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Abstract:

The thermal conductivity is the key role in presenting the unique thermal properties of nanofluids. The
literature involves many theoretical models that iavestigate and estimate the thermal conductivity of
nanofluids. The main goal of this work is to determine the most applicable model. To achieve this goal,
the most famous ten theoretical models have been selected, analyzed and compared with the available
experimental data. From this comparison, two models due to Chon et al. [20] and Kumar et al. [23] have
been chosen as most applicable models. Based on this analysis and comparison, a new theoretical model
dealing with thermal conductivity of nanofluids has been drawn. Testing this proposed model via the
available experimental results, shows a more agreement with these results compared with other models.

Accepted December 31, 2012
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1.Introduction

Cooling is one of the most
important technical challenges facing
many' diverse industries, including
microelectronics,  transportation  and
manufacturing. The'" conventional
methods for increasing heat dissipation
are to increase -the area available for
exchanging heat with a heat transfer fluid
as well as increase the flow velocity of
the working fluid. However, the former
approach requires an undesirable

. increase in the thermal management
systenl’s size and the velocity of the fluid
“has limited .practical values. Furthermore,
the inherently poor thermal conductivity
of conventional fluids puts a fundamental
limit on heat transfer. In contrast, metals
have thermal conductivities up to three
times higher than these fluids, so it is
natural that it would be desired to

combine the two substances to produce a

heat transfer medium that behaves like a

fluid, but has the thermal conductivity of

a metal.

A nanofluid is a dilute suspension

of nanometer-size particles and fibers .

that are between 1 and 100 nm in
diameter dispersed in a liquid.. As a
result, when compared to the base fluid,
changes in physical properties of such
mixtures occur, e.g., viscosity, density,

and thermal conductivity, [1].

The term "Nanofluid", designated
for panoparticle fluid suspension, was
first coined by Choi [2] of the Argon
National Laboratory, USA in 1995.
Nanofluids typically employ metal or
metal oxide nanoparticles, such as copper
(Cu), aluminum oxide-alumina (Al,O3),
copper oxide (CuO), gold (Ag), silicon
carbide (SiC), titanium carbide (TiC),
(TiOy) -and

most

titanium  oxide carbon

nanotubes. The common
nanoparticles are Al,O3 and CuQ. The
base fluid is usually a conductive fluid,
such as water, ethylene glycol or engine
oil. Nanofluids commonly contain up to a
5 % volume fraction of nanoparticles to
transfer

obtain effective heat

enhancements.

Of all the physical properties of
nanofluids, the thermal conductivity (kns)
is the most complex and for many
applications the most important one.
Interestingly, experimental findings have
different results and theories do not fully
explain the mechanisms of elevated

thermal conductivity.

Recent theoretical models for

nanofluid thermal conductivity are
presented and compared. Concerning
theories/correlations which try to explain
thermal conductivity enhancement for all
nanofluids, wnot a single model can

predict a wide range of experimental
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data.-However;; many: experimental data
isets:may. fit between:the lower.and upper
mean-field bounds originally - proposed

by M'mwell (where the- stat1c nanopart1clf

conﬁguratrons “may range from a

'dispersed : phase- to’i d -psetido-continuous

¢
Yo

phase

Dynamrc models assummg nof-

metalhc ' nano- spheres
postulate an enhancement above the
classwal Maxwell theory and thereby
provrde potentlally add1t1onal physical
1nsrght Clearly, it w1ll be necessary to

a1 (

eonsider " not” only “one possible

mechanism  but  combine  severai

mechanisms and compare ‘predicti've
results- to new -benchmark experimental
datasets. - e

' *In the:present work, experimental
results:-and the theoretical studies are
thermal

reviewed - for  nanofluid

conductivity, -with -the objective of

finding the best models with agree

enough- with-the experimental result$ and
pfo‘pose-aanewrnodel that may be in a
good “agreeritent -with all' experimental
data‘Considering ‘the effect of particles
volume " fraction,” particle size and base

fluid temperature.

2 Theoretlcal Stud1es

The present models stand for
understandmg thermal transport, and thus

thermal conductivity of nanofluids can be

matrix - and a
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grouped- into two' categories! The first

category groups have started from the

nanostructure of nanofluids; assume that

a nanofluid is a mixture consisting of a
continuous base fluid component called a
solid
~.particles. . . The

-discontinuous

component . called .

properties of nanoﬂu1ds depend on the

deta1ls of the1r m1crostructures such as
the component’ properties, component

volume concentrations; "~ ‘particle
dimension, particle- geometry; - particle
distribution, - © and matrix=particle

interfacial effects, [2, 3].-

Many studies _haye ‘been. conducted
using this approach, such as Maxwell [4],
Hamilton-Crosser [5], Bruggeman {[6],
Xue ‘and Xu [7] and the so-called
effective medium theory, [8]. The other
category postulate that' the therrhal
conductivity of nanofluids is composed
of the particle's conventional static part
and a Brownian motion - part - which
produces micro-mixing. These models
most referenced . as- dynamic,, models.
These models take the particle dynamics
into consideration, whose effect is
additive to the thermal conductivity of a
static dilute suspension. Thus, the
particle size, volume fraction, thermal
conductivities of both the nanoparticle
and the base ."uid, and the temperatnre

are taken into account in such models for



M. 120 Mostafa M. Awad, H. Mansour and H. Abdel-Salam

the thermal condUctivitil. of nanofluids,
[3]. '

The first dynamic model was
proposed by Wang et al. [9]. The models
categorize in this type include Xuan [10],
Jang & Choi (11, 12], Prasher [13], Koo

& Kleinstreuer [14] and Vasu et al [15].

2.1 Classical models

More than a century ago, Maxwell
[4] derived an equation for calculating
the effective thermal conductivity of
solid-liquid  mixtures consisting of

' spherical particles:

kp+2 kg~ (kp—kf) @

kp+2 ke+2 (ky—ke) @
Kegr = (p+ 12 (kpty) > v

where - Koy is the effective thermal
conductivity of nanofluid normalized to
the- thermal conductivity of the base
fluid, k, is the thermal conductivity of
the nanoparticle, k; is the thermal

conductivity of the base fluid and # is the

nanoparticles volume fraction, [3].

As seen from this expression, the
effect of the size and shape of the
particles was not included in the analysis.
It should be noted that the interaction
between the particles was also neglected

in the derivation.

Hamilton and Crosser [5] extended
the Maxwell model in order to take the
effect of the shape of the solid particles

into account, in addition to the thermal

conductivities of solid and liquid phases
and particle volume fraction. The model
is as follows:

_ (kpt(n—Dks—(n-1)(kp~k/) @
I(eff -

kp+(—=1)ks+(kp—ks) B

) ()

where n is the empirical shape factor
given by n=3/vy, and y'is the particle
sphericity, defined as the ratio of the
surface area of a sphere with volume
equal to that of the particle, to the surface
area of the particle (For example, n=3 for
spheres and n=6 for cylinders).
Comparison of H-C model to Maxwell
model reveals that Maxwell's model is a

special case of H-C model for sphericity

equal to one.

Both Maxwell and Hamilton and
Crosser models were originally derived
for relatively larger solid- particles that
have diameters on the order of
millimeters or micrometers. Therefore, it

is questionable whether these models are

able to predict the effective thermal

conductivity of nanofluids. Nevertheless,
these models are utilized frequently due
to their simplicity in the study of
nanofluids to have a comparison between

theoretical and experimental ﬁndingé.

Bruggeman [6] proposed a mode]

to analyze the interactions among
randomly distributed spherical particles,

Bruggeman model gives:
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Q(M)Hl—q))(ﬁ"—"—"ﬂ—):o

kp+2kerr kp+2kerr

‘for low solid .concentrations, the
Bruggemah model results in almost the

samé results as the Maxwell model, [3].

Effective medium theory, [8] is an
improvement of Maxwell model which
implement effect of the liquid layer
formed on nanoparticle surfaces and its
impact on the particle thermal

condﬁctivity and on the effective ;;article
- volume fraction. The model was
developed by Schwartz et al. [16], and

was expressed as:

_ [(kept2kp+2 (kep—ky) ﬂeff)
Kegr = (kw“kf‘(km‘kf)ﬂeff ke - (8)

where kg, is the equivalent thermal
conductivity = of the  “composite
nanoparticles”, kep, can be expressed as:

= [2(1—a)+(1+§jﬁ(1+2a)]a
Kep = ~A-0)++3+20) P T (5)

where & = Kjayer / kp , is the ratio of

nanolayer’s and particle’s thermal
cdnductivities; E=h/r is the ratio of the
ordered layer thickness to the radius of
the nanoparticle, and e is the effective

(Degr =

@(1 + £)3) increases due to the formation

volume of nanoparticles

of nanolayers.

Xue and Xu [7] obtained an

equation for the effective thermal

M. 121

conductivity adcording to Bruggeman
model. Their model takes account of the
effect of interfacial shells by replacing
the thermal conductivity of nanoparticles
with the assumed thermal conductivity of
the so-called “complex nanoparticles”,
which included the interfacial shells
between the nanoparticles and the base

fluids.

(-9t

a/ 2kepptky
] (kefp=ka) (2 katky)= @ (k1=Kz) (2 ka+kegs) _
@ (2 kepftka) (2 kptky)+2 a (ky—kz) (ka~keff)

where « is the volume ratio of spherical
nanoparticle and complex nanoparticle.
ki and k; are the thermal conductivity of
the nanoparticle and interfacial shell,
respectively. The modified model is in
good agreement with the experimental
data on the effective thermal conductivity

of CuO/water and CuO/EG nanofluids.

2.2 Dynamic models

Xuan et al. [10] developed a
dynamic model-into which the effects of
Brownian motion of nanoparticles and
the aggregation structure of nanoparticle
clusters (i.e., fractals) are taken. Their
model is expressed as:

X =k,,+2k,—2(kf—k,,)(2)kf+
T 2k + (k— k) @

prCp kp T
oo [T e (D)

where Boltzmann constant kg = 1.381 X

10 J/K, rc is the apparent radius of
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ciustefs and depends on the fractal
- dimension of the cluster structure, T is
the fluid temperature, u; is the dynamic
viscosity of the base fluid, p, is the
particle density and c,, is the specific hea.t

of nanoparticle material.

Although this model incorporates
the effect of temperature on the thermal
conductivity enhancement, the
dependence is too weak (a T"%) and not
in agreement with the experimental data

of Das et al. [17].

Kumar et al. [18] involves the

combination of the stationary particle

model and the moving particle model.

The stationary particle model looks at the
increased surface area as the particle size
decreases. By assuming two parallel
paths of heat flow (one through base
fluid molecules and thé other through the
nanoparticles), this model shows the
thermal

linear dependence of

conductivity on particle concentration

and the inverse dependence of thermal
conductivity on the size of the particle.
The effective thermal conductivity of the
nanoﬂﬁids, Kefy, for this model is given

by:

2kgT @1y
nvd3 ke(1-@)rp

[{eff = kf +c kf veee (8)

where ¢ is a constant, 17, 1, and v are the

radius of the base fluid molecules, the

radius of the nanoparticles, and the
kinematic viscosity of the base fluid
respectively. However, the validity of the
model has got to be established; it may
not be suitable for high concentration of
particles and for nanoparticles with
radius larger than that of the- liquid

molecules, [19].

Jang and Choi [11, 12] devised a
theoretical model that involves four
modes such as collision between base
fluid molecules, thermal diffusion in
nanoparticles in fluids, collision between
nanoparticles due to Brownian motion,
and thermal interaction of dynamic
fluid

molecules. The resulting expression for

nanoparticles with the base

the effective thermal conductivity of

nanofluids is:
dr 2
3C£ kf RedPPr@ e (9)

where C is a proportional constant equals

to 18*10% Pr is the Prandtl number

C
pr = &P
ke

defined as and Reg, is

Reynolds number defined as Rey, =
CrMdyp
v
velocity of the base fluid defined as

, where Crym 1s the random motion

CRM=L—Z°; , Do is the nanoparticle

diffusion coefficient defined as Dy =

kgT
3mpusdy

, and Lgr is the mean free_t path of
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the base fluid molecule, and it is 0.17 nm

for water.

The advantage of the model is to
include the effects of concentration,
temperature, and particle size. However,

“the - Brownian -effect . was neglected,
which may not be suitable since the high
temperature dependent properties may

caused by the Brownian motion.

Koo and Kleinstreuer [14]

developed a new model for nanofluids,

which includes the effects of particle

size, particle volume fraction and

temperature dependence as well as

properties of the base fluid and the

particle subject to Brownian motion. The
resulting formula is:

ke o+ 2k + 2(kp — K)®

Kert = T2k i
kp + 2k — (kp — kg )0

5+ 10 00,y [-2x £(T,0)
5aD

ke +

Note that the first part of Eq. (10) is

obtained directly from the Maxwell
model while the second part accounts for
Brownian motion, which causes the
temperature dependence of the effective
thermal conductivity. f (T, &) can be
assumed to vary continuously with the

particle volume fraction,
£(T, @) = (—6.040+0.4705)T-+(1722.30-134.63)

while f is related to particle motion.

M. 123

Chon et al. [20] investigated the
thermal conductivity of _A1203/water
nanofluid experimentally and proposed a

porrelation for the. determination of the

~ thermal conductivity of Al,0; nanofluids

based on the experimental data. The
correlation provided is:
0.369 0.7476
_ 0.746 4 Xp
K= ket 6470 (dp) ()
' Redp1'2321Pr°'9955kf

where dr is the diameter of the fluid
molecules. Prandtl number and Reynolds

number are defined as:

Pr = K
Pr
Vgrd

Re=pf Brip
Kr

where qy is the thermal diffusivity of the
base fluid. Vg, is the Brownian velocity
of the nanoparticles and it is calculated
using the following expression:

kT

Var = 3mupdyls

Where kp is Boltzmann constant and T is
temperature in K. Ar is mean-free path of
the fluid molecules. The validity range of
the correlation is between 11 nm and 150
nm for particle diameter, 1% and 4% for
particle volume fraction, and 21°C and

71°C for temperature.

Moghadassi et al. {21] presents a

novel model for the prediction of the
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effective  thermal “conductivity of
‘nanofluids. based. Qn’ diraensionless
| groups. The model'exﬁr’ésses the thermal
conductivity of 'é nanofluid as a function
of .the thermal conductivity of the solid
and liquid, their volume fractions,
shell

properties.. According to this model,

particle size and interfacial

thermal conductivity changes nonlinearly

with nanoparticle loading.

Kepr = kg + m (Eit))‘; ke
where m is a factoAr that depends on the
properties of the solid particle and
interfacial shell, while a and B are
empirical constants determined from
experimental data.

Morajevi et al [22] proposed a new
mode] for the thermal conductivity of
Al,O3+H,0 and CuO+H,;O nanofluid
mixtures considering the volume fraction

and-shape factor of nanoparticles.

4.1kpkf¢
3.1kf+kp+kf(1_¢)
Keff = 41ky

(3.1kf+kp

e (13)
—1)+1

The derivation of the model relied
on-experimental images to nanoparticles
shape, which indicated that the
nanoparticles are not complete spherical
particles.  Therefore, shape factors
between 3 (spherical) and 4.5 (middle of

spherical and cylindrical assumption of

particle) was considered. Then by fitting

the empirical data, 4.1 was selected.

Kumar et al. [23] proposed a new
thermal conductivity model is proposed
based on the combination of statisﬁcal
mechanism model and Brownian motion
with the inclusion of particle critical size.

kp + (ng — k¢ — (ng ~ Vebegr(ks — kp)
kp + (n5 — ke + degr(ke — kp)

Kefr =

Cloesr (T—Tp)

o (14)

where the value of constant C and
temperature Ty are set to equal 7x 107

and 21° C respectively.

This model
Al,Os/water

is compared with
based

nanofluids of spherical particles using the

and CuO/water

well-known thermal conductivity models
and the experimental results available in
the open literature. This model is found
fits well with the existing Brownian
motion  theoretical model and
experimental results. It concludes that
thermal conductivity is enhanced due to
the effect of shape, nanolayer and
Brownian motion of the particles. The
Brownian motion contribution s
significant only when the particle size is
less than that of critical size and optimum

particle volume fraction.

3.Compar‘son with Experimental

Data
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fheoretical models were presented
above, root from different theories,
in’vesﬁgations | and assumptions. To
‘ pel'fbrrr; a, pggciéé _c.:.ompgr._-ison,., detect
modelspros and .c::'oﬁs, and ob;fain
qualifative ~differences between  the
fnodels, specific’ comparisons between
models versus published experimental
results whose parameters are identical or
have very closed values, will be
configured.
-studies
performed by; Das et al. [17], Beck [24],
" Minsta et al. [25] and Patel et al. [26] are

The experimental

used as the base of comparison. In these
studies the used nanoparticle was Al,O4
with sizes 38.4 nm, 46 nm, 47 nm and 45
nm used by Das, Beck, Minsta and Patel,
respectively. Nanoparticle concentrations
in the experiments were 3% and 4% by
volume. The experiments were done at
the room temperature (20-21° C).

From the theoretical and empirical

models reviewed in the previous section,

selected for such
comparison; mode]  [4],
Effective medium theory [8], Xuan [10],
Jang and Choi [11, 12], Kumar [18], Koo

[14], Chon [20],

ten models are

Maxwell

and Kleinstreuer

M. 125

Moghadassi [21], Morajevi [22] and
Kumar [23]. These models cover the
most  theories - and  improvement
m_echanisms that .. explaining 4 the
nanofluids thermal conductivity
enhancements. |

~ In order to examihe the theoretical
models, comparisons of the experimental
results versus theoretical models based
on the previously mentioned parameters
will be shown. In the following sections,
experimental studies about the thermal

conductivity of  nanofluids are

summarized. In each section, a specific

parameter that affects the nanofluids

thermal conductivity is discussed.

3.1 Effect of particle volume

fraction

Figure (1) shows the effect of
nanoparticle volume fraction on the
thermal conductivity enhancement of
Al,Os/water nanofluid. Ten theoretical
models are considered in addition to the
available experimental data of Patel et al.
[26], Beck [24] and Das et al. [17]. These
experimental studied were performed on
45, 46 and 38 nm respectively and at

room temperature.
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1.4 — — ——
Experiment:1 Results : Theoretical Modlels

@ Pat-lecal [26] —  Maxwell
B Deck [14] Xuanetal Effertive Medima

D - ~ Theory
¢ Dasetal[17 ‘
(1) -~ == Xuan et al

—
8]

-~ Jang & Choi

== Kumar et al

5
i\
3o\

Koo et al

— Chonet-al

Enhanceinent;: A/Ar

—
=

Moghadassi et al
Moraveji et al

- P.C. Kumar et al

0.00, 0.01 o, (.03 0.04 0.05
Particle-volume fracton, 4

Fig.1 Effect of nancparticle volurae fraction on thermal conductivity
enhancement of Al;Oy/water nanofluid.

Out of these curves Maxwell, 3.2 Effect of particle size:

Effective 'mgglium theory, Moghadassi, The results of experimental works

Chon and P.C. Kumar show good  pased on of A1203/water nanofluid with

agreement with experimental results. volume fraction of 3% at room

temperature, are illustrated on Fig. 2.

1.6
Experimental Results Theoreticnl Models
1'5—: @ Patel et nl [26] ~  Maxwell
i Effective Mediman
: e Moghadassi R Beck [24] . Thears
1.4% ; s Xnan et al
’ \ — Jang & Chol.

. \ , —Kooetal . .
B . / Kuenetal q(=- -Kumnar et al
\ /— J : «r Koo etnl

/“\\\ _ / [ EMT wPCRumat 1 i etal

Enhancement, Ai/kr
23 N ’
> [
=

- Moghadasst et al

v
.

Meraveji et'al

+ P.C.Kumar et al

v
=3

50 100 150
Particle size dj,(nm)

Fig. 2. Effect of nanoparticle size on thermal conductivity
enhancement of Al,Os/water nanofluid

Out of these curves, Jang-Choi, experimental results. Models of Maxwell
Kumar, Moghadassi, Chon et al. and P.C. and Xuan et al. show no changes with

Kumar show good agreement with  particle size.
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3.3 Effect of base fluid teraperature

- The éffect of temperaturc change of
nanofluids base fluid temperaiure on the
enhancement of nanofluids thermal
conductivity is shown in Fig. (4). A
comparison between the different models

with the experimental results performed

at a volume fraction of 3% indicates that -

M. 127

Jang-Choi, Chon et al and P.C.Kumar
show good agreement with éxperimental
results. Koo et al. curve is overestimated
the experimental results, while Maxwell,
Kumar, EMT and Xuan et al show no

changes temperature change

1.6
‘ Expetimental Results Theoretical Modely
1.5 ® Patel et al [26] {{— Maxwell
R Effective Medimn
o f  ie—Moghadasi N Beck [24] b Theory
EI,:" q]== Xnan et al.
e - Jang & Choi
e N
51 ~Kuenetal {[-- XKunar.e al
EE T uene
8 . : +» Koa et al
8.0 —~EMT
%'-:1.2' / {|— " Chonetal
&= -+ Moghadassi et al
1.1 e - Moraveji et al
« P.C.Kumar et al
1.0 — e m e v e e e — e R et e ]

Particle size dy(am)

Fig. 3 Effect of base fluid temperature on thermal conductivity
enhancement of Al,Os/water nanofluid

4. Results and Discussions:

It is clear from the
comparisons that each theoretical model
is suitable to describe the nanofluid
thermal conductivity for a specific case
of comparison and at the same time does
not agree enough with the other cases.
From figures.1, 2, and 3, it can be
noted that the theoretical models due to
Chon et al. [20] and Kumar et al. [23] are
in general agree enough with the

experimental data for the all cases of

above

comparisons. It means that these two
models are valid to describe the behavior
of nanofluids at different volume
fractions, different particle sizes and
different base fluid temperature. Figures
4, 5 and 6 illustrate the above remarks.
Also it can be noticed that the
experimental results of Patel et al. [26]
are shown to take the mean values among
the other experimental results for all

cases of comparisons.
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1.4 n
Experimental Rexults Theoretfcal Models
© Fatel ét.il [26) _ Ch etal [20
. ‘. ) » Bec (] hon et af [20)
g1  Dasetal (17] ~ P.C. Kumaret al [23]
2
gud.2
B
g
£
_.E.
-
0.00

0.01 0,02 0.03

Particle volume fraction, ¢

Fig. 4 Effect of nanoparticle volume fraction
on thermal conductivity enhancement of
AlOs/water nanofluid (Chon and Kumar

' models)

0.04

Expertmental Resulfs
@ Tatel of 3] [26)
» “eck [24]

Théorelical Medels
- Chonetal [20]
— P.C. Kumar et al [23]
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5. Proposed Model for the Thermal
Conductivity of Nanofluids

33

As mentioned above, the thermal
conductivity of nanofluids is affected by
many parameters. A'rﬁong of these
parameters are the particle size, the
particle volume fraction and the .base
fluid temperature. But none of the
proposed models is suitable to describe
the nanofluids behavior, when
considering all the effective parameters
with each other. Therefore, one of the
objectives of this study is to propose a
new model, which can be able to
describe the nanofluids behavior for a
wide range of the various mentioned
parameters.

The above comparisons concluded
that Chon et al. model [20] and P.C.
Kumar et al. model [23] are the most
suitable models to predict the nanofluids
thermal conductivity over various
parameters. Chon et al. model [20] is
shown in correlation (11).

The model correlation contain two
terms. The first term is the base fluid
thermal conductivity. The second term
contains the “enhancement part” of the
correlation. The second term will be
diminished if the particle volume fraction
turns to zero, also the term contains
dimensionless groups with powers
determined empirically.

The proposed model utilizes the
“enhancement term” of Chon model with

a new value of empirical constant C to fit
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the 'exﬁé‘i‘?ﬁﬁental. data. Jang and Choi
model [11, 12] with its modification by
Izadi et al. [27] for interfacial resistance
!at solid particle interface gives good
agreement with experimental results
especially when investigating the particle
size effect. The proposed model shown in
correlation (15) u-tilizes the advantages
detected in these two models as follows;

Keff = kf(l - ¢) +BKRkp¢eff +
d k
c ¢eff0.746(25)0.369(_,;?)0.74:76 *

Redp 1.2321Pr0.9955 kf

. where C is an empirical constant equals
125 and pfxrp represent the thermal
interfacial resistance equals 4 = 1075.
The first two terms of the model are
extracted from Jang and Choi (and its

modification by Izadi et al.) model.
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Fig. 7 Effect of nanoparticle volume fraction
on thermal conductivity enhancement of
Al,Os/water nanofluid (Chon, Kumar and
proposed models)
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These terms contribute the effects of
collision . of base fluid molecules and
thermal diffusion in nanoparticles in
fluids, which physically indicates the
heat transfer by thermal conduCtivity of
nanoparticles, [12]. The last term is
extracted from Chon et al model. the
term  implement the effects  of
nanoparticles Brownian motion. The
empirical constant, C, value is modified
to be 125 to fit the experimental data
results for ALLOs.

of the

model with the experimental results and

Comparisons proposed
with Chon et al. and Kumar et al. models
are presented in Figures 7, 8 and 9 for
particle volume fraction effect, particle
size effect and base fluid temperature

effect respectively.

1.6
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Fig. 8 Effect of nanoparticle size on thermal
conductivity enhancement of ALOs/water
nanofluid (Chon, Kumar and proposed
models)
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thermal conductivity enhancement of
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proposed models)

l*lgures 7, 8 and 9 show that the

proposed model is in a good agreement

- with experxmental results for a wide

range of the most effective parameters;

volume fraction, nanoparticle size and

base fluid temperature.

6. Conclusions

thermal

The investigation of nanofluids

'conductivity throughout the

current study concluded the following:

1.

Comparison among ten proposed

models and three experimental

works indicated that some models of -

nanofluids thermal conductivity

show good agreement  with
experimeﬁtal results for changes in
some compared parameter while not
for other parameters.

Models due to Maxwell, Effective
medium theory, Moghadassi, Chon
and Kumar show good agreement
results  for

with - experimental

changes in nanoparticle volume
fractions.

Models due to Jaﬁg-Choi, Kumér;
Moghadassi, Chon et al and P.C.
Kumar show good agreement with
experimental results for differeht
particle sizes.

Models due to Jang-Choi, Chon et al
P.C.Kumar

and . show

good
agreement with experimental results
base  fluid

for  changes in

tefnperature. .

. Models due to Chon et al [20] and

Kumar et al [23] are in general agree
enough with the experimental.data
for the changes of nanoparticle
volume fraction, nanoparticle size
and base fluid temperature.

A new model was proposed to
describe the thermal conductivity of
which

predict the thermal conductivity for

nanofluids, is suitable to
a wide range of various affecting
parameters. This model is in good
the

experimental results.

agreement with considered

Nomenclature

C Constant

Cp y Heat capacity per unit volume of
the fluid, kJ/kg

Cu Copper

d Diameter

D,

Diffusion coefficient
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B EG  ethylene glycol
EMT Effective Medium Theory

f Fadtorial function -

h Convective heat transfer
coefficient .

k Thermal conductivity
kg Boltzmann constant

{ Mean free path

n S’hape factor

Pr Prandtl number

Re  Reynolds number
Kr Kapitza resistance

T ‘Temperature

Greek symbols

o Thermal conductivity ratio
¢ Volume fraction (or volume
concentration)

o Dynamic viscosity

v Kinematic viscosity

p -+ Density

Subscripts

bf Base fluid

cl Nanoparticle cluster

e Equivalent

eff  Effective

f Fluid

layer Interfacial layer (nanolayer)
p Particle
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