of heat transfer enhancement
in some simple problems su n 25 natural convection in enclosures where the walls have either
constant temperature or ~...abau. conditions, Abouali and Ahmadi [162] showed that there is no need
to solve transport equai ons wl ere the nanofluid is assumed as single-phase and homogenous. In such
cases the heat trans.er en~ancement can be estimated simply just by calculating the ratio of nanofluid

thermophysical proy. ~rties (o base fluid properties [162]:
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Nu’!f — ka - 'u_”f - Cpnf ! ﬁ " ﬂ o (126)
Ni uy k» P Hy Cpr ﬂf Py

el G ) w
hy ky Hy Co.f By Py
where the value of m depends on the geometry and boundary conditior- <f the , roblem. Standard

correlations are then used to determine the Nusselt number and heat tr. nsfer ¢ yefficient of the base

fluid. In this way, the computational time reduces significantly.

Figure 19 shows the schematic of different enclosures in which he.* transfer enhancement due to
natural convection of a homogenous nanofluid was estimated v usir 2 Egs. (126) and (127), and the

results were in good agreement with CFD simulation results [16."

Continuity equation:

Vonv)=0 - . . ;
Nu and hare obtained using properties,
Momentum equation’
Paf(v.V)v=-Vp + V. (y, Vv) ¢ F I’
Energy equation: Nige [ ky T bt 0 5, i} By " Pt -
w1t Vel e G

v. (Pe:r Cpnf I.-'T) = v’(' ‘ W)

l-m -, - L] I
l he L g Comr | | Par | | Prur
et [ | Sl M B Gl 1
he \Vhke ) Ve ) \epe) \Br ) Loy )

Nivand hare obtained using “+mn ature field.

Figure 19. In simple , voblems, when the nanofluid is assumed as single-phase homogenous, the heat transfer

enhancement can be estimated simply by calculating the properties [162] .
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The thermal dispersion model was studied by Xuan and Roetzel [163] by moc fyir g the homogenous
single-phase model. Random and irregular motion of nanoparticles raises the . ~ergy exchange rate in
the nanofluid and induces small perturbations in both velocity and temr erat ..~ The intrinsic phase
averages are defined in analogy with turbulence, and are given as:
V=v+V (128)
T=T+T' (129)

where V'and T’ stand for fluctuations in velocity and tempera.we due to nanoparticle chaotic

movement and mean values are given by V = vi fvf Vay «d1 = vi fvf Tdv where V is volume of
f f

the working fluid. By neglecting the boundary surface bc-veen the fluid and the nanoparticles, the

energy equation is written as:

V(0 ¢,y VT) =V - (ky VT , =7 (2,0, VT (130)

The second term on the right side of the above equation demonstrates the perturbation effect of
temperature and velocity in enhancing the aeat flu < in the energy equation. The heat flux generated by
the thermal dispersion in the nanofluid “i1ow is ccmputed as follows:

qqa = “npe, =f) T = —kqVT (131)
where k is the dispersion therma’ co.. Mictivity. The energy equation can be rewritten as:

VP VT) = V[ (kK VT (132)

In fact, k,; reveals the therm .l dispe..ion contribution to thermal conductivity enhancement.
Xuan and Roetzel [163] p.. «ose « the following model based on a porous media formulation for
estimation of dispersior thern. I conductivity in nanofluids:

ky = C*(pcp)anR (133)

where R is the *~4is or a tube in which the nanofluid flows and C” is a constant that can be obtained

by matching the e. serimental results.
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Khanafer et al. [79] suggested the following relation for estimating the di;persion thermal

conductivity:

ky = C(pcp)anVldqu (134)

In the above equation, the effects of particle size and nanoparticle volume f ... ‘ion ..2ve been included.
Mojarrad et al. [164] proposed a new correlation for determination of dis, =r .1on thermal conductivity
by investigating the heat transfer performance of Al,O3/water nanoflu’ i in a ~ircular tube as follows:
i o), 22
Although in the above equation, there is no velocity term “V”, ..~ effe~* aas been considered indirectly
by involving a temperature gradient in the relation. It shoul? be not :d that sides in Eq. (135) are not
compatible dimensionally.
A more accurate correlation for the dispersion thermal co.. Muctivity in radial direction was presented
by Bahiraei and Hosseinalipour [165] as:

v\
kg = c(pcp)nf (6_:) ¢ U R,

In the above relation, which is presented for fully ('>veioped flow in a horizontal tube, the nanoparticle

(136)

distribution has been considered as a functi~~ of radius within the tube. The approach for obtaining
¢(r) 1is not presented here, but the rc ders ¢ in refer to Refs.[165-167] which discuss particle
distribution in the tube due to migratio .. E“fective parameters that can be considered for migration are
Brownian motion, non-uniform shea ratc, vic cosity gradient, and thermophoresis.

Several researchers employed the sin.'e-phase thermal dispersion model to simulate nanofluid flow
and heat transfer. Kumar et al |1 8] carried out an analysis of flow and thermal field in Cu/water
nanofluid in a thermally driv~n tw ~-dimensional cavity using a single-phase thermal dispersion model.
Ozering et al. [169] consid red nor ogenous model to simulate the Al,Os/water nanofluid inside a tube
with various boundary r oudition.. They found that the estimated values of heat transfer rate with this
numerical method are 'ower han experiments. Therefore, the thermal dispersion model was also
examined and gooc agree nent with the experimental data was achieved. Heris et al. [170] showed the
high ability of ther..~! “.spersion model to predict the heat transfer rate due to nanofluids flow in
circular tubes by cc.nparing the simulation results against tests data. Ameri et al. [171] investigated
the capacity of nano.luids for heat transfer enhancement in a metal foam tube where dispersion model

was used in the modeling. In this article, the distribution of nanoparticles was assumed to be non-
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uniform. In another research, Bahiraei and Vasefi [172] simulated laminar flow of di“ferent nanofluids
in a horizontal tube using both the homogenous and thermal dispersion models wh. > non-uniform
distribution of nanoparticles was included in the dispersion model. They found f'iat vith an increase in
Re and particle loading, the thermal dispersion model is more suitable than homo, nous technique for
predicting experimental outcomes. Bahiraei and Hosseinalipour [173] util’_. 1 thc *hermal dispersion
model for simulation of convective heat transfer of TiO,/water nanofluic “lo v in a circular tube using
non-uniform concentration distribution. In another study, Bahiraei and Hoss~inalipour [165] compared
the efficacy of thermal dispersion (non-uniform concentration di.‘ribut'on) and Euler-Lagrange
approaches to predict the heat transfer rate inside a circular tub¢ wi*’: a"'umina/water nanofluid flow.
The results revealed that in terms of both computational accura.;’ an uame of calculation, employing
the thermal dispersion model is affordable. Akbaridoust et ~I. [17¢] investigated nanofluid flow in
helically coiled tubes using both the homogenous and thermai 'ispersion models. The results revealed

higher accuracy of thermal dispersion model compared to ..~mogenous model.

In 2006, Buongiorno [21] proposed a model to im, ~ove the homogenous single phase and thermal
dispersion models. Buongiorno studied the :ttec. of seven slip mechanisms including: 1- the inertia, 2-
Brownian diffusion, 3- thermophoresis, 4- a.”%1si sphoresis, 5- Magnus effect, 6- fluid drainage, and 7-
gravity and concluded that Brownir 1 d rfus‘on and thermophoresis are the most important slip
mechanisms in nanofluids, in agree aent w1« our arguments in Section 2 of this article. In this model,
the effect of the base fluid and the nan. particle relative velocity is described more mechanistically
than in the thermal dispersior mo .el. Based on the findings of Buongiorno [21], a two-component
four-equation nonhomoger -ous ey iilibrium model for transport equations in nanofluids was
developed. By taking into ac > «unf drownian and the thermophoresis effects, the transport equations in
the homogenous mode] are co. verted to:

Continuity equation:

V- (p,V) =0 (137)

Momentum equ “uu.

Py (V-VIV =—Vp+ V[, (VWW+W)] (138)
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Energy equation:

VT-VT (139)
VA(pnrCpnsVT) = V{knsVT) + (pcp)p [DBqu VT + Dp—
Conservation equation for the nanoparticles:
V.-V¢=V:[D,Vé¢+D,VT/T] (140)

In Eq. (139) Brownian diffusion and thermophoresis (or thermal ‘iffus..n coefficient) can be

expressed respectively as:

_ kgT (141)
B 3y rdy

Dy = 0.26——nf__Hns (142)
2knp + Ky Pny

where kp is the Boltzmann constant.

Several studies have been conducted regarding the analysis « © convection heat transfer of nanofluids
based on Buongiorno’s model. Sheikholeslami et al. [1, 5" studied heat and mass transfer characteristic
of unsteady nanofluid flow between parallel pla.>s "nder the effect of a magnetic field using
Buongiorno model. Sheikholeslami and Rokni | .76 applied the Buongiorno model for evaluation of
nanofluid flow and radiation and melting heat transfer over a stretching plate in the presence of a
magnetic field. Garoosi et al. [177] carrie - out a ) umerical simulation of natural convection of water-
based Cu, Al,O3, and TiO; nanofluid .n e 2D cavity having several pairs of heater and coolers by
Buongiorno approach. In other studies, Garoosi et al. [177,178] analyzed natural convection and
mixed convection of Al,Os/water .aa..~fluid in a square cavity using Buongiorno model. Malvandi et
al. [179] studied the fully-deve! spc 1 mixed convective through an annulus with vertical position. The
employed approach for the moac’” 1g of nanofluid included the modified two-component four-equation
non-homogeneous equilib.unr medel. Moreover, Malvandi and Ganji [180] evaluated the mixed
convective heat transfer _f ai. ina/water nanofluid inside a vertical microchannel and modified
Buongiorno's model w: s empl yed which fully accounted for the effect of the nanoparticle migration.
Shehzad et al. [181 carriad out the study of convective heat transfer of nanofluid in a wavy channel
and the mathematic.' forr.ulation was processed utilizing the Buongiorno's model. Sheremet and Pop
[182] investiga.»d uc steady-state natural convection in a square porous enclosure filled by a

nanofluid using Buc 'giorno model considering the Brownian diffusion and thermophoresis effects.
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4.4, Two-phase approaches

Nanofluids act like two-phase fluids. In the two-phase approaches, the base lio- "1 and nanoparticles
are modeled as two individual phases with different velocities and possible 'ff:rent temperatures,
such that the particles may move relative to the base fluid (the relative velocity ~f particles through a

fluid is called the particle slip velocity, although it is not related to the .10-s ip “oundary condition).

1
T

Although the two-phase approaches may get more realistic results '~ cow.‘dering the movement
between the fluid and nanoparticles, but they require longer simulat on tim s for simulation and the
models are more complex. The two-phase approaches are categor’zed i~ two general groups, known as
Eulerian-Eulerian and Eulerian-Lagrangian models. In the Eul=tian-Eu’ srian approach, both the base
fluid and the nanoparticles phases are considered as interacting co. tinua. On the other hand, in the
Eulerian-Lagrangian approach, the base fluid is considerea .~ be .. continuum while the nanoparticles
are considered as a discrete phase. (Eulerian-Lagrangi. -« approach sometimes also called discrete-
phase approach). In the Eulerian-Lagrangian approac’., “»= naih of nanoparticles is determined [183].
Figure 20 illustrates the concept of Eulerian-Euleri~n anc Eulerian-Lagrangian approaches, where blue
arrows indicates the fluid path and red arrow sho v w.e particle path. For a given problem, the
Eulerian-Lagrangian generally takes a longer ti.~ to perform the computation than the Eulerian-
Eulerian approach, but the Eulerian-Lagrar ...~ results are more accurate and the model can be used

for a much broader range of problems.

Eule ian-La rangian Eulerian-Eulerian

Figure 20. Concept ¢/ Eulei ‘an-Lagrangian and Eulerian-Eulerian approaches, blue arrow indicates fluid path

and red arrow shows , “rtic’ . path.
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Eulerian—Eulerian models (e.g. two-phase approaches) cannot be assigned for tre cki.~ the trajectory
of suspended particles in fluid [184]. These models can be categorized as (i) v siu e of fluid (VOF),
(i1) mixture, and (iii) Eulerian models. Among them, mixture model is mos. ~opular as will be

discussed.

4.4.1.1. Volume of fluid (VOF) model

The VOF model is applicable for multiphase immiscible fluid regimes . * wb’ch the interface between
fluid phases should be tracked. Some applications of this model a e s’ aui ition of bubble growth, free
surface flows, stratified flows and liquid-gas surface tracking pro. 'ems. [his model is not most
convenient for application to nanofluid flows, since nanoparu. '=s are typically much smaller than the
computational cell and are dispersed in the base fluid. Thereto.> for nanofluid-flow simulations
(typically assuming well-mixed nanoparticle-dispersion) en. loying the VOF method would be
inappropriate, compared to the faster/cheaper Euler-Eu'=r - ppioach (provided that the nanoparticles
are <100nm). However, in cases of nanoparticle-sti. = in, >ction into a moving fluid, VOF approach
would be the way to simulate the two-fluid mix’ -5 »~roc=ss. Nevertheless, some authors used the VOF
for nanofluid flow simulations and therefore it is included here for completeness.

The VOF model has been used to track the n. noparticle concentration by solving the continuity
equation for the base fluid over the dor ain 0. <t «dy using a single set of Navier-Stokes equations for
the base liquid and particle phases {* d .terr.ine the values of velocity shared by the two phases.
Similarly, a shared temperature is ¢ ‘tained nom a single energy equation [185].

The continuity equation can be evnressed ds:
V'(¢qpqvq):0 (143)

where ¢ indicates the phass. Fo ex~mple, ¢ is equal to 1 for the base fluid and 2 for the nanoparticles.
The summation of the vr!_me 1. -tions of phases is one, or %¢_; ¢4 = 1.

The momentum and e1 >rgy e uations are identical to the momentum and energy equations for the
single-phase homo' enous model.

Naphon and Nakhai ~tr I'86] considered the flow and heat transfer of TiO, nanofluid through mini-
channel heat sit.'s. 1ne model predictions compared well with experimental results, indicating the
effectiveness of the VOF model. Akbari et al. [185] compared the accuracy of single-phase and the

three Eulerian-Eulerian models in the estimation of experimental data for combined convection and
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laminar flow. First, they pointed out that the three two-phase models provide simi‘ar predictions of
experimental data and are more accurate than single-phase. Second, among two- sha.~> models, VOF
was suggested since it needed the lowest computational time.

Rashidi et al. [187] compared two-phase and single-phase approaches for the Cu, . ater nanofluid flow
in a channel with wavy walls. The single-phase model and three different t~ . ohas. model predictions
(VOF, mixture, and Eulerian) were studied, and their results were ~oripared. Davarnejad and
Jamshidzadeh [188] analyzed turbulent heat transfer behavior of the M gO/w~ter nanofluid in a circular
tube using three individual models including single phase, VOF and m.~ture [t was concluded that the
VOF model and the mixture model were more accurate than the sin‘ .c- hase model for heat transfer

prediction.

4.4.1.2. Mixture model

The mixture model can be implemented for flows —ith two or more phases, considering n as the
number of phases. In this model it is assumed that each -aase has different velocity and concentration
fields. The mixture model accounts for the coupi.ng “etween fluid phases and is applicable for
dispersed particulate fluids with low interphas. coupling, low concentration bubbly flows and
separators. Hence, this model has been emp!~: =d for nanofluid flows when a nanoparticle phase exists
and nanoparticles closely track the fluid f. ~w. The base fluid influences the nanoparticles via drag and
turbulence, while the nanoparticles 7.fec’ the base fluid via reduction in mean momentum and
enhanced turbulence dissipation. A0, 1. <h-.uld be noted that the model requires less run time and
CPU usage than some competing mou s and it sounds precise for a large group of multi-phase flow
problems [26]. The mixture mode , in contrast to the VOF model, can model the interpenetrating
phases and allows the phase~ to ..~ve different velocities. As can be seen in the following equations,
the mass conservation anc enf.gy -quations of the mixture model are similar to those of the single-
phase model. However. ..¢ mou.entum equation in the mixture model has an additional term to take
into account the relativ » velor.ty (also known as drift velocity) between the phases. In addition, the
volume fraction eq .ation < also solved for the secondary phases:

Continuity equation.
V- (pmvm) =0 (144)

Momentum equation:
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n (145)
Pm (Vm ’ v)\/m = _Vp +V: [lum (Wm + Wrz;)] +V- ( Z ¢prkvdr,kvdr,k j +F
k=1
Energy equation:
" L 146
V'kz_l(¢kpkcp,kvak)=V'(k2_41ke,{f'VTk) ( )
Volume fraction equation for a secondary phase p:

V-(,0,V) =V (8,0, V) (147)
where Vi, i 1s the drift velocity of phase &, which is defined as V, ... =V — V,,,. The mixture velocity
V. 1s given by:

_ 2k=1PrPiVi (148)

v
m Pm

The other mixture properties such as pp,, iy, and k.rf cou'1 be evaluated using the common single-

phase correlations. The following relations could provi'e - ppropriate estimations, as well:

n (149)
Pm = Z ol
k=1
— (150)
Um = L Q'
n 1
n 151)
. (
kepr = . 4 ¢ (kg + k)
k=1

where k; represents the turbulent therma. ~onductivity.
The above mentioned equatic.as ¢.e not closed and another equation is required to find the drift
velocity:

(152)

where V, is the sli~ . elociy between the secondary phase p and the primary phase g, and for laminar
flow can be modelc 1 using the correlation proposed by Manninen et al.[189]:

= T (=) (153)
a fdrag pp
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In the above equation, 7,,, @ and fu,4 are the particle relaxation time, acceleratio’. vector and drag

function, respectively. 7, and a are defined by:

__pwdi (154)
P18y,
a=g-— (Vm'v)vm (155)

Schiller and Naumann [190] suggested the following relation for fg,qg:

_ {1+40.15Re®87 Re <1000 (156)
fdrag
0.0183Re  Re > 1000

Other scientists have also suggested some correlations to acco. "t f,,.q44, and among them the work
done by Morsi and Alexander [191] can be mentioned.

Most of the numerical nanofluid studies in the literature have ¢ mployed the mixture model because it
is relatively accurate and requires less computational pow ~r than many other methods. Labib et al.
[192] studied the convective heat transfer coefficie. t c. ~l,Os/water-ethylene glycol and Al,Os-
CNTs/water nanofluids flowing in horizontal circu . tur » using the mixture model. Safikhani et al.

R

[193] used the mixture model to calculate ':~ hect transfer coefficient and pressure drop of
ALOj/water nanofluid flow in horizontal flat tubes. The same configuration has been examined for
water-based Al,O; and Al,Os—Cu hybrid nanoi.1ids by Moghadassi et al. [194]. Mirmasoumi and
Behzadmehr [195] evaluated laminar fl- w (1. v¢ d convection) of a nanofluid composed of water and
ALO3; nanoparticles flowing in a tub. us.ng ‘wo-phase mixture model. A two-phase mixture model
was employed by Goodarzi et al. "' 96] to 1avestigate mixed convection of Cu/water nanofluids in a
rectangular shallow enclosure. Si~vashi aud Jamali [197] analyzed entropy generation due to turbulent
flow of TiO,/water dispersion. in .n annulus by using two-phase mixture model. In another study on
the application of two-phe.e rixtuie models, Siavashi et al., in three different works [198-200],
investigated nanofluid flow msi.e a porous tube and annulus [198]. Toosi and Siavashi [201]
employed the two-phas 2 mixt. "e model for numerical simulation of Cu-water nanofluid flow inside a
partially porous cavi‘. Y. uoubi Emami et al.[202] used the mixture model to simulate two-phase
Cu-water nanofluic flow ir side an inclined cavity with different hot wall configurations. Siavashi et al.
[203] used the ..~ model to solve Cu-water nanofluid natural convection inside an enclosure using

porous fins. Later, Siavashi and Rostami [204] employed a two-phase mixture model to model non-

Newtonian nanofluid in a porous annulus and presented the mixture equations in the non-dimensional
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form. Moraveji and Ardehali [205] performed CFD modeling of laminar forced cor vection on Al,O;
nanofluid in minichannel heat sink by four individual models of single phase, VOF, n.."ture, Eulerian.
It was concluded that the best approach for modeling was the mixture mecael. considering both
accuracy and computational speed. Shariat et al. [206] evaluated the particle si.. impact on laminar
mixed convection of Al,Os/water nanofluids in a duct with elliptic cross ..-tion ~mploying the two
phase mixture model. Recently, Maghsoudi and Siavashi [207] employe. 2 * wo-phase mixture model
for simulating mixed convection of nanofluid flow in a porous lid-c.1ven -~avity to find the optimal

pore size configuration.

4.4.1.3. Eulerian model

The Eulerian approach is the most complex multi-phase mc el . ~ .0 the strong coupling between the
phases. The Eulerian model supports volume fraction va’ .. ...gng from dilute to dense, and can also
be used with low to high values of particulate mas~ loading. In the Eulerian model, the transport
equations are solved independently for each phase, v ".iich is the primary difference between the
Eulerian approach and the mixture model[208]. The ,re. ure and interphase exchange coefficients are
utilized for coupling of the equations, depending ~n we type of fluid phases (such as fluid-fluid or
fluid-solid). This model is appropriate for s*—nlation of bubbly flows, fluidized beds and particulate
flows, and can also be implemented for na.~fluid low simulation.

Ignoring the interphase mass transfer. the governing equations of a particulate laminar flow (fluid-
solid) for the Eulerian model is prese ateu ~< fillows.

The continuity equation for phase 7 ca. he expressed as:
V'(¢qPqVq)=0 (157)
Obviously, the summation ¢ voluni. fraction of all the n phases is %1 ¢, = 1.

The momentum equation is g’ ‘en "y:

T n (158)
PP, (N, VIV, ==V +V-[, 4, (VV,+VV, )]+pz::1qu +H(F+F +F, +F),
where Ry, is the i teracti m force between the fluid phase ¢ and the particulate phase p, F, F;, F,,
and F4 are bod_ , I wall lubrication and virtual mass forces, respectively. It should be noted other
forces may be pui.>d in the above equation as explained in section 2. The interaction force R, is

calculated by:
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n (159)
Rpq = Z Kpq(Vo = V¢)
p=1
in which, Kp, is the interphase momentum exchange coefficient.

For a nanofluid flow, K, should be defined according to the relation prop ssec ;> Wen and Yu [209]

for dilute fluid-solid flows.

K = EC $pPaPalVy = V4 265 (160)
pq = 3 ~d d, q
The drag coefficient, Cy, is given by:
24(1+0.15(¢gRe,) ") (161)
Cn =
b PqRe,

where Re,, = p,d,|V, — V4|/1y-

The lift force, F;, acting on the particles is caused 7 the elocity gradient inside the primary phase g,
and for nanofluids with nano-scale particles is rot sig: ificant. The wall lubricant force, F,,;, is a force
acting on the secondary phase p and takes it away 1. “m the wall. This force is important in gas-liquid
flows and has negligible effect on nanofl’ «d 1.. ws. The virtual mass force, F,, should be included
when the particulate phase p accelerates w..™ re pect to the fluid phase ¢. This force should not be
respected for steady flows or nanoflu’d fl ;ws since the nanoparticle density is much greater than the
base fluid density [210].

The energy equation is given by:

Vi Vi) = T, (W, + V] )| TV, 20, e
where Qpq = hpq (Tp —Ty) “+ tb. interphase heat exchange coefficient. h,, is the heat transfer
coefficeint between pl ises ai. 1 can be specified as a constant value or be defined as a function of
Nusselt number, hy, = (vi.ypq ¢pNup) / df,. Nu,, can also be calculated from the Ranz and Marshall
[211] model as:

Nu, = 2 + 0.6Re,**Pr0-33 (163)

Pr is the Prandtl number of phase ¢ and is given by:

71



_ Spallq (164)

Pr 7

q

As can be seen in the above mentioned equations, the Eulerian model considers ~."“erent temperatures
for the particulate and fluid phases. Concerning nanofluid flows, nanoparticle. b .ve very small size
and could be considered to be in local thermal equilibrium with the base flnid. . »nce, the solution of
an additional energy equation for nanoparticles is not beneficial and doe, no m.yrove the simulation
accuracy. Anyway, the Eulerian method has been used in a few inv_.igatic1s of nanofluid flows.
Kalteh et al. [210] studied the prediction of Cu/water nanofluid low ir an isothermally heated
microchannel using the Eulerian approach. Using the same appro'.ch, ¥ ~g et al. [212] studied the flow
and heat transfer of bio-nanofluid in circular channel. Predicticns show.d that the difference between
results of Eulerian approach and experiments was only 7% while it vas 35% for single phase model.
Lotfi et al. [213] examined alumina nanofluid flow with ‘~rceu convection in horizontal conduits
employing two-phase Eulerian model. It was shown th.. poth single-phase and the Eulerian models
underestimate the Nu number. Hejazian et al. [214 | ~~¥armed a comparative study of Euler and
mixture models for nanofluid turbulent flow insi'e a . orizontal conduit. They found that the two
models almost showed the same results. Sabaghan et .. |15] employed Eulerian two-phase model for
the simulation of TiO, nanofluid flow in microcannels with six longitudinal vortex generators.
Ebrahimnia-Bajestan et al.[216] analyzed ..~ heat transfer characteristics of water-based TiO,
nanofluid for application in solar heat exc..>nger using single-phase, Eulerian-Eulerian, and mixture
models. They revealed that Eulerian r .ode. is not able to predict the experimental data accurately, so
they modified the common mixtr.e mo.'=.. Behroyan et al. [217] compared the predictions of
numerical models to evaluate turbulem ~w(gravity influence was neglected) of Cu/water nanofluid in

a pipe under fixed value of hea’ flur and illustrated that the Eulerian model gives inaccurate results.

In the Eulerian—Lagrar gian m idel, the fluid phase is considered as a continuum medium by solving
the momentum equ-..uns aud the particle phase is modeled by solving for individual particle motion
using the particle n »tion t ieory in the Lagrangian reference frame [208]. The influence of particles in
the fluid is int1 ‘'wu. 7 2s source terms in the momentum and energy equations. The dispersed phase
can exchange mon »ntum, mass, and energy with the fluid phase. Our presentation of the Eulerian-

Lagrangian method makes the common assumption that the dispersed second phase occupies a small
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volume fraction; however, the model can be easily extended to dense flows. A limita“ion of this model
is that it requires high memory and computational time. Not only are the number c. na. 2particles very
large, but the small value of Stokes number for nanoparticle flows introduces r um. rical stiffness that
necessitates use of small time steps, which is a stability requirement in explicit nu. ‘erical methods and
necessary for accurate computation of particle drift in implicit numerics. methc is. The governing
equations are written for the base liquid as follows.

Continuity equation:

Ve(p,V,)=0 (165)
Momentum equation:
pr(V, VIV, ==Vp+V-[u,(VV,+VV)]+ ", (166)
Energy equation:
Ve(pre, NT)=V-(k,VT '\ ro, (167)

where S,, is the momentum source term vector which «p. ~~nts the momentum transfer between fluid
and particles, and S, is the energy source term v “ich _ives the energy transfer between fluid and

particles. These source terms can be computed bv ave, ging over a grid cell as

n

" Tp‘ (168)

Sm =5—,L‘mpr

p=1

n

L vh dr, (169)
Se :O ,/ 7LPCPPE
N

where the subscript p refers to pat.cle, .. and F,, respectively denote mass of the particle and the total
force per unit mass of the part'cle - cting on the fluid, 0V represents the grid cell volume and 7, is the
number of solid particles w’.hin a <~ volume. The particle force on the fluid (i.e. F) in Eq. (168) is
the negative of the sum of .. » vari ,us hydrodynamic forces acting on the particle, including Brownian
motion, drag, Saffman .nd M 9nus lift, pressure gradient force, thermophoretic force, and virtual mass
force, which were discus. »d i~ Section 2.

The energy equatic 1 for th * particle can be written as
dT,

L= Nup”dpkf(Tf - Tp)

(170)
v g

my

where the Nusselt . umber Nu, for heat transfer to the particle was evaluated using the Ranz and

Marshall correlation presented in Eq. (163).
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Particle trajectory motion equation could also be written as follows to find the particl- position:

av, (171)

m, ar F,

A large number of research studies have been conducted to simulate nanoflui. “Ic & and heat transfer
using the Eulerian-Lagrangian approach. Due to the limitation on the number ¢ narticles that can be
handled, this method is particularly well suited for modeling the micron :chr.iic. of a nanofluid flow
field for problems on a scale of up to about one million particles.

Rashidi et al. [218] employed Eulerian- Lagrangian approach (two- vay cc 1pling) to simulate fluid
flow and heat transfer inside a channel equipped with two square oloc'-~ where the working fluid was
a mixture of water and alumina particles (sizes between 30 nm ~na v.5 v a and a concentration of 1%).
They used ANSYS-Fluent software to solve the problem. Figure . 1 displays the algorithm for the

CFD simulation of the mixture fluid flow in the channel usi.- Euic.ian-Lagrangian approach.
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Figure 21. Numerical procedurc to s« 've mixture flow using Eulerian-Lagrangian approach [218].

He et al. [219] studied TiO; » ano.. "id flow(laminar regime) through a tube using both the single phase
method and the Eulerian-L arr agiz.1 method. The numerical results were compared with experimental
data and reasonably gor u agreeiuent was achieved. Bianco et al. [220] used the same model to study
the laminar forced conv *ction of Al,O3 nanofluid in a tube and mentioned that there is a difference of
11% comparing th : heat ransfer coefficient resulting of the Eulerian—Lagrangian model and that of
the single phase modJ~! Tahiraei [221] used two-phase Eulerian-Lagrangian method to evaluate the
effects of adding v O nanoparticles to pure water on the rate of heat transfer in a straight tube. It was
found that the Euler- -Lagrange method gives more accurate predictions of heat transfer rate compared

to the single-phase homogenous approach. In another study, Bahiraei [222] focused on particle
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migration effects on heat transfer rate through simulations done by Eulerian—Lagre 1gian simulation.
By employing the Eulerian-Lagrangian approach, Kumar and Puranik [223 s..~ulated forced
convection heat transfer of Al,Os, TiO, and Cu nanoparticles dispersed in water anc r fully-developed
turbulent flow in a circular tube where its surface was heated uniformly. The * results were also
compared with the single phase model. The comparison indicated ths. *he . :lerian-Lagrangian
approach was more precise. Bahiraei et al. [224] assessed the hydrothei. ~al characteristics of Mn-Zn
ferrite nanofluid under a magnetic field using the Eulerian-Lagrangic a« methoa. Ghasemi et al. [225]
evaluated the laminar forced convection heat transfer of the w -ter-b.sed nanofluid inside a
minichannel heat sink using the Eulerian—Eulerian two-phase mcde] 11 *ir simulation results were in
excellent agreement with the experimental data and the maxin..m c..1ation from experimental data
was 5%. Sonawane et al. [226] employed Eulerian—Lagi.~gian "10del to study turbulent forced
convection flow using nanofluids at low concentration and ns nrecision was confirmed. Rostami and
Abbassi [227] studied conjugate heat transfer of nanoflu.? in wavy microchannels using Eulerian—
Lagrangian approach. The results again showed a gooc ags .v...ent with experimental results.

In earlier studies on the Eulerian-Lagrangian app:r ~.~h t~ nanofluid flow and heat transfer analysis,
the boundary conditions for nanoparticle interar*~n w.*h the wall are not typically discussed. In some
cases reflection boundary conditions were assumeau, while not explicitly stated. The influence of
particle-wall boundary condition on the ‘.anou 'id flows was studied by Rashidi et al. [228] and
Bovand et al. [229] where both reflecticn an.' tr- pping boundary conditions were used. It was shown
that the particle-wall boundary conc tio'. sisaificantly affects the near-wall flow behavior of the

nanofluids and the nanoparticle cor -entratio.is.

4.5. Comparison of differert app . naches

In the majority of nume~~al s.-<.1es on the flow and convective heat transfer of nanofluids, the slip
velocity between nano,article: and the bulk fluid is neglected and accordingly the effective single-
phase model is usrua. Hewever, it is clear that the corresponding results of this model have some
errors, such as una. vestir ation of the heat transfer rate, which has been widely reported for studies
using the homoy »nc ... model. These errors, of course, can be significantly reduced by employing the
temperature-depenc at thermophysical properties. Regarding the more advanced models like the two-

phase, Buongiorno, and thermal dispersion, the thermal dispersion model is more preferred due to its
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lower computational time. However, two-phase models provide most reliable resul’s by considering
major influential parameters including thermophoresis, Brownian motion, and sli, vi'~city concepts.
Two-phase models comprise of different approaches, including the Euleri-a-1 1lerian, Eulerian-
Lagrangian, mixture, and VOF models. The Eulerian-Lagrangian and mixturs m¢ 2ls are mostly used
in heat transfer studies of nanofluids compared to VOF and Eulerian mode’ ., ~ince *here are numerous
investigations indicating the superiority of these models regarding th. o’ ovision of more precise
results. It should be noted that the CPU and memory requirement is m-.ch hicher, and consequently the
computational time is much longer in the Eulerian-Lagrangian model ¢ *e to equirement of computing
the trajectories of each particle, which affects its range of app’ cat’sn ‘or numerical investigations.
Due to the complexity of nanofluid flow and heat transfer beha. ~t, {l._re is still a lot to do to reach a
final conclusion on the precision of different models for diffc. ~nt cas s.

Table 3 provides a collection of comparative studies in w.‘ch the results of different modeling
approaches have been compared with experimental data J~r nanofluid flow in a circular tube under
various regimes and boundary conditions.

As can be seen, there are inconsistencies among th - =sui.~ of the researchers and it is not clear at this
time which model is the best choice. However, “~= foi.owing notes can be considered when modeling
approaches are compared with each other and with ex, erimental data:

e Using temperature-dependent the mopu. sical relations for properties may increase the
accuracy of the homogenous mor'el so “h7. the deviation with experimental data decreases.

e Two-phase models involve mc.e ' nysical phenomena compared to the single-phase
homogenous model, so nat “ally theur corresponding results should be closer to experimental
data. In some cases that has bee. reported results of the homogenous model are closer to
experimental data; hov. ~ve', we note that both the experimental data and the numerical model
are subject to unccrtanties of various types. Some factors such as sedimentation of
nanoparticles, aggreg.. “or of nanoparticles and uncertainties in measurements which are not
considered in t! e matL *matical modeling may be the reason for high deviation of two-phase

model resulte “on. ...perimental data.

Ta. te 5 C_ mparison of various nanofluid modeling approaches in a circular tube.

Researcher s i Flow regime Findings
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Kumar and Puranik

[223]

Moraveji and
Esmaeili [230]
Bianco et al. [220]

Moghadassi et al.

[194]

Akbarietal. [185]

Akbari et al. [231]

Albojamal and Vafai

[232]

Bahiraei and
Hosseinalipour [165]
Bahiraei [233]

Goktepe et al. [234]
Hejazian and
Moraveji [235]

Hejazian et al. [236]

Haghshenas Fard et

al. [237]

Lotfietal. [213]

Mojarrad et al. [164]

Al,Os/water
TiO,/water
Cu/water
Al,Os/water
Al,Os/water
AL Os/water

Al,O5-Cu/water
ALOs/water

AL Os/water
Cu/water
AL Os/water
AL Os/water
CuO/water
AL Os/water
TiO,/water
TiO,/water
Al,Os/water
Cu/water
CuO/water

A1203/Water

A1203/Watf‘

5. Conclusions

Fully developed turbulent
forced convection

Fully developed laminar
forced convection
Developing laminar forced
convection
Fully developed laminar
forced convection
Fully developed laminar
mixed convection

Fully developed turbulent
forced convection
Developing laminar forced
convection
Developing laminar forced
convection
Developing laminar force ’
convection
Developing lam*~ar for. =d
convection
Developine turbulent
forcec conve. ‘ion
Develop.. ~ tur’ ulent
fo ced convection
Devei i .g la ainar forced
con, ection

Developing turbulent
forced convection
De ~loping laminar forced
convection

Constant wall
heat flux

Constant wall
heat flux
Constant wall
heat flux
Constant wa'’
heat flux
Constant wa..
heat flux

Consta..” wall
heat flu:

U ™nstaw. wall
hee flux
Constant wall
heat flux
Constant wall
heat flux
Constant wall
heat flux
Constant wall
temperature
Constant wall
heat flux
Constant wall
temperature

Constant wall
heat flux
Constant wall
temperature

Euler-Lagrange > Homogenous for
lower v ."'me fractions (<0.5%)
Homogenous - “uler-Lagrange for
high er v lume fractions (>0.5%)
Euic - _agrange > Homogenous

E 1ler-Lagrange > Homogenous
Mixture > Homogenous

-Eulerian, Mixture, VOF >
Homogenous -VOF is the best since
lowest running expense
Homogenous > Eulerian, Mixture,
VOF
Homogenous > Euler-Lagrange >
Mixture
Euler-Lagrange > Dispersion >
Homogenous
Euler-Lagrange > Homogenous

Eulerian > Mixture > Dispersion >
Homogenous
Mixture > Homogenous

VOF > Mixture > Homogenous >
Eulerian
Euler-Lagrange > Homogenous

Mixture > Homogenous, Eulerian

Dispersion > Euler-Lagrange >
Mixture > Homogenous

It has been more ‘han two decades since the discovery of nanofluids. As a type of colloidal

suspension, nanofluids are typically employed as heat transfer fluids due to their higher thermal
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conductivity compared conventional liquids. Many numerical studies have been dons on nanofluids in
recent years. In this paper, a comprehensive review (in two parts) was presentec co. ~ring the latest
developments in modeling of nanofluid flows in different passages and flow 1 gin s, with emphasis
on the underlying physical aspects and three dimensional studies. In the first sec.. *n of Part I, general
descriptions of nanofluids, their applications and the research trends in this ~ 'd w. ¢ described. In the
second section, various forces and physical phenomena in nanofluid flo < - vere reviewed. Next, the
main models for properties of nanofluids, including thermal cond ctivity'. viscosity, density, heat
capacity, and thermal expansion coefficient, were presented. In the “~urth section, physical models
that are used for prediction of flow and heat transfer characteris tics ur ranofluids were reviewed by
dividing these models into two general groups: single-phas. anc .wo-phase approaches. In the

following, the main points of Part I are summarized:

e In nanofluid flow, forces including Brownian mr “__.. ... thermophoretic force play a primary
role in balancing the drag force to determine ~=rticle ..iotion and bulk fluid heat transfer rate.
Other forces, such as lift and Basset history .~.ce, are negligible because of the ultrafine
particle sizes.

e Typically the two-phase approaches give . “sults that are generally closer to experimental data
than the single-phase model. Uncert~"~*v in the experimental studies, due to phenomena such
as sedimentation of nanoparticles, ~agreg: tion of particles, and errors in measurements, must
also be considered when using < ach Jata co evaluate the accuracy of computational models.

e In geometrically simple prol.ems r.1 as natural convection in cavities, instead of employing
a single-phase homogenor.s ap roach, the heat transfer rate can be estimated easily just by
using accurate models f” r th : nanofluid thermophysical properties in the classical correlations.

e Review of the literat.re su_oests that the two-phase mixture model is the easiest approach to
apply among two-r *asr mo .els.

e In asingle-phas’ apprracn, using novel models for thermophysical properties instead of classic
models can redu. = erre s in predictions of heat and mass flow characteristics.

e Adding nar opartic =s and using nanoparticles with a smaller size usually provides higher heat

transfer enhan. __..ent rates.

In Part II, the prim. vy CFD approaches for solution of the governing equations given in Part [ will be

investigated. Next, three dimensional studies on modeling of nanofluid flow will be reviewed by
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indicating the flow regime and geometry, the nanofluid type, the method of solution and the physical

phenomena responsible for heat transfer enhancement.
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Appendix A: Extended form of transport equations

Extended form of governing equations for conventional fluids in different coordint.ce sy.‘=ms shown
in Fig. 1.A.
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Figure 1 {. Cartes.an, cylindrical, and spherical coordinate systems.
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