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ABSTRACT

NUMERICAL PREDICTION OF FORCED CONVECTION
AND PRESSURE DROP CHARACTERISTICS FOR
TURBULENT FLOW OF Al,O3;/WATER NANOFLUID IN
A CIRCULAR PIPE

Fully developed turbulent forced convection flow of an Al,O3/water nanofluid in
a circular pipe under constant wall heat flux is investigated numerically, using finite
volume method. Both single phase model and two phase models such as mixture and
Eulerian are considered. Different correlations for nanofluids thermophysical proper-
ties have been compared in the single phase formulation to investigate the Brownian
effect for both turbulent and laminar flow. The results given by the single phase and
two phase models are compared to the experimental results in the literature. The heat
transfer enhancement and the increase in the pressure drop of the nanofluid are found
to be more significant when the Reynolds number and/or the volume concentration are
increased in accordance to experimental results. The single phase model is observed to
give accurate predictions when direct correlations for nanofluid properties are available
from experimental data. The predictions given by the two phase Eulerian model are
more accurate for dilute suspensions at low volume concentrations, however for higher
concentrations, the two phase mixture model gives closer results to experimental data,
when compared to the Eulerian model. It is also found that Brownian motion is effec-
tive in heat transfer enhancement for both laminar and turbulent flow of nanofluids.
The heat transfer enhancement increases with increasing Reynolds number and volume
concentration, while the pressure drop increase depends only on volume concentration.
For both low and high volume concentrations, the heat transfer enhancement to pres-
sure drop increase ratio is observed to be higher in the turbulent case compared to

laminar flow.



OZET

DAIRESEL BORU ICINDEKI Al,0;/SU
NANOAKISKANININ TURBULANSLI AKIS VE ISI
TRANSFER KARAKTERISTIKLERININ SAYISAL

OLARAK IMCELENMESI

Sabit duvar 1s1 akisi altindaki bir dairesel boruda AlyO3/su nanoakigkanin tam
geligmis tiirbiilansh zorlanmig taginim akig problemi, sonlu hacim yontemi kullanilarak
sayisal olarak incelenmistir. Hem tek fazli model hem de karigim ve Eulerian gibi iki
faz modeller denenmistir. Hem tiirbiilansh ve hem de laminer akigta Brownian etk-
isi aragtirmasinda nanoakigkanlarin termofiziksel ozellikleri i¢in farkli korelasyonlar,
tek fazh formiilasyon kullanilarak karsilagtirilmigtir. Tek fazh ve iki fazli modellerin
sonuclar1 literatiirdeki deneysel sonuglar ile karsilagtirilmigtir. Modelleme ile, deney
sonuglarinda da gorildigi gibi, Reynolds sayist ve / veya hacimsel konsantrasyonu
arttirildiginda 1s1 transferindeki ve basing diisiisiindeki artigin daha belirgin oldugu bu-
lunmustur. Tek fazli modelin, nanoakigkan 6zellik-leri i¢in deneysel verilerden dogrudan
korelasyonlar elde edildiginde daha dogru sonuclar verdigi gozlemlenmistir. Iki fazh
Eulerian modeli ile bulunan sonuclar, diigiik hacimsel konsantrasyonlarinda seyreltik
siispansiyonlar i¢in daha dogru; ancak daha yiiksek konsantrasyonlar icin, iki fazh
karigitm modelinin, deney sonuc-larina goére Eulerian modelinden daha yakin sonug
verdigi goriilmiistiir. Brownian hareketinin hem laminer hem de tiirbiilansh akis i¢in 1s1
transferi artiginda etkili oldugu bulunmustur. Isi transferi artigi, artan Reynolds sayisi
ve hacimsel konsantrasyonu ile birlikte artarken, basing diigiisii artis1 sadece hacimsel
konsantrasyonuna baghdir. Diigiik ve yiiksek hacimsel konsantrasyonlar: i¢in, laminar
akiga kiyasla tiirbiilanshi durumda 1s1 transferindeki artigin basing diisiistindeki artisa

oraninin daha yiiksek oldugu gozlemlenmigtir.
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1. INTRODUCTION

1.1. Research Background

The heat transfer process is a main part of energy industry. Therefore, researchers
and engineers are constantly trying to increase the efficiency of the heat transfer process
due to limited energy resources and fuel prices. There are many methods such as
using extended surfaces like fins, application of vibration and usage of micro channels,
already in use to increase the efficiency. Furthermore, the heat transfer efficiency can be
improved by adding small solid particles which have higher thermal conductivity than
conventional heat transfer fluids (water, oil, and ethylene glycol mixture). However,
some researchers stated that these solid particles can cause blockage of heat transfer
channels and erosion in channel walls when added solid particles are in millimeters
or micrometers size. With developments in nanotechnology, solid particles that can
be produced at nanometer size can solve the mentioned problems. Furthermore, the

stability of nanoparticles can easily obtained by using proper dispersants.

Nanofluids are used in many areas such as transportation, refrigeration, cooling
process, energy industry etc. In these application fields, the heat transfer process is
carried out with heat exchangers, evaporators, condensers etc. The size of the heat
transfer device is also very important in terms of the space used by the device and the
material used to make the device. Furthermore, the power consumption of the pump
used to circulate the working fluid in the heat transfer systems is very critical for the
efficiency of the system. The usage of nanofluids is recommended as a solution for
all the above mentioned topics. Due to their increased thermal properties, nanofluids
increase the efficiency of heat transfer systems which leads to compactness of heat

transfer devices and significant reduction in power consumption.

Nanofluids are stable suspensions of nanometer sized (<100 nm) metallic and
non-metallic particles dispersed in base fluids like water, oil or ethylene glycol. It is

highly desirable that the nanoparticles should have high thermal conductivity. There-



fore, Al,O3, CuO, TiO,, Ag, Cu and Fe are frequently used as a nanoparticles. The
comparison between thermal conductivities of base fluids and solid particles is shown in
Table 1.1. Although spherical particles are commonly used, rod-shaped, tube-shaped

and disk-shaped nanoparticles can also be used in some applications.

Table 1.1. Thermal conductivites of some materials [1].

Material Thermal Cond. (W/m.K)
Cu 401

Ag 429

Al,O4 40

Water 0.613

Ethylene glycol 0.253

Engine oil 0.145

1.2. The Objectives of the Present Work

In recent period, a lot of researchers have focused on nanofluid due to their
remarkable thermal properties. This situation creates many debates among researchers.
Therefore, reliable numerical process for flow and heat transfer properties of nanofluids
is required for the efficient and sustainable industrial application. Although there are
many studies about forced convection of nanofluids, researchers cannot reach a common
idea to model nanofluid properties and flow. Therefore, there is need of a universal flow

and property models for different volume concentration and Reynolds number ranges.

The main purpose of this work is to create a numerical procedure that will de-
termine the flow and forced convection heat transfer characteristics of Al,O3/water
nanofluid under turbulent flow condition in a circular pipe. Because the numerical
simulation process removes the need of experiments that will be done for different ge-
ometries and nanofluids. Furthermore, this work tries to reveal the effect of Brownian

motion on heat transfer enhancement for both laminar and turbulent flows comparing



different thermophysical models for nanofluid properties. Moreover, numerical method
that gives the right results is investigated in this study without knowing the nanofluid
effective thermal properties by using two phase model for different volume concentra-

tion and Reynolds number.

For this purpose of the study, the commercial computational fluid dynamics
(CFD) tool ANSYS Fluent is used. Pure water flow inside smooth tube is used for
validation of code and four different experimental works which have wide range of
volume concentration including dilute case and Reynolds number are used to test the

numerical procedure by using two dimensional single phase and two phase models.

1.3. Scope and Limitations

The scope of this study is limited to forced convection heat transfer of the
AlyO3/water nanofluid inside a circular pipe under laminar and turbulent flow. Be-
cause these conditions are valid for many heat transfer applications. This study can be
selected as a reference study to determine flow and thermophsyical property models of
nanofluid for wide range of volume concentration and Reynolds number. Furthermore,
this study reveals optimum working condition of nanofluid in heat transfer applica-
tions in terms of pressure drop and heat transfer rate. The k — ¢ turbulence model is
selected since this model is commonly used by other researchers and other turbulence
models are not included in the content of this study. Horizontal tubes with diameters
ranging from 4.5 to 9.4 mm have been considered according to selected four experi-
mental works. Due to flow symmetry with respect to the tube axis, the half of the
flow domain is considered to save computational time. The effect of gravity has been
neglected. To investigate the Brownian effect on nanofluid flow and heat transfer, wide
range of thermal conductivity models are tested. Since the results of single phase flow
model highly depend on the thermal conductivity model, the validity of the property
models is checked. Therefore, one can easily choose the property model according to
the application range after reading this study. The Reynolds number varies between
400-1900 and 7000-31000 for laminar and turbulent flow respectively. The wall heat

flux, the inlet temperature and the inlet mass flow rate are chosen according to consid-



ered experiments. The nanoparticle volume concentrations varies between 0% to 4%.

Therefore, this study considers both dilute and high concentration range.



2. LITERATURE REVIEW

2.1. Thermophysical Properties of Nanofluids

Thermophysical properties of the nanofluids are very important since their en-
hanced heat transfer behavior strongly depends on them. Especially, the viscosity
and the thermal conductivty of base fluid increase when the nanoparticles are added.
Therefore, many researchers tried to understand the reason of such enhancement. They
explained that the effective thermal conductivity and viscosity may depend on many
parameters such as volume concentration, nanoparticle and base fluid type, particle
size, particle shape, and temperature. Although there are many studies in the litera-
ture about thermophysical properties of the nanofluids, the thermophysical property
correlations give different results as there is no common idea about the enhancement

mechanism of the nanofluids.

2.1.1. The Effective Thermal Conductivity

Although there are many models to predict the effective thermal conductivity
of nanofluids, none of them can accurately measure the thermal conductivity of the
nanofluid on a wide range of volume concentration, particle size, temperature, etc.
All thermal conductivity models can be classified under two group which are static
and dynamic models. Static models are earlier models and they are very basic since
they only depend on volume concentration and thermal conductivities of base fluid and

nanoparticle.

The Maxwell model [2] is the first model proposed for two phase spherical solid

particle-liquid mixtures and it is given by

kp + 2kyp + 2 (ky — kyy)
ky + 2kpy — 2 (kp — kyy)

Kepr = kg( g) (2.1)



where k.¢s is the effective thermal conductivity of the mixture, ky; is the thermal
conductivity of the base fluid, &, is the thermal conductivity of the solid particle and ()
is the volume concentration. This model predicts the mixture thermal conductivity at
low volume concentrations and ambient conditions. The Maxwell model is the basis

for the static models that are subsequently proposed.

Some researchers have taken into account some factors related to the nanofluids
and they improved the Maxwell model. One of these models is Hamilton and Crosser

model [3] and it is given by

kp + (n — 1)kbf —(n—1) (koy — ky) 0
kp + (0 — 1) kop + (kop — kp) 0

keff = kbf (22)
where the empirical shape factor, n, is taken 3/W. W is the sphericity and it means
the ratio of the surface are of a sphere with volume equivalent to that of the average
particle, to the surface area of the particle. It has numerical value according to particle

shape.

Yu and Choi [4] said that these two model predicts the mixture thermal con-
ductivity for volume concentration up to 1%. Therefore, they improved the Maxwell

model by considering effect of interfacial nanolayers. Their model is described as

kp + 2kyp + 2 (ky — kop) (14 8)%0
kp + 2k — (ky — kyp) (1+ 5)%0

) (2.3)

kepr = ks (

where [ is the ratio of the nanolayer thickness to the diameter of the nanoparticle.

The classical static models compute the thermal conductivity of the nanofluid
roughly and they are often unreliable since they do not consider the effect of impor-
tant parameters such as the particle size, the clustering effect, the Brownian motion
and temperature. It is found by some researchers that the thermal conductivity of
the nanofluid increases with decreasing nanoparticle size due to liquid layering around

nanoparticles and the Brownian motion.



There are some dynamic models that considers some important parameters about

the nanofluids in the literature.

Koo and Kleinstreuer [5] developed a model that includes both static and dynamic
part. They used the Maxwell model as a static part and add the Brownian motion term
into their correlation. The model considers the effects of particle size, temperature,

volume concentration and the Brownian motion and the model is described by

keff:kstatic+kbrownian (24)
KgT

kbrownian: 5'104B®pbfcp,bf idf(Tﬂ)) (25)
Pplp

where 3 is the fraction of the liquid volume which travels with a particle, K is the
Boltzman constant, 7" is temperature and d,, is the particle size. They described 3 and
f(T,0) with some correlations by using experimental data and these correlations varied

with different nanofluid type. Koo and Kleinstreuer’ s correlation is valid in the range

of 1% < < 4% and 300 K < T < 325 K.

Chon et al. [6] reported an experimental correlation which describes the thermal
conductivity of AlyOs nanofluids. They stated that the Brownian motion is a key
mechanism of heat transfer enhancement and their correlation depends on the Brownian

motion effect. Their correlation is given by

0.369 k 0.7476
p

Kesy dys
Reff 1 4 64700746 (280 Rp. Rel-2325 p.0.9958 9.6
kbf ( dp ) (kbf) p bf ( )

where Pryy is the Prandtl number of the base fluid and given by

Prbf:_cp’z;fbfbf (27)



and Re, is the particle Reynolds number and described by

_ Py KT

Re, =
K 37Tﬂgf7

(2.8)

and 7 is the mean free path of base fluid molecule. The model is applicable for

1% << 4% and 21°C <T< 71°C.

Patel et al. [7] found that the reasons behind the heat transfer enhancement of
nanofluid are increase in the surface area and the Brownian motion effect through

micro-convection. Their correlation is described as

=14+— 1+ 25000 P 2.9
kbf dp 1_@ kbf( e) ( )
where Pe is Peclet number and described as
2KsT d
Pe=—"5_"" (2.10)

Wﬂbfdzz, Xpf

It is applicable for 1% <@< 8% and 20°C'<T'< 50°C.

Jang and Choi [8] investigated the thermal conductivity enhancement mechanism
of nanofluids and they found that four modes which are the heat transfer by the base
fluid, thermal diffusion of nanoparticles, the Brownian motion which is the result of
nanoparticle collision and the nanoconvection which is the result of collision between
nanoparticle and base fluid molecules. They developed the correlation by considering

these modes and the correlation is described as

d
kes r=kys (1—0) +0.01k;p(2)+(18.106)difkbee;Pr,,f@ (2.11)
P



Li and Peterson [9] investigated the dispersion effect of nanoparticles due to the
Brownian motion. They researched velocity, temperature and pressure distribution
around the nanoparticles and they found that the Brownian motion is the reason
behind the increase in the thermal conductivity. On the contrary, Evans et al. [10]
reported that the Brownian motion has a little effect on the thermal conductivity
enhancement. They stated that the enhancement highly depends on the clustering

effect and interfacial thermal resistance.

There are some semi-empirical correlations which are found by curve-fitting of

experimental results.

Maiga et al. [11] developed a correlation for AlyO3/water nanofluid by using
the results of the Hamilton and Crosser [3], Jang and Choi [8] and Chon et al. [6].
They stated that the new correlation considers the Brownian motion effect and can be

applicable even for millimeter and micrometer particle size. Their correlation is given

by

ke
k—ff: 4.970% +2.720 4+ 1 (2.12)
bf

Williams et al. [12] developed a correlation by using their experimental result.
They proposed two new correlations for Al,O3/water and ZrOq/water nanofluids. The

correlations are valid up to 4% volume concentration and are described as

ke
k—ff: 1 4 4.55030 (for AlsOs/water) (2.13)
bf
ke
k—ff: 1 4 2.45050 — 29.8670? (for ZrOs/water) (2.14)

bf

Mintsa et al. [13] investigated thermal conductivities of Al,O3 and CuO water
nanofluids experimentally. They developed linear correlation that changes with vol-

ume concentration and valid within the temperature ranges of 20-50 °C and up to 18%
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volume concentration. They stated that particle size, nanoparticle type, volume con-
centration and bulk temperature of the nanofluid are very important for the effective

thermal conductivity. Their correlations are described by

%: 14+1.720  (for AlyOs/water) (2.15)

of

%: 0.99+1.740  (for CuO/water) (2.16)
bof

Corcione [14] obtained a new correlation by collecting the experimental data of
Al;O3, CuO, TiOy and Cu nanoparticles dispersed in water or ethylene glycol from

various researchers. The correlation is given by

T 10 k 0.03 A
Tf) (k—;) Rey* Pry (2.17)

kery
“el 4 4.4( 0

Ky

where T, is the freezing point of the base liquid and

_ 2pbeBT

Re
R 977 1y

(2.18)

Most of the published experimental results or correlations are not in agreement
with each other and they give different results even for the same base fluid, same
nanoparticle, same particle size, same volume concentration and same temperature.
Moreover, none of the researchers reach an agreement on the thermal conductivity
enhancement mechanism. Therefore, various thermal conductivity models should be

investigated to get correct results.
2.1.2. The Effective Viscosity

The number of the studies that investigate the viscosity of nanofluids is less when
compared to the articles that investigate the thermal conductivity of nanofluids. This

is an expected result since the effect of nanofluids on heat transfer is more important.
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However, the viscosity is very important feature that defines flow characteristics. Dif-
ferent models have been proposed by different researchers to determine the effective
viscosity of nanofluids and most of them depend on the volume concentration. Firstly,
Einstein [15] has defined an equation to obtain the effective viscosity value of spherical

solid particle suspensions and it is described by

Hets — (1 +2.50) (2.19)
Hof

where fi.5¢ is the effective viscosity of suspension. Generally, this equation is used for

dilute nanofluids which have volume concentration less than 0.5%.

Later, Brinkman [16] developed Einstein’s equation by extending its volume con-

centration validity range up to 4%. This equation is expressed as

fegr 1
ey (1 —0)*°

(2.20)

Batchelor [17] defined a new equation by considering the effect of the Brownian
motion for an isotropic suspension of rigid and spherical particles. The equation is

described as

Belf 1 1 2.50+6.50 (2.21)
Hof

Williams et al. [12] developed a correlations for Al,Oz/water and ZrO,/water

nanofluids by performing curve fitting to their experimental data. The correlations are

given by
Hell _ 0(4:910/0.2092-0) (for AlsOs/water) (2.22)
Hof
Heff _ 1 4 46.80+550.820° (for ZrOs/water) (2.23)

Hbf



12

which have validity ranges of volume concentration up to 6% and 3%, respectively.

Nguyen et al. [18] proposed viscosity correlations of Al;O3 (36 nm, 47 nm) and
CuO (29 nm) nanoparticles dispersing in water by making exponential and linear as-
sumption at 22°C. Their correlations are valid in the range of 1% < ()< 13% and are

described as

Beff — 1 40.025040.0150>  (for 36 nm AloOs/water) — (2.24)

Hof
Helf _ 0.904e01450 (for 47 nm Al,Os/water)  (2.25)
Hof
Rell 1,475 — 0.3190+0.05102 + 0.0090°  (for 29 nm CuO/water)  (2.26)

Mg

Maiga et al. [11] performed a least-square curve fitting to Masuda et al. [19]
and Wang et al. [20]’s experimental data of Al,Os/water and Al,O3/ethylene glycol

nanofluids and developed a new correlations which are given by

Helf — 1 473041230  (for AlOs/water) (2.27)
oy
Helf 1 0190430602  (for AlsOs/ethyleneglycol) (2.28)
[

Pak and Cho [21] measured the viscosity of Al,O3 and TiOy particles dispersed
in some base fluid and developed a correlation that are valid up to 10% volume con-

centration. The correlation is expressed as

’;@f L= 14 39.110+533.902 (2.29)
bf

Some researchers considered the temperature effect on viscosity of nanofluids
by using temperature dependent viscosity model of the base fluid. The temperature

dependent viscosity of the most used base fluid, water, can be found by the following
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correlation
Later = A x 108/T=6) (2.30)
where A =2.41x107°, B =247.8 and C =140.

Although many researchers neglect the effect of temperature on nanofluid vis-
cosity, there are also some researchers who use temperature effect in their viscosity

correlations.

Abu-Nada [22] made two dimensional regression analyses and found the tem-
perature and volume concentration dependent viscosity correlation by considering the
experimental data of Nguyen et al. [18] for AlyO3 nanofluids. Their correlation is

expressed as

19.582 2094.47 0  27463.863
7940 + —— —0.1920% — 8.11— — —————
+0.7940 + —3 0.19207 — 8.1 3
()2 0
012703 +1.6044— + 2.175—
+0.01270° + 1.6044 7 + 2.175

Heff = — 0.155 —
(2.31)

Duangthongsuk and Wongwises [23] conducted an experiment to find the viscosity
of TiO4/water nanofluid and developed a correlation that are valid between 0.2% and

2% volume concentration. Their correlation is described as

Hell — o+ bh+ch? (2.32)
Moy

where

T =15C — a = 1.0226, b = 0.0477, ¢ = —0.0112
T =25C —a=1.013, b=0.092, ¢ =—-0.015
T =35C — a=1.0186, b=0.112, ¢ = —0.0177
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Masoumi et al. [24] proposed a new correlation that considers the effect of the
Brownian motion and particle size by using various experimental data of 13 and 28 nm

Al;O3 nanoparticles in water. Their correlation is defined as

ppVBdI%
— 2.
where
T
0= ¢l —d 2.34
6@ P ( )
and
1 [18KgT
vp = — b (2.35)
dy \| Tppdy
and

C = 11y [(—0.000001133d,—0.000002771) O+ (0.00000009d,—0.000000393) ]~ (2.36)

Corcione et al. [14] investigated many experimental studies about viscosity of

nanofluids and they developed a correlation which is described by

Peif - L (2.37)
por 1 —34.87(d,/dyp)” 003

2.2. Studies About Forced Convective Heat Transfer of Nanofluids

In recent period, researchers have focused on the remarkable increase in the ther-
mal conductivity due to the addition of nanoparticles in a solvent, and the related heat
transfer efficiency leading to the decrease of energy consumption and equipment’s size

in a thermal system. Therefore, a lot of numerical or experimental works have been
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published. In this chapter, some of these studies are shown.
2.2.1. Experimental Studies

Researchers have done many experiments to understand the reason of the signif-

icant heat transfer improvements of nanofluids.

Pak and Cho [21] studied turbulent friction and heat transfer properties of metal
oxide particles dispersed in water in a pipe experimentally. They used Al,O3 with 13
nm particle size and TiO, with 27 nm. In their experiments, Reynolds number (Re,),
Prandtl number (Pr,,) and volume concentration (@) varied between 10*-10°, 6.5-12.3
and 0-3%, respectively. They found that the Nusselt number increases with increasing
Reynolds number and volume concentration for fully developed turbulent flow. They

developed a new Nusselt number (Nu,s) correlation which is given by
Nuyyg = 0.021Re, 7 Priy} (2.38)

for nanometer sized metal oxide particles dispersed in water under turbulent flow con-

dition.

Xuan and Li [25] investigated turbulent heat transfer and flow characteristics of
Cu/water nanofluid in a tube experimentally. In their experiments Reynolds number
and volume concentration varied between 10000-25000 and 0-2%, respectively. For

turbulent nanofluid flow inside a tube, they developed a new correlation which is given

by
Nutpp = 0.0059(1.0 4 7.62860" %% Pe ") Re) 2% Pri)? (2.39)

where the particle Peclet number can be expressed as

JL (2.40)

P
O(nf
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where v is the velocity, d, is the particle diameter and o, is the thermal diffusivity of

nanofluid.

Williams et al. [12] studied the turbulent heat transfer characteristics of 46 nm
size AlyO3/water and 60 nm size ZrO,/water nanofluids experimentally. In their ex-
periments Reynolds number, volume concentration and temperature varied between
9000-63000, 0.9-3.6% and 21-76C, respectively. They compared their experimental
data with the classical Dittus and Boelter [26] equation. They observed that their
findings are in agreement with Dittus and Boelter equation. A similar experiment
has also been conducted for laminar flow conditions. Rea et al. [27] investigated the
heat transfer of 50 nm size Al,O3/water and 50 nm size ZrO,/water nanofluids under
laminar flow condition experimentally. The volume concentrations were 0.65%, 1.32%,
2.76% and 6%. They measured thermal conductivity and viscosity of AlyO3/water
and ZrOs /water nanofluid and developed property models. They showed that the heat

transfer coefficients in the fully developed region are increased by 27%.

Duangthongsuk and Wongwises [28] investigated experimentally the heat trans-
fer and pressure drop of 21 nm size TiO5 /water nanofluid under turbulent flow condition
in a double tube counter-flow heat exchanger. In their experiments Reynolds number
and volume concentration varied between 4000-16000 and 0.2-2%, respectively. They
observed that the heat transfer coefficient of base liquid is smaller than the TiO,/water
nanofluid and also, the heat transfer coefficient of nanofluid increased with increasing
Reynolds number and particle concentration. Also, they stated that the pressure drop
value is increased by adding nanoparticles and this increase becomes more pronounced
with increasing volume concentration. They proposed new correlations for the Nusselt

number (Nu,s) and friction coefficient (f,,s) of the nanofluid which are given by

Ny = 0.074Rey) 7 Pry 390%™ (2.41)

fap = 0.9610°%%Re,, ;7037 (2.42)
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Fotukian and Esfahany [29] conducted experiments on turbulent convective heat
transfer and pressure drop for 20 nm size AlyO3/water nanofluid flow inside a circular
tube. In their experiments, Reynolds number and volume concentration varied between
5000-33000 and 0-0.2%, respectively. They stated that even adding small amount of
nanoparticles increased heat transfer coefficient significantly. Also, the pressure drop
for the nanofluid was found to be greater than that for the base fluid. In an another
article [30], they investigated experimentally convective heat transfer and pressure drop
characteristics of CuO/water nanofluid with less than 0.24% volume concentration
inside circular tube under turbulent flow condition. They observed 20% pressure drop
increase for 25% heat transfer coefficient enhancement. They argued that heat transfer
enhancement ratio was not affected by the variation of volume concentration. Moreover,

flow resistance increased even for very low concentrations of nanoparticle.

Sahin et al. [31] investigated experimentally convective heat transfer and pressure
drop characteristics of AlyO3/water nanofluid under turbulent flow condition through
circular tube. In their experiments, Reynolds number and volume concentration var-
ied between 4000-20000 and 0-4%, respectively. They found that adding nanoparticles
improved heat transfer rate until the volume concentration were up to 2% and also,
the Nusselt number increased with increasing Reynolds number up to 1% volume con-
centration. They stated that viscosity and friction factor increases were much more

dominant than the heat transfer enhancement when the volume concentration exceeds

1%.

Amrollahi et al. [32] researched the convective heat transfer coefficient of F-
MWNT/ water nanofluid in entrance region of heated horizontal tube under both
laminar and turbulent flow condition experimentally. They compared the heat transfer
coefficient with respect to different parameters such as Reynolds number, mass fraction
and bulk temperature in entrance region. They stated that nanoparticles and bulk tem-
perature increased the heat transfer coefficient, but enhancement is much more in low
bulk temperature at turbulent condition. Also, they claimed that increasing nanopar-
ticle concentration has little effect on heat transfer enhancement under turbulent flow

condition.
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Chavan and Pise [33] studied convective heat transfer and flow characteristic of
30 nm size Al,O3 nanoparticle with a volume fraction between 0.1 to 1.0 and water
nanofluid inside a pipe of 10 mm diameter and 1 m length. The Reynolds number of flow
was changing between 8000 and 14000. They claimed that heat transfer improved with
both Reynolds number and volume fraction. The heat transfer coefficient improved
36% for 8550 Reynolds number and 1% volume fraction when compared with base fluid.
Also, they stated that the pressure drop significantly increase even the small addition
of nanoparticles. Finally, they compared their experimental results with correlations

which were already in literature.

Heyhat et al. [34] investigated the convective heat transfer and friction factor of
40 nm size Al,O3 nanoparticle with a volume concentration between 0.1 and 2% dis-
persed in water inside a circular tube with constant wall temperature and turbulent flow
condition experimentally. They claimed that the heat transfer coefficient of nanofluid
significantly higher than that of the base fluid. Also, heat transfer coefficient increased
with increasing volume concentration. They stated that in a fixed volume concen-
tration heat transfer enhancement was not influenced by changing Reynolds number.
They compared their experimental results with traditional heat transfer coefficient and

friction factor correlations.

Kayhani et al. [35] did some experiment about convective heat transfer and pres-
sure drop properties of 15 nm size TiOy/water nanofluid with 0.1, 0.5, 1.0, 1.5 and
2% volume concentration inside a uniformly heated horizontal circular tube under tur-
bulent flow condition. They claimed that the heat transfer coefficient increased by
increasing volume concentration and also it was not influenced from varying Reynolds
number. They emphasized that the 8% improvement of Nusselt number was observed

with 2.0% volume concentration at 11800 Reynolds number.

Wusiman et al. [36] researched the forced heat transfer characteristic of Cu/wa-ter
nanofluid with different volume concentration under varying Reynolds number condi-
tion experimentally. They found that the convective heat transfer coefficient increased

with volume concentration in both laminar and turbulent flow. However, enhancement
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of heat transfer coefficient was much more in laminar flow regime. Also, the heat
transfer coefficient decreased sharply when flow became turbulent. In turbulent flow
regime, the heat transfer coefficient increased slowly with increasing concentration or

Reynolds number when compared with laminar flow regime.

Hojjat et al. [37] studied forced convection heat transfer of Al203, TiO2 and
CuO with carboxymethyl cellulose (CMC) non-Newtonian (shear thinning) nanoflu-
ids inside circular pipe under constant wall temperature condition in turbulent flow
regime experimentally. They observed that the convective heat transfer coefficients of
nanofluids were bigger than that of the base fluid. They stated that enhancement of
heat transfer coefficient increased with increasing the Peclet number and volume con-
centration. Also, they compared their experimental results with correlations which are
already presented in literature for purely viscous non-Newtonian fluids. In addition,

they developed a new correlation which involves Reynolds and Prandtl numbers.

Azmi et al. [38] investigated the heat transfer coefficient and friction factor of
SiOg/water nanofluid with up to 4% volume concentration inside circular tube at a
30°C bulk temperature with Reynolds number range of 5000-27000 under constant
heat flux condition experimentally. They found that Nusselt number and friction factor
were greater than that of base fluid. Also, they stated that the pressure drop increased
with volume concentration up to 3.0% and decreased after that value. In addition, the

friction factor decreased with increasing Reynolds number at any concentration.

Merilainen et al. [39] studied convective heat transfer of water based AlyO3, SiOq
and MgO nanofluids with up to 4% volume concentration inside circular tube under
constant wall temperature condition experimentally. They found that average con-
vective heat transfer coefficients of all nanofluids are bigger than that of base fluid.
This enhancements were up to 40% when Reynolds number kept constant around
3000-10000. However, the significant pressure losses are occurred because the dynamic
viscosities are increased. Because of that, they defined the convective heat transfer
efficiency for comparing the heat transfer enhancement with pressure loss enhance-

ment. They claimed that when the enhancement of volume concentration exceeds 2%,
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the heat transfer rate increases but also heat transfer efficiency decreases because of

increasing pressure losses.

Anoop et al. [40] researched heat transfer of 45 and 150 nm size Al,O3/water
nanofluids under laminar flow condition experimentally. They stated that the heat

transfer increase is higher for smaller size nanoparticles.

Wen and Ding [41] investigated forced convective heat transfer of Al,Os/water
nanofluid inside a copper tube under laminar flow condition experimentally. They ob-
served that the heat transfer increase is more pronounced in entrance region (developing
flow) and they stated that this situation can not be explained only by the enhancement
of the thermal conductivity enhancement. They said that the non-uniform distribu-
tion of viscosity and thermal conductivity due to the particle migration triggered this

phenomenon.

Yang et al. [42] studied experimentally the convective heat transfer of non-
spherical graphite water nanofluid under laminar flow regime in a horizontal tube.
They observed that the temperature, the Reynolds number and the volume concen-
tration are very important for heat transfer of the nanofluid and the heat transfer
coefficient increased with increasing the Reynolds number and the volume concentra-

tion.

Heris Zeinali et al. [43] investigated experimentally the heat transfer enhacement
of Al,Oz/water and CuO/water nanofluids under laminar flow condition with con-
stant wall temperature. They observed that the heat transfer increase with increasing
volume concentration and Peclet number for both nanofluids. Moreover, they found
that the heat transfer increase of the Al;O3/water nanofluid is higher than that of the
CuO/water nanofluid, however, there is no significant difference between both nanofluid

types in terms of heat transfer enhancement at a low concentration.

Sultan [44] experimentally examined the effect of 25 nm size Al, 30 nm size

Al,O3 and 50 nm size CuO nanoparticles dispersed in water on heat transfer under
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fully developed laminar flow condition inside horizontal and inclined pipe with uniform
heat flux and volume concentration range between 0.25 and 2.5%. The enhancement
of the Nusselt number is found to be 45%, 31% and 25% for Al, Al;O3 and CuO water

nanofluids, respectively.

Sajadi and Kazemi [45] investigated experimentally the heat transfer and pressure
drop characteristics of TiOy/water nanofluid which have 0.05% and 0.25% volume
concentration under turbulent flow regime. They observed that even small amount of
nanoparticles increased the heat transfer coefficient of the base fluid and the increase

in the pressure drop is not significant compared to the heat transfer enhancement.

Sundar et al. [46] examined the heat transfer coefficient and the friction factor
characteristics of 36 nm Fe3O4/water nanofluid in a circular tube under turbulent flow
condition with volume concentration range between 0 and 0.6%. They stated that
the heat transfer coefficient and the friction factor increase with increasing volume
concentration that 30.96% enhancement in heat transfer and 10% friction factor are

found for 0.6% volume concentration.

Wang et al. [20] researched pressure drop and heat transfer characteristics of
carbon nanotubes nanofluids under laminar flow condition inside a circular pipe. They
claimed that the friction factor can be found by using Hagen-Poiseuille theory. The
70% and 190% enhancement in heat transfer are found at a Reynolds number of 120
for 0.05% and 0.24%, respectively. Moreover, they stated that the required pumping

power can be neglected since it is very low for low volume concentrations.

Nasiri et al. [47] investigated experimentally the heat transfer enhancement of
Al203 /water and TiOs/water nanofluids under turbulent flow condition with constant
wall temperature. They researched the effect of the Reynolds number and the volume
concentration. They found that the enhancement of the heat transfer increases with

increasing volume concentration and Reynolds number.
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Ding et al. [48] experimentally examined forced convective heat transfer behavior
of water and ethylene glycol based TiO,, titanate nanotubes and carbon nanotubes
nanofluids. They observed that the enhancement of heat transfer is higher than the
enhancement of the thermal conductivity and they stated that the effect of the particle
migration on thermal boundary layer thickness is the reason of this result. Moreover,
a decrease in heat transfer was observed at low Reynolds number for ethylene glycol

based TiOy nanofluid.

Hwang et al. [49] researched the convective heat transfer and pressure drop behav-
ior of AlyO3/water nanofluid under laminar flow condition inside a uniformly heated
pipe. They stated that the friction factor of the nanofluid can be found by using clas-
sical Darcy’s equation. The convective heat transfer coefficient increased 8% for 0.3%

volume concentration.

The similar results can not be obtained even though many experiments have been
studied about the heat transfer of nanofluids. This may be due to differences in ex-
perimental test conditions. Therefore, experiments should be supported numerically
as well. It can be understand that the forced convective heat transfer of nanofluids is
affected by many parameters. However, the reason behind the increase in heat transfer
can not be explained not only by the thermal conductivity enhancement, but also the
effect of the particle migration on the thermal boundary layer. Due to the impor-
tance of forced convective heat transfer and pressure drop behavior, both experimental
and numerical works should be investigated and the reliable numerical models and

correlations should be developed.

2.2.2. Numerical Studies

Many researchers have also investigated numerically thermal and hydrodynamic
properties of nanofluids and using mainly single phase models with enhanced fluid
properties. However, there are some studies showing that two phase models such as
mixture, Eulerian and the discrete phase model (Eulerian Lagrangian approach) give

better agreement with experimental correlations.
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2.2.2.1. The single phase model. The single phase flow model with enhanced nano-

fluid properties is one of the most used flow model due to its simplicity and it gives

reasonable results for many situations.

Maiga et al. [11] studied numerically the turbulent flow and heat transfer char-
acteristics of Al,Oz/water nanofluid inside a pipe with constant heat flux boundary
condition, using the single phase model. They developed a Nusselt number correlation

given by
Ny = 0.085Rey ' Pry (2.43)
which is valid for 10* < Re,; < 5 x 10°, 6.6 < Pr,;< 13.9 and 0 < 0 < 10%.

Namburu et al. [50] investigated numerically the flow and heat transfer properties
of ethylene glycol and water mixture based CuO, Al;O3 and SiO5 nanofluids inside a
circular tube with constant wall heat flux condition for turbulent flow, using the single
phase model. In their simulations, Reynolds number and volume concentration varied
between 10000-100000 and 0-6%, respectively. They considered that all fluid properties
depend on temperature and found that Gnielinski [51] correlation for Nusselt number is
in good agreement with their numerical results. They observed that nanofluids which
have smaller diameter nanoparticles have greater viscosity and Nusselt number. They
stated that CuO nanofluid with 6% volume concentration shows 35% heat transfer

enhancement in terms of the Nusselt number.

Bayat and Nikseresht [52] studied the thermal performance and pressure drop
properties of Al,O3/EG-water mixture in circular horizontal tube under turbulent flow
condition using the single phase model. In their simulations, Reynolds number and
volume concentration varied between 10000-100000 and 1-10%, respectively. They
argued that the k- turbulence model with near wall treatment gives better predictions
compared to other turbulence models. They found that for a fixed Reynolds number,
the convective heat transfer coefficient increases with increasing particle concentration.

Moreover, at the same Reynolds number adding nanoparticles to base fluid increases
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the pressure drop and required pumping power. They concluded that using nanofluids

in turbulent flow condition is not practical due to the increase in the pumping power.

Kumar [53] investigated heat transfer of Al;O3 nanofluid inside pipe under con-
stant wall temperature numerically by using single phase approach. They stated that
the heat transfer enhancement is not as important as in the turbulent regime. They

claimed that single phase approach is not valid for turbulent flow condition.

Hatami and Okhovati [54] analyzed the friction coefficient, pressure drop and
viscous drag of water and ethylene glycol based oxide nanofluids under turbulent flow
condition inside a pipe numerically by using Fluent software. They found that friction
factor, pressure drop and viscous drag increase when the volume fraction increases.
However, this enhancement is not significant when the volume fraction is low. Also, as
Reynolds number increases also the pipe wall viscous drag force and the drag force in-
crease, but the friction factor decreases. In addition, they claimed that using nanofluids

has little effect on developed velocity field.

Shedid [55] studied thermal characteristic of water based Al;O3 and TiO5 nanoflu-
ids for turbulent annular flow under constant wall temperature condition numerically
by using Spalart-Allmaras turbulence modelling. They validated their model with
Gnielinski correlation [51] for pure water. They tried to understand the effect of dif-
ferent concentration ratios and Peclet numbers. They claimed that Spalart-Allmaras
turbulence model predict more accurate than k- model. Also, they found that the

Nusselt number increases with increasing Peclet number and concentration ratio.

Moraveji and Beheshti [56] investigated forced convection heat transfer of car-
boxymethylcellulose aqueous based 10, 25, 40 nm size Al;O3, TiOy and CuO, respec-
tively, non-Newtonian nanofluids under constant wall temperature with turbulent flow
condition inside horizontal tube numerically by using CFD softwares. They researched
effects of nanoparticle type and Peclet number on the convective heat transfer coeffi-
cient. They proposed a new correlation for Nusselt number by using their CFD results.

Then, they compared their correlation with experimental data in literature.
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Kumar and Ganesan [57] studied the heat transfer increment of aluminum oxide
nanofluid which has low and high volume fractions in turbulent pipe flow under constant
wall temperature condition numerically by using single phase approach. They found
that using up to 1% volume fraction of nanofluid enhances the heat transfer coefficient.
The Nusselt number and the friction factor results of simulations are good agreement
with experimental data in literature for the low volume fractions which are up to
0.5%. However, for high volume fractions which are between 1% and 6%, there are a
significant error between experimental data and numerical results when single phase

approach is used.

Aghaei et al. [58] investigated the flow and heat transfer characteristics of 25,
33, 75, and 100 nm size Al;O3/water nanofluid with 0, 0.001, 0.1, 0.2, and 0.4 volume
fractions inside a tube with constant 310 K wall temperature under turbulent flow
condition which have 10000, 20000, 30000, and 100000 Reynolds number numerically.
They used the finite volume method and SIMPLE algorithm for simulations. They
found that average Nusselt number increases with increasing Reynolds number. And
also, there is a non-uniform relation between average Nusselt number and volume
fractions. They claimed that the enhancement of Reynolds number causes reduction

of skin friction factor for all volume fraction values.

Hussein et al. [59] did simulation about the friction factor and Nusselt number
of 27 nm size TiOy/water nanofluid with 0.25%, 0.5%, 0.75% and 1% volume fractions
inside a horizontal straight tube with constant heat flux 5000 W/m2 under turbulent
flow condition which have Reynolds number from 10000 to 100000. They found that
increasing volume fraction cause improvement in Nusselt number and friction factor.

Also, their results are in good agreement with experimental data in literature.

Ozerinc et al. [60] investigated numerically the heat transfer enhancement of
nanofluids with volume concentration range between 1% and 2.5% under fully devel-
oped laminar flow condition. They compared their numerical results with Heris Zeinali
et al.’s [43] experimental results. They stated that the single phase model gives accu-

rate results compared to experimental results. Moreover, the model’s accuracy can be
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improved by using variable thermal conductivity model and variable thermal dispersion

model.

Azimi and Kalbasi [61] examined numerically the forced convective heat transfer
of nanofluid in the entrance region of the pipe under laminar flow condition. They
stated that the dynamic part that includes the Brownian motion of nanofluid’ s thermal
conductivity has less influence on heat transfer coefficient when compared to the static

part which considers nanolayer around nanoparticle.

2.2.2.2. The two phase models. There are some articles that consider two phase mod-

els with the single phase model.

Behzadmehr et al. [62] numerically researched the heat transfer behavior of Cu/
water nanofluid in a circular tube under turbulent flow condition with constant wall
heat flux. They compared their numerical results with Xuan and Li [25]‘s experimental
results and they observed that the single phase model can not predict the Nusselt

number in some cases.

Bianco et al. [63] studied numerically the turbulent forced convection flow of
38 nm size AlyO3/water nanofluid inside a circular tube with uniform wall heat flux
condition, using the single phase and two phase mixture models. In their simulations,
Reynolds number and volume concentration varied between 10000-100000 and 0-6%,
respectively. They found that increasing Reynolds number and volume concentration
lead to further enhancement of the heat transfer rate. They stated that the mixture
model is reliable although the accuracy of the model may be improved using better
thermophysical property relations. They also observed that the single phase model
gives closer results to Maiga et al. [11]’s correlation and the mixture model gives closer

results to Pak and Cho [21]’s correlation.

Behroyan et al. [64] compared five different models which are Newtonian and Non-

Newtonian single phase models, Eulerian-Eulerian, mixture and Eulerian Lagrangian
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two phase models, using finite volume method to investigate the convective heat trans-
fer of Cu/water nanofluid in a tube with constant wall heat flux, under turbulent flow
condition. In their simulations, Reynolds number and volume concentration varied
between 10000-25000 and 0-2%, respectively. They observed that the non-Newtonian
single phase model results are not in good agreement with literature data for the Nusselt
number prediction, and the Eulerian-Eulerian model gives results with higher error ex-
cept for 0.5% volume concentration. Finally, they recommended the Newtonian single

phase and Eulerian-Lagrangian two phase models for accurate prediction.

Hejazian and Moraveji [65] studied forced convection of 30 nm size dilute TiOy/
water nanofluid inside a horizontal circular tube under turbulent flow condition numer-
ically. They used 2 different approaches for numerical analysis which are single phase
and mixture model. They stated that the convective heat transfer coefficient increases
when Reynolds number and volume concentration increase. Also, they claimed that
the mixture model is more accurate when compares with experimental data than the

single phase approach.

Low et al. [66] investigated the heat transfer enhancement of different nanoparti-
cles under turbulent flow condition inside circular tube numerically. They used single
phase, mixture and Eulerian models with 3D flow simulation. They studied effect of
drag and lift forces for different volume concentration and Reynolds number. They
found that heat transfer coefficient of nanofluids is better than that of base liquid and
also the heat transfer coefficient increases with increasing Reynolds number and volume
concentration. They claimed that their simulation results are in good agreement with
experimental results in literature. They said that the mixture model predicts more

correctly when compared to Eulerian model.

Esfandiary et al. [67] analyzed forced convection heat transfer of Al,O3/water
nanofluid inside a pipe with constant wall heat flux under turbulent flow condition
which have Reynolds number between 3000 and 9000 numerically by using single and
two phase models. They considered that the thermal and flow properties of nanofluid

are depend on temperature and volume fraction. They found that increasing Reynolds
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number and volume fraction cause further enhancement of heat transfer coefficient. In
addition, the skin friction coefficient is not influenced from increasing volume fraction,
but the skin friction coefficient decreases with increasing Reynolds number. They
claimed that their numerical results are in good agreement with experimental results

when the single phase model is used.

Minea [68] studied forced convection heat transfer of Al,O3/water nanofluid in-
side horizontal tubes under turbulent flow condition numerically. They considered 5
different models to find the thermal and flow properties of nanofluid. The 2.33-26.45%
enhancement of heat transfer coefficient is observed for a constant Reynolds number

when compared with that of water.

Goktepe et al. [69] numerically investigated the flow and heat transfer character-
istics of nanofluid at the entrance region of pipe with constant wall heat flux. They
compared the single phase model with and without thermal dispersion effect, Eulerian
and mixture two phase model with experimental results from the literature. They ob-
served that two phase models give better results in terms of heat transfer coefficient

and friction factor at the entrance region.

Fard et al. [70] researched the convective heat transfer behavior of Cu, CuO
and Al,O3 dispersed in water nanofluids inside a pipe under laminar flow condition
with constant wall temperature numerically. They used both single phase and two
phase models. They stated that the two phase model gives more precise results when
compared to the single phase model according to Heris Zeinali et al. [43] s experimental

results.

Kalteh et al. [71] studied the forced convective heat transfer of Cu/water nano-
fluid inside microchannel with constant heat flux under laminar flow condition numer-
ically by using Eulerian model. They stated that velocity and temperature differences
between the nanoparticle and the base fluid phases are negligible. Moreover, the heat
transfer enhancement result of two phase model is higher than that of single phase

model.
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Moraveji and Esmaeili [72] investigated forced convection heat transfer of fully
developed laminar Al,O3/water nanofluid flow inside a heated pipe by using both single
and two phase models. They developed a Nusselt number correlation and stated that
the correlation is in very good agreement with Dittus-Boelter equation. They stated
that the results of single phase and two phase models are not very different from each

other since the maximum difference is 11%.

Kondaraju and Lee [73] examined the heat transfer behavior of 100 nm size Cu
and 80 nm size Al,O3 dispersed in water nanofluid by using Eulerian-Lagrangian model
to investigate the mechanism of heat transfer enhancement. They reported that the
results of their model are in a good agreement with Xuan and Li [25] and Murshed et

al. [74)’s experimental results.

Davarnejad and Jamshidzadeh [75] investigated the flow and heat transfer charac-
teristics of MgO/water nanofluid under turbulent flow condition inside a circular tube
numerically by using single phase, volume of fluid (VOF) and mixture models. They
stated that two phase models predict better than the single phase model especially at

high volume concentrations.

Lotfi et al. [76] numerically studied the laminar forced convection characteristics
of Al,O3/water nanofluid which has volume concetration range of 2% to 7% inside a
horizontal tube with constant heat flux. They stated that the heat transfer enhance-
ment prediction of the two phase mixture model is more accurate than the single phase

and the two phase Eulerian model.

2.3. Research Gaps

From the literature review, it can be understand that the precise predictions can
not be obtained by the proposed numerical simulations. Researchers tried to improve
precision with using different low models. It can be seen that each flow model is good
at prediction of different nanofluid behavior. One can investigate the Brownian motion

and thermal dispersion effect by using the single phase model. Furthermore, the effect
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of slip velocity between nanoparticle and base fluid phases can be examined with the
mixture model. The Eulerian model can investigate the drag force and interphase
heat transfer. Although some researchers claimed that the two phase model is better,
some investigators suggested the single phase model. Therefore, it is still not possible
to determine which model is more suitable in which situations. There is a need for a
numerical analysis method that is valid for wide range of Reynolds number and volume

concentration.

For the single phase model, although various effective thermophysical property
models have been tried to evaluate effective properties, it is not mentioned that why
those models were selected and the chosen models have not been compared with other
models to determine the mechanism of heat transfer enhancement in many articles. In
two phase modelling, the determination of the properties of the solid phase is hardly
mentioned since there is no direct correlation for the solid phase. Generally, the proper-
ties of the solid phase are found by adapting to effective thermophysical models used in
the single phase modelling. The fact that the reliability of the thermophysical models
is not so good decrease the success of this method. Moreover, it is aimed to remove the
dependence on thermophysical property models for two phase modelling in this study.
To do that, the granular model is used to define the solid phase and the actual thermal
conductivity value of the solid nanoparticle is applied in numerical simulations. The
viscosity of the solid phase is defined according to Miller and Gidaspow [77] equation

which is originally developed for dense gas-solid flow.

Although there are many studies comparing the single and two phase models,
most of these studies are for laminar flow. There are few studies in this sense for the
turbulent flow regime, especially for low concentrations. In most of these studies, the
laminar and turbulent flow were not compared each other with using two phase models.
Moreover, some studies using the single phase model do not consider the effect of the
temperature and the Brownian motion. Also, there is a lack in the literature in terms of
studies comparing the heat transfer enhancement and its mechanisms between laminar

and turbulent flow of nanofluids.
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Generally, the heat transfer behavior of nanofluids is studied, the pressure drop
effect is not considered. Therefore, the optimum working condition should be deter-
mined according to the flow and heat transfer characteristics of the chosen nanofluid.
Moreover, most of the numerical studies have been tried to be proved based on a single

experimental data. Therefore, the validity of these studies is questionable.
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3. MODELLING OF THE FORCED CONVECTION OF
NANOFLUIDS

3.1. Introduction

In this chapter, the turbulent forced convection of Al;O3/water nanofluid is in-

vestigated inside a circular tube by using different numerical flow models.

Simulations are carried out for four different experimental data, using the single
phase and the two phase mixture and Eulerian models. For turbulent flow of dilute ({)
< 0.5%) Al,O3/water and CuO/water nanofluid simulations, Fotukian and Esfahany
[29,30]" s experimental results (Experiment 1 and 4) are used for validation. In the
Experiment 1, the parameter ranges are: 12000 < Re < 32000, 15C < T, < 70T
and 0.03% < 0 < 0.135% . In the Experiment 4, the parameter ranges are: 10000
< Re < 32000, 20C < T, < 75C and 0.015% < 0 < 0.236%. For turbulent flow of
Al,O3/water nanofluid with 1.8% and 3.6% volume concentration, Williams et al. [12]’
s experimental results (Experiment 2) are used. In the Experiment 2 the parameter
ranges are: 8000 < Re < 31000, 21C < T, < 80%C. Finally, to compare the flow
and heat transfer characteristics under laminar and turbulent flow conditions, Rea et
al. [27])" s experimental results (Experiment 3) for laminar flow of Al,O3/water nanofluid
with 1.32% and 2.76% volume concentrations are also used. In the Experiment 3 the

parameter ranges are: 500 < Re < 2000, 20C < Tj < 40<C.

The average and local heat transfer coefficients, the Nusselt number, the friction
factor and the pressure drop results will be displayed and compared. This study can be
used when understanding some effect on heat transfer and pressure drop of nanofluids

and selecting suitable thermophysical property and flow models.
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3.2. Basic Definitions About Flow and Heat Transfer

3.2.1. Flow Analysis

The Reynolds number is a important parameter to determine whether the flow is
laminar or turbulent. For the flow in a circular tube, the Reynolds number is defined

as

Re = — (3.1)

where p is the density of the fluid, D is the diameter of the pipe, V is the velocity and
1 is the viscosity. The flow in a circular pipe is considered laminar for Re<2300 and
turbulent for Re>4000. The entrance length is defined as the distance traveled in the
pipe before the flow is fully developed. The fully developed flow can be defined as the
section in which the pressure gradient and shear forces are balanced each other and
the velocity profile remains unchanged. In all simulations of this study, the pipe length
(L) to pipe diameter (D) ratio is above 10, such that the entrance region is very small
and it can be assumed that the flow is fully developed almost in the entire region of

the pipe.

The fluid velocity on a tube wall is zero because of the no-slip condition and is
maximum at the center of the pipe because of the minimum shear force. Because the
velocity value changes along the y direction of the pipe, the mean or average velocity
is defined. This value remains constant along the pipe cross section when the flow is

considered as an incompressible.

The pressure drop is very important since the pump used in the heat transfer
system is directly related to the power requirement. Pressure drop can be defined as
L v?
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and pumping power can be written as

where AP is the pressure drop, f is the friction factor, L is the length of the pipe

and () is the volumetric flow rate.

The friction factor, f,is the dimensionless parameter that depends on the Reynolds
number and wall roughness. Since the pipe is considered as a smooth pipe in this study

wall roughness is neglected. For a laminar fully developed flow, the friction factor is

defined by

64
Re

For fully developed turbulent flow, there are different friction factor correlations
in literature. The most common ones, Blasius [78] for Re < 30000 and McAdams [79]
for Re > 30000 are listed below,

f=0.316Re % for Re < 30000 (3.5)

f =0.184Re "2 for Re > 30000 (3.6)

Moreover, Petukhov [80] developed a correlation for turbulent friction factor

which is described by

f=(0.79In (Re) —1.64)7> (3.7)
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The wall shear stress is defined by

_ fpv?

. (3.8)

T

and can be calculated by using one of the friction factor correlations described above.
3.2.2. Thermal Analysis

The energy change between the pipe inlet and outlet of the flowing fluid inside a
pipe can be explained by the conservation of energy principle. According to that, the
heat transferred from the pipe surface to the fluid is equal to the energy change. The

energy change of the fluid is described as
Q = mcp(To - T’z) (39)

where 71 is the mass flow rate of the fluid, ¢, is the specific heat of the fluid, 7, is the
outlet temperature and 7; is the inlet temperature. The amount of heat transferred

from the pipe surface by convection is described by Newton’s law of cooling
Q = hApipe(Tw - Tb) (310)

where h is the convective heat transfer coefficient of the fluid, T, is the pipe wall

temperature and T is the bulk temperature of the fluid and described as

B J 4 pve,TdA

T —
' JapveydA

(3.11)

The heat transfer characteristic of a fluid can be determined according to the heat
transfer coefficient. However, the heat transfer coefficient is a dimensional number and

varies according to the flow geometry and wall heat flux or wall temperature values.
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Therefore, dimensionless Nusselt number can be defined as,
Nu=— (3.12)
where k is the thermal conductivity of the fluid.

There are many correlations to describe Nusselt number in literature. Gnielinski
[51] correlation for fully developed turbulent pipe flow is used in this study and it can

be described as

(£) (Re — 1000) Pr

= - (3.13)
14+ 12.7(5) " (Prs — 1)
where Pr is the Prandtl number of the fluid and can be defined as
pr =28 (3.14)

where g is the viscosity of the fluid. The friction factor, f can be found from Petukhov

correlation.

There is a relation between heat transfer and flow characteristics of a fluid in
a flow field. The Reynolds analogy explains this relation by associating the flow and
thermal parameters. If the properties of a given flow field can be defined, the knowledge
of thermal behavior can also be obtained through the Reynolds analogy which can be
explained as

g — St (3.15)

where St is the Stanton number and can be defined as

Nu

St =
RePr

(3.16)
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However, the Reynolds analogy is valid only when the Prandtl number is unity.
Chilton and Colburn [81] defined a improved version of Reynolds analogy which can
be described as

g = StPri (3.17)

to expand the range of Prandtl number. j is called Colburn factor and is taken as 2/3.

Equation 3.17 is valid for 0.6 < Pr < 60.
3.3. Methodology
3.3.1. Geometry and Boundary Conditions

The typical geometry of the flow domain is shown in Figure 3.1. The uniform
axial fluid velocity at the inlet is denoted as vin, and the fluid inlet temperature, as
Tin. At the exit, the outlet pressure is equal to the atmospheric pressure. In the two
phase model, the inlet velocity is assumed the same for two phases. On the wall, no
slip boundary conditions are imposed together with uniform wall heat flux (¢). The
tube diameter, tube length, inlet velocity, inlet temperature and the wall heat flux
values are determined according to the four experimental articles mentioned before. In
Experiment 1 and 4 (Domain 1), the tube diameter and tube length are 0.005 m, 1
m respectively, in Experiment 2 (Domain 2), the tube diameter and tube length are
0.0094 m, 2.819 m respectively, and in Experiment 3 (Domain 3), the tube diameter
and tube length are 0.0045 m, 1.01 m respectively.

3.3.2. Thermophysical Properties of The Nanofluid

For the single phase model, the suspension formed by the base fluid and nano-

particles is treated as a single fluid with equivalent properties.
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Figure 3.1. The geometry of the flow problem.

To evaluate the density and specific heat of the nanofluid, the following relations

are used

pug = (1= 0) poy + 0pp (3.18)

(pcp)nf =(1-0) (pcp)bf + @<pcp)p (3.19)

There are many different temperature dependent or independent relations which
have been proposed in the literature, to define the thermal conductivity and the vis-
cosity of the nanofluid, and the simulation results depend strongly on the choice of
proper relations. Therefore, it is necessary to select a property model according to the

temperature and concentration ranges and the nanofluid type, used in the applications.

For the viscosity, Model 1V used in this study, is proposed by Williams et al. [12]

for Al,O3/water nanofluid and can be described as

fing (0, T) =pus (T) exp[4.910/(0.2092—0)] (3.20)
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This model is obtained from experimental results of Williams et al. and is only
valid for the temperature and volume concentration ranges used in their experiments.

It is applicable for 1% <0< 6% and 21C<T'< 80 <C.

The second chosen viscosity model, Model 2V, is Einstein [15]’s model which is
generally applicable for dilute nanofluids (< 0.5%) and can be written as

bt _ (1 1 250 (3.21)

Hof

For the thermal conductivity, Model 1 is the model proposed by Yu and Choi [4].
This model does not consider Brownian motion and temperature effect, and can be

described as

Kng _ by t2hop +2(ky—kig) (145)°0
kor  kp+2knp—(ky—kyg) (14+8)°0

(3.22)

where 3=0.1, and the model is applicable for /> 1%.

Model 2 is the Williams et al. [12]’s model, derived from curve-fitting of their

experimental results for Al,O3/water nanofluid. The Model 2 is described as

keng (0,T) =kyp (T) (1 + 4.55030) (3.23)

This model is applicable for 1% <0< 6% and 21C<T'< 80 <.

Model 3 is the Chon et al. [6]’s model which is temperature dependent and con-

siders Brownian effects. The Model 3 is described as

kn d 0.369 k 0.7476
k_f: 1 + 64.7@0'746(ﬁ) ( 4

Rel-2325 p).0.9958 (3.24)
bf dp

]{be p
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where
pr="pbHb, (3.25)
k‘bf
and
KT
Re,=21=5 (3.26)
3T Y

and Kp= 1.3806x10"% J/K is the Boltzman constant and « is the mean free path
of water molecule taken as 0.17 nm. The model is applicable for 1% <0< 4% and
21°C <T'< 71°C.

Model 4 is the Patel et al. [7]’s model which is temperature dependent and con-

siders Brownian effects. The Model 4 is described as

0

kng . dy
ML A
Koy d, 1-0

&

(14 25000 Pe,) (3.27)

>

bf

where Pe), is the particle Peclet number described as

KT d,

Pe,= —
P 7T,U,bfdz2) Xpf

(3.28)

This model is applicable for 1% <f< 8% and 20°C <T'< 50°C. It should be con-
sidered that Model 3 and Model 4 have different type of Brownian velocity definition.

It should be noted that the viscosity models (Model 1V and Model 2V) are
used in the single phase formulation, however in the two phase mixture and Eulerian

formulations, the granular model is chosen to estimate the solid phase viscosity.
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All properties are evaluated at bulk temperature. The bulk temperature, T} is

described as

o Tb,in+Tb,out

Ty 5

(3.29)
where the inlet and outlet bulk temperatures are extracted from experimental results.
3.3.3. Governing Equations

For turbulent flow formulation, the Reynolds-Averaged Navier-Stokes (RANS)
approach is used where the flow variables are decomposed into their mean and fluc-

tuating parts and the governing equations are statistically averaged in time. The

nanofluid is assumed to be Newtonian and incompressible.

3.3.3.1. Single Phase Formulation. In the steady-in-the-mean single phase formula-

tion, mass conservation equation can be expressed as
V. (pnsV) =0 (3.30)
where V is the time averaged (mean) velocity vector and p, # is the nanofluid density.
The momentum equation for the single phase model can be expressed as
V. (pnsVV) = — VPV (1 fVV = pofV'V) (3.31)

where P is the time averaged pressure, ji,s is the nanofluid viscosity and V' represents

the fluctuations in the velocity vector.
Also, the energy equation can be expressed as

V. (pnfcpynfﬁ) :V.(k‘anT—pnprme/T/) (332)
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where k,, is the nanofluid thermal conductivity, ¢, is the nanofluid specific heat, T is

the time averaged temperature and 7" represents the fluctuations in the temperature.

The terms, (p,fV'V") and (pnrcpnfV'T"), in the governing Equation 3.31 and

3.32, represent the turbulent stress and the turbulent heat flux, respectively.

3.3.3.2. Two Phase Formulation. For the two phase formulation, the first model we

choose is the mixture model. The continuity equation of the mixture model can be

expressed as

V. (pnVim) =0 (3.33)

where p,, is the mixture density and expressed as

Pm= Z Drpr (3.34)
k=1

and () is the volume concentration, the subscript k is the phase number, n is the number

of phases, V}, is the time-averaged mixture velocity given by

v—m:—zk—lp DepVi (3.35)

The momentum equation of the mixture model can be written by summing the

momentum equations of each phase (liquid and solid) and described as

Vo (pmVim Vin ) = =VD+V.[uVV,, + Z Drpe Vi Vi ]+ V. Z 0rpiVar i Var)  (3.36)

k=1 k=1

where the mixture viscosity p,, can be defined as

pm=>_ Dipx (3.37)
k=1
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The secondary (solid) phase is treated as granular and an equivalent dynamic

viscosity can be formulated as given by Miller and Gidaspow [77],

fs= —0.188 + 537.420) (3.38)

The drift velocity of the secondary phase Vg, in the Equation 3.36 can be defined

such

where Wp is the slip velocity between two phases and the slip velocity is determined

from the equation proposed by Manninen et al. [82] as follows

le:vl_vpzwﬁ (3.40)
fdragpp

where 7, is the particle relaxation time given by
d 2
r,=Lrr (3.41)
and @ is the secondary phase particle’s acceleration expressed as

T=(VuV) Vi (3.42)

The drag function fg.q, in Equation 3.40 is given as [83]

1+ 0.15Re%%7 Re<1000
fd’/‘ag: (343)
0.0183Re, Re> 1000
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The energy equation for the mixture model can be expressed as

k=1

V. <Z pk@kacp,kﬁ> =V .(kVT,—pc, Vo Tr,) (3.44)

For the second two phase formulation, the Eulerian model is considered. In
the Eulerian model, the pressure is shared by all phases, while separate continuity,
momentum, and energy equations are used for different phases. In the Eulerian model,
it should be noted that the solid phase is considered as granular as in the mixture

model.

The continuity equations for the liquid and solid phases of the Eulerian model

can be expressed as

V. (p V) =0 (3.45)
V. (os0,V3) =0 (3.46)
0,+0,=1 (3.47)

where subscript [ and p represent liquid and particle phase, respectively.

The momentum equations for the liquid and solid phases of the Eulerian model

can be given as

NV pr0ViVi | +F s+ Fo (3.48)

k=1

V. (pl@lW) = —(,Vp+(,V.

VYt > ViV | —Fu—Fom+Feo (3.49)
k=1

V. (Pp(Z)pV})Vp) = —0,Vp+0,V.

where F} is the drag force vector. F,,, and F,, are the virtual mass and particle-particle

interaction force vectors and assumed to be negligible due to the dilute mixture flow
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assumptions [71]. The drag force between the phases can be written as
Fy=B(Vip) (3.50)

where (3 is the friction coefficient given as

6: @pwlppfdrag

Tp

(3.51)

The energy equation for the liquid and solid phases of the Eulerian model can be

expressed respectively as

V. (pﬂ)lcp,lm) =V. (@lk‘l(VTl) —pl(Z)le’lVl/Tl,)—hv(Tl—Tp) (3.52)
V. (pp@pcp,prTp) =V. ((Dpkp(va) _pp@pcp,pv;T;;)_hv(Tl_Tp) (3.53)

where h, is the volumetric interphase heat transfer coefficient.

For a single spherical particle dispersion, h, can be calculated following Kuipers

et al. [84] as

hy= h, (3.54)

where h, is the fluid-particle heat transfer coefficient extracted from the Whitaker

empirical correlation [85].

3.3.4. Turbulence Modelling

The k- turbulence model, proposed by Lauder and Spalding [86] is used for cal-
culating the turbulent stress and the turbulent heat flux. This model involves two
equations which are turbulent kinetic energy (K') and rate of turbulent kinetic energy

dissipation () equations.
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The turbulent kinetic energy equation can be written in indicial notation as

N O (/o % ; ; '
d(pKV;) Ol (tpe/ K)a]]m(@‘/z 3V}> Vi e (3.55)

al’j - 8xj 8xj 8$Z 8$Z

and the rate of turbulent kinetic energy dissipation can be expressed as

Oe
d(peu;) _3[ (pA-pie/oe) aTj] g2 € ——0Vj

) (3.56)

where o and o, are the turbulent Prandtl numbers for the kinetic energy and dissipa-
tion, respectively. The turbulent kinetic energy and dissipation rate are coupled with
the governing mass, momentum and energy equations through the turbulent viscosity

and turbulent conductivity which are defined by

K2
=G (3.57)
=14 (3.58)

Ot

with C1= 1.44, C,=1.92, C,= 0.09, ox= 1, 0.= 1.3, 0,= 0.85.

The enhanced wall treatment is also used in turbulence modelling. Bayat and
Nikseresht [52] stated that k- turbulence model with near wall modelling gives better
results compared to other turbulence models, in turbulent forced convective flow of
nanofluids. The enhanced wall treatment is a near-wall modelling method that merges
a two layer model with the use of wall functions. In the two layer model, the whole

domain is subdivided into a viscosity-affected region and a fully-turbulent region [87].

3.3.5. Numerical Method and Validation

The commercial computational fluid dynamic software package Fluent is used
to solve the presented flow problem. The governing equations are solved by the finite
volume method which converts the governing equations to discrete algebraic equations,

with the use of SIMPLE algorithm for pressure velocity coupling. The second-order
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upwind scheme is chosen for discretization of the momentum and energy equations.
The User Defined Function (UDF) codes are implemented into the software to calculate
the temperature dependent nanofluid properties at every cell. The residuals for the

velocity, energy and turbulence components are chosen 1078 for every simulations.

The validation tests for the numerical method are carried out using water as
the working fluid for the previously described three physical domains. Also, the mesh
structure is chosen according to the dimensionless wall distance y+ value. As recom-
mended by the software package developers, y+ value must be near or smaller than
1 in k- turbulence model with enhanced wall treatment [87]. To catch the proper y+
value, more refined grid structure is applied near the wall. Moreover, rectangular grid
type is chosen for the mesh structure. Due to flow symmetry with respect to the tube
axis, the half of the flow domain is considered to save computational time. The mesh
independency test results with respect to Nusselt number values for fully developed
turbulent water flow, are shown in Table 3.1, for all three domains and for Re=30000.

In consideration of these results, the 80x800 mesh structure is chosen.



48

Table 3.1. The mesh independency test for fully developed turbulent water flow at

Re=30000.
Domain Mesh y+ Nu
20x600 8.45 210.91
40x800 4.32 209.24
Domain 1 60x800 1.6 208.112
80x800 0.8 206.29
100x800 0.48 206.29
20x600 8.45 210.72
40x800 4.32 207.8
Domain 2 60x800 1.6 207
80x800 0.8 206.27
100x800 0.48 206.27
20x600 8.45 210.86
40x800 4.32 209.1
Domain 3 60x800 1.6 208.07
80x800 0.8 206.28
100x800 0.48 206.28

An example of the final mesh structure for Domain 2 is shown in Figure 3.2.

Figure 3.2. The final mesh structure of Domain 2.
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The velocity and temperature contours of water flow in Domain 2 at Re = 30000

are shown in Figure 3.3.

= e
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Figure 3.3. The velocity (left) and temperature (right) contours of water flow at
Re=30000.

The Nusselt number predictions with respect to Reynolds number are compared
with Gnielinski relations and the friction factor predictions are compared with Blasius

equation.

The results are displayed in Figure 3.4 and the average errors between Gnielinski
and Blasius equations and the simulation results are observed to be 4.24% and 2.46%,

respectively.
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Figure 3.4. The Nusselt number (left) and the friction factor (right) comparison of

water simulation for Domain 2.

3.4. Results and Discussions

3.4.1. Flow Model Comparison for Different Volume Concentration Values

In this part, we compare the performance of the single phase and the two phase
formulations in the fully developed turbulent flow case with respect to Experiment
1, 4 and Experiment 2 for low and high volume concentration ranges. For volume
concentrations less than 0.5%, Experiment 1 and 4’s and for volume concentrations

above 1%, Experiment 2’ s data are considered.

In the simulations of Experiment 1, 20 nm size Al,O3/water nanofluid is used.
The inlet temperature is taken as 293 K. The bulk temperature of the nanofluid and
the Reynolds numbers are extracted from experimental data. The wall heat flux value
is chosen according to the bulk temperature value. The volume concentration val-
ues are 0.03%, 0.054% and 0.135%. Model 1 and Model 2V are used to define the
thermal conductivity and the viscosity of the nanofluid, since Model 1 is the thermal
conductivity model derived from the same experiment and Model 2V applies for di-

lute nanofluids. The Nusselt number results for different volume concentrations are



o1

presented and compared in Figure 3.5
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Figure 3.5. The Nusselt number comparison of dilute Al,O3/water nanofluid for
different flow models (@ =0.03% (top left), @ =0.054% (top right), @ =0.135%
(bottom)).

In the simulations of Experiment 4, 40 nm size CuO/water nanofluid is used.
The inlet temperature is taken as 293 K. The bulk temperature of the nanofluid and
the Reynolds numbers are extracted from experimental data. The wall heat flux value
is chosen according to the bulk temperature value. The volume concentration val-

ues are 0.015%, 0.118% and 0.236%. Model 1 and Model 2V are used to define the
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thermal conductivity and the viscosity of the nanofluid, since Model 1 is the thermal
conductivity model derived from the same experiment and Model 2V applies for di-

lute nanofluids. The Nusselt number results for different volume concentrations are

presented and compared in Figure 3.6 .
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Figure 3.6. The Nusselt number comparison of dilute CuO/water nanofluid for
different flow models (@ =0.015% (top left), @ =0.118% (top right), @ =0.236%
(bottom)).

In the simulations of Experiment 2, 46 nm size Al,O3/water nanofluid is used.

The inlet temperature, the bulk temperature and the flow rate values are extracted from
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experimental data. The wall heat flux value is chosen according to the experimental
current and voltage values. The volume concentration values are 1.8% and 3.6%.
Model 2 and Model 1V are used to define the thermal conductivity and the viscosity
since these models correspond to the correlations obtained from this experiment. The
Nusselt number values for different volume concentrations are presented and compared

in Figure 3.7.
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Figure 3.7. The Nusselt number comparison of Al,O3/water nanofluid for different

flow models (@ =1.8% (left) and @ =3.6% (right)).

The percentage error values for the Nusselt number predictions with respect to

Experiment 1, 4 and 2 are shown in Table 3.2, Table 3.3and Table 3.4, respectively.

For the 0.03% volume concentration, it can be understand from Table 3.2, the
two phase Eulerian model gives the smallest error values (4.2%-4.7%). The single phase
model gives much higher error values compared to the Eulerian model (11.6%-13.3).
The two phase mixture model gives maximum error values among the flow models
(13.5%-16.6%). The error values of the single phase and the mixture model decrease
with increasing Reynolds number. However, the error values of the Eulerian model

increase slightly with increasing Reynolds number.



o4

For the 0.054% volume concentration, it is almost the same situation with the
0.03% volume concentration. Only the error values of the flow models are slightly

different.

For the 0.135% volume concentration, the error values of the all flow models
decreased when compared to the 0.03% and 0.054% volume concentrations. The two

phase Eulerian model still gives the least error values.

It can be concluded from Table 3.3, the error values and trends of dilute CuO/
water nanofluid case resemble with dilute Al;O3/water nanofluid case. The two phase
Eulerian model (1.5%-2.9%) gives the closest results to experimental results while the
two phase mixture (3.8%-13.2%) and the single phase (3%-7.4%) models give much

higher error values as it is in the dilute Al,O3/water case.

For the 1.8% volume concentration, it can be understand from Table 3.4, the
singl phase model gives the smallest error values (0.9%-2.7%). The error values of the
mixture model (5.1%-13.5%) is higher than the single phase model but lower than the
Eulerian model. The error values of the Eulerian model (17.6%-25.1%) is the highest
among the tested low models. It can be seen that the error values of the Eulerian model
increased excessively compared to the low concentration cases. Furthermore, the error
values of the Eulerian model decrease with increasing Reynolds number contrary to

the mixture model. There is no specific trend for the single phase model.

For the 3.6% volume concentration, the order of the error values has not chan-
ged. The single phase model still gives the least error values (2.1%-4.2%). The error
values of the mixture model decrease with increasing Reynolds number contrary to

1.8% volume concentration case.

It can be observed that for dilute Al,O3/water nanofluids with 0.03%, 0.054%
and 0.135% volume concentrations, the two phase Eulerian model gives the least er-
ror as in the dilute CuO/water nanofluids with 0.015%, 0.118% and 0.236% volume

concentrations results. However, for Al,O3/water nanofluid with 1.8% and 3.6% vol-



25

ume concentrations, the single phase model performs much better. This result may
be expected, since contrary to low concentrations, at higher concentrations available
correlations for thermophysical properties obtained directly from Experiment 2, have
been used in the single phase formulation. Despite this fact, an important observation
is that the two phase Eulerian model performs well at low concentrations, however at
higher concentrations the two-phase mixture model gives much better results than the
Eulerian model. It can be observed from the results, the Eulerian model is not recom-
mended for the high concentrations as stated in Behroyan et al. [64]. These two phase
models are of use in predictions when there are no available correlations obtained from

experiments to be applied along with the single phase modelling.

Table 3.2. The Nusselt number percentage error values of dilute (@ < 0.5%)

AlyO3/water nanofluid simulations for different flow models.

Experiment Experiment 1

Volume Concentration 0.03% 0.054% 0.135%
Reynolds Number 12100 | 18700 | 24950 | 31350 | 12350 | 16450 | 24300 | 31020 | 13800 | 19600 | 26750 | 29000
Single Phase Model 13.3 12.1 11.8 11.6 14.1 13.1 12.9 114 7.9 5.2 4.7 3.9

Two Phase Mixture Model | 16.6 15.7 14.4 13.5 16.4 154 14.4 12.7 13.6 11.1 7.2 4.5

Two Phase Eulerian Model | 4.2 4.3 4.3 4.7 3.2 3.3 4.6 1.7 24 2. 2.7

t
(S
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Table 3.3. The Nusselt number percentage error values of dilute (@ < 0.5%)

CuO /water nanofluid simulations for different flow models.

Experiment Experiment 4

Volume Concentration 0.015% 0.118% 0.236%
Reynolds Number 13350 | 18710 | 24550 | 29990 | 10500 | 17550 | 22290 | 30400 | 12670 | 15380 | 21970 | 31110
Single Phase Model 12.4 11.5 11 102 |91 6.7 5.5 4.2 7.4 6.5 4.6 3
Two Phase Mixture Model | 16.8 14.1 13 12.7 15.2 13.4 9.5 5.6 13.2 12.3 8.6 3.8
Two Phase Eulerian Model | 4.4 4.6 4.8 5.8 1.8 2.2 2.6 3.2 1.5 1.7 2.3 2.9

Table 3.4. The Nusselt number percentage error values of (0 > 1%) Al,O3/water

nanofluid simulations for different flow models.

Experiment Experiment 2

Volume Concentration 1.8% 3.6%

Flow Rate (gpm) 2.111757 | 3.486365 | 3.71442 | 3.756194 | 2.138405 | 3.280033 | 3.367383 | 3.348142
Reynolds Number 15238 21257 26802 30970 8723 12829 18232 18754
Single Phase Model 1.5 3.4 4.6 6.4 2.9 3.1 3.7 4.2

Two Phase Mixture Model 5.1 6.9 10.1 13.5 10.3 8.3 4.86 5

Two Phase Eulerian Model 25.1 22.7 20.2 17.6 27.8 23.9 19.7 20.4
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3.4.2. Comparison of Brownian Motion Effects on the Heat Transfer En-

hancement for Laminar and Turbulent Flows

In this subsection, we consider different thermophysical property relations, in the
context of single phase modelling, to compare and understand the Brownian motion
effects as a mechanism of heat transfer enhancement for laminar and turbulent flows.
It was shown in the previous subsection that the single phase model gives accurate
results for predicting the experimental findings of Experiment 2, at higher volume
concentrations. Therefore we use Experiment 2 data for turbulent flow simulations in
this subsection and for laminar flow, Experiment 3 data are considered. Model 1V is
used to define the viscosity of nanofluid since this relation is obtained from Experiment

2 and 3 data.

In the simulation of Experiment 3, 50 nm size Al;O3/water nanofluid is used.
The inlet temperature, the flow rate values and the bulk temperature of nanofluid are
extracted from experimental data. The wall heat flux value is chosen according to
the experimental current and voltage values. Volume concentration values are 1.32%
and 2.76%. The local convective heat transfer coefficient at x=1 m results of different
volume concentrations are presented and compared for different thermal conductivity

models in Figure 3.8 .
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Figure 3.8. The local heat transfer coefficient at x=1 m comparison for different

property models (@ =1.32% (left) and @ =2.76% (right)).

The average heat transfer coefficient values are presented for different thermal

conductivity models in turbulent nanofluid flow with 1.8% and 3.6% volume concen-

trations (Experiment 2) in Figure 3.9
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Figure 3.9. The average heat transfer coefficient comparison for different property

models (0 =1.8% (left) and @ =3.6% (right)).
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The percentage error values for Experiment 2 and 3 are shown in Table 3.5 and

Table 3.6, respectively.

For turbulent flow of Al,O3/water nanofluid which has 1.8% volume concentra-
tion, Model 3 gives the least error values among the tested thermal conductivity models
(0.3%-1.3%). Furthermore, Model 4 gives smaller error values except for Re=15238
when compared to Model 1 and Model 2. Moreover, except for Model 4, the error val-
ues of the all other models increase with increasing Reynolds number, also, the error

values of Model 1 and Model 2 increase more than Model 3.

For turbulent flow of Al,O3/water nanofluid which has 3.6% volume concentra-
tion, Model 3 gives the least error values as in the 1.8% volume concentration case
(2.1%-3.1%). Model 2 gives smaller error values than Model 4 except for Re=18754
contrary to 1.8% volume concentration case. Moreover, except for Model 4, the error
values of the all models increase with increasing Reynolds number as in the 1.8% vol-

ume concentration case.

For laminar flow of Al,O3/water nanofluid which has 1.32% volume concentration,
Model 3 gives the smallest error values among the tested models (1.1%-2.3%). All
tested model gives higher error values when compared to 1.8% volume concentration
turbulent flow case, especially Model 4. However, the trend between the error values

and the Reynolds number remains same.

For laminar flow of Al,O3/water nanofluid which has 2.76% volume concentration,
Model 3 gives the least error values as in the 1.32% volume concentration case (1.3%-
2.6%). Moreover, only the error values of Model 4 decrease when compared to 1.32%

volume concentration case.

It can be seen that for both laminar and turbulent flows the Chon’s model (Model
3) which considers temperature, particle size and Brownian motion effects, gives the

least errors. It can be deduced that Brownian motion effect is the one of main mech-
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anisms of heat transfer enhancement for both laminar and turbulent flows. It should
be noted that Model 2 is found by curve-fitting of experimental results and it is only
valid for Experiment 2 and 3. Although Model 4 considers also the Brownian motion
effect, it gives higher errors in some conditions. This result may be due to the narrower
temperature application range of Model 4 compared to Model 3 and difference in the

definitions of the Brownian velocity between Models 3 and 4.

Table 3.5. The average heat transfer coefficient percentage error values of different

thermal conductivity models for Experiment 2.

Experiment Experiment 2 (Turbulent)

Volume Concentration 1.8% 3.6%

Reynolds Number 15238 | 21257 | 26802 | 30970 | 8723 | 12829 | 18232 | 18754
Model 1 2 4 5.3 7.4 3.1 3.6 4.6 6.2
Model 2 1.5 3.4 4.6 6.4 2.9 3.1 3.7 4.2
Model 3 0.3 0.8 1.1 1.3 2.1 2.2 2.6 3.1
Model 4 2.4 2 1.9 1.8 4.5 4.1 3.8 3.6

Table 3.6. The local heat transfer coefficient percentage error values of different

thermal conductivity models for Experiment 3.

Experiment Experiment 3 (Laminar)

Volume Concentration 1.32% 2.76%
Reynolds Number 504 685 870 1888 | 562 957 1131 | 1666
Model 1 2.9 3.7 7.3 8.3 3.4 5.2 7.6 10.8
Model 2 2.5 3.1 4.8 6.8 3.2 4.5 0.4 6.7
Model 3 1.1 1.3 1.8 2.3 1.3 1.6 2.1 2.6
Model 4 7.7 6.5 5.1 4.7 4.8 3.2 3.1 1.9
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3.4.3. Comparison of Pressure Drop Estimations for Laminar and Turbulent

Flow of Nanofluid

In this subsection, the pressure drop values for both laminar and turbulent
nanofluid flows are compared with experimental data, and the turbulent friction factor
values are compared with Equation 3.5 for Re <= 30000, with Equation 3.6 for Re >

30000 and the laminar friction factor values are compared with 3.4.

The results are displayed in Table 3.7 and Table 3.8. It can be seen that for both
laminar and turbulent flows, pressure drop increases with increasing Reynolds number
and volume concentration. The pressure drop is more important in turbulent flow when
compared with laminar flow. The pressure loss becomes more and more pronounced
when the volume concentration and Reynolds number are high as stated in Duangth-
ongsuk and Wongwises [28]. Moreover, the friction factor of Al,O3/water nanofluid

can be predicted by using well-known equations for both laminar and turbulent flow.

Table 3.7. The pressure drop values and the friction factor comparison for turbulent

Al, O3 /water nanofluid flow.

Experiment Experiment 2 (Turbulent)
Volume Concentration 1.8% 3.6%
Reynolds Number 15238 21258 26802 30971 8724 12829 18232 18754

Pressure Drop (Experiment) | 13940.6 | 37291.7 | 37395.5 | 36229.7 | 18062.5 | 38160.1 | 36990.3 | 35818.2

Pressure Drop (Simulation) | 14428.7 | 37039.4 | 39186.4 | 37803.2 | 18973.4 | 40182.1 | 37770.6 | 36993.8

Friction Factor (Simulation) | 0.0263 0.0247 | 0.0231 0.0219 0.0321 0.0289 0.0259 0.0257

Friction Factor (Theory) 0.0284 | 0.0261 | 0.0246 | 0.0232 | 0.0326 | 0.0296 | 0.0272 | 0.027
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Table 3.8. The pressure drop values and the friction factor comparison for laminar

Al,O3/water nanofluid flow.

Experiment Experiment 3 (Laminar)

Volume Concentration 1.32% 2.76%

Reynolds Number 504 685 870 1888 562 957 1131 1666
Pressure Drop (Simulation) | 254 350.4 451.8 1060.5 | 627.9 1104.1 | 13229 | 2030.7

Friction Factor (Simulation) | 0.132 0.0972 0.0762 0.0352 0.119 0.0695 0.059 0.0402

Friction Factor (Theory) 0.127 0.0934 0.0735 0.0339 0.113 0.0668 0.0565 0.0384

3.4.4. Comparison of Some Flow and Thermal Parameters for Turbulent

Al,0O; /water Nanofluid Flow

In this subsection, the wall temperature changes and velocity values along axis
of the pipe are investigated and compared each other for 0%, 1.8% and 3.6% volume
concentration cases at Re = 15000 in Domain 1. The inlet temperature is chosen 293
K. The particle size of the nanoparticles is 46 nm. The best models which give the
least error values such as the single phase model with thermal conductivity model 3
and viscosity model 1V for 1.8% and 3.6% volume concentration cases are used in
simulations. The wall temperature changes and velocity values along axis of the pipe

are shown in Figure 3.10 and Figure 3.11, respectively.

According to the results, it can be seen that the addition of nanoparticles has a
significant effect on wall temperature. As the volume concentration of the nanofluid
increases, the wall temperature increases. Moreover, the maximum velocity of the flow
increases with increasing volume concentration. However, the entrance length which
is the distance from the pipe inlet to the fully developed region does not change with

volume concentration of the nanofluid.
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Figure 3.10. The wall temperature changes along the pipe wall for @ =0%, @ =1.8%
and @ =3.6% cases at Re=15000.
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and ) =3.6% cases at Re=15000.
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3.4.5. Comparison of Heat Transfer Enhancement and Pressure Drop In-

crease for Laminar and Turbulent Al,O3;/water Nanofluid Flow

Figure 3.12 shows the ratio of convective heat transfer coefficient of Al,O3/ water
nanofluid to that of pure water at the same Reynolds number for laminar and turbulent
flow conditions. The single phase model results of Al,O3/water nanofluids under both
laminar and turbulent flow condition with 1.32% and 2.76% volume concentrations are
presented. The single phase results using Chon’s thermal conductivity model (Model
3) and viscosity model Model 1V which have been shown to give the least errors in
these cases, are chosen. Also, the two phase Eulerian model results for Al,O3/water
nanofluids with 0.135% and 0.03% volume concentrations are presented, since this

model predicts better at low concentrations.

For laminar flow of dilute Al,O3/water nanofluid, there is no significant difference
in terms of heat transfer enhancement and the enhancement does not depend on the
Reynolds number. The enhancement is very small. For laminar flow of Al,O3/water
nanofluids which have volume concentration higher than 1%, the heat transfer enhance-
ment increases with Reynolds number. The enhancement is higher for the nanofluid

with higher volume concentration.

For turbulent flow of dilute Al,O3/water nanofluid with 0.03% volume concentra-
tion, the heat transfer enhancement is same with the laminar case. However, for 0.135%
volume concentration case, the enhancement increases compared to the laminar case.
Furthermore, the enhancement of both 0.03% and 0.135% volume concentration cases
does not change with varying Reynolds number as in the laminar cases. The enhance-
ment is still very small when compared to higher concentration cases. For turbulent
flow of Al,O3/water nanofluid which have volume concentration higher than 1%, the
heat transfer enhancement is slightly more than that of the laminar case for the same
volume concentration. Moreover, the enhancement does not show a significant change

with increasing Reynolds number contrary to the laminar case.
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It can be seen that the convective heat transfer coefficient is higher than that
of water for every Reynolds number and volume concentration. The highest h,;/
hyater 1s around 1.483 for 2.76% volume concentration at Re=30971. The ratio h, s/
hyaterincreases with increasing Reynolds number and volume concentration. However,
it can be seen that volume concentration effect is more important than Reynolds num-
ber effect. For turbulent and/or the dilute case, the Reynolds number increment has
a small effect on the heat transfer enhancement ratio. It can be concluded that the
heat transfer enhancement of turbulent nanofluid flow is higher than the enhancement

under laminar flow condition for the same volume concentration value.
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Figure 3.12. The ratio of convective heat transfer coefficient enhancement of

Al,O3/water nanofluid for laminar (left) and turbulent (right) flow conditions.

Figure 3.13 shows the ratio of the pressure drop of Al,O3/water nanofluid to that

of pure water at the same Reynolds number for laminar and turbulent flow conditions.

It can be seen that addition of nanoparticles increases the pressure drop for high
volume concentrations significantly. However, pressure drop increase is very small for
dilute AlyOs/water nanofluid. Also, (AP, s/APuter) increases with volume concen-

tration and the ratio can be considered independent of the Reynolds number. It is
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consistent with the result of Pak and Cho [21] and Williams et al. [12]. The increase in
the viscosity is mainly responsible for the pressure loss. Therefore, for the same volume
concentration the ratio (AP, /AP yqter) is the same for both laminar and turbulent
flow. Also, it is observed that the pressure drop ratio is not affected by the increase in

volume concentration in the dilute range.
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Figure 3.13. The ratio of pressure drop increase of Al,O3/water nanofluid for laminar

(left) and turbulent (right) flow conditions.

Table 3.9 and Table 3.10 show the ratio of convective heat transfer coefficient
enhancement to pressure drop increase in laminar and turbulent flow, respectively.
One can understand from this ratio that the case which has the higher ratio is the

optimum point for both heat transfer and pressure drop.

It can be seen that the pressure drop increase is higher than the convective heat
transfer coefficient enhancement for both laminar and turbulent flow condition and for
all volume concentrations except the dilute case, as stated in Sahin et al. [31]. Also,
for higher volume concentrations, the pressure drop effect is more dominant than heat
transfer enhancement for both laminar and turbulent flow. The ratio increases with

increasing Reynolds number and decreasing volume concentration. The dilute case is
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better than other volume concentrations in terms of pressure loss however the heat

transfer enhancement in the dilute case is very low.

For the laminar cases, the ratio increases with increasing Reynolds number for all
tested volume concentration cases. Furthermore, it decreases with increasing volume
concentration. Therefore, one can expect that the dilute case with higher Reynolds
number shows higher ratio. However, the dilute cases is not bright when looking at
the heat transfer enhancement. 1.32% volume concentration case is recommended for

the application under laminar flow condition among the tested volume concentrations.

For turbulent cases, all trends are similar with the laminar cases. However, the
ratio of the turbulent cases is slightly higher than that of the laminar cases for the
same volume concentration values. Therefore, 1.32% volume concentration case is the

best option when both laminar and turbulent flow cases are considered.

Table 3.9. The ratio of convective heat transfer coefficient enhancement to pressure

drop increase comparison of laminar Al,O3/water nanofluid flow.

Flow Laminar
Volume Concentration 0.135% 1.32% 2.76%
Reynolds Number 504 685 870 1888 | 504 685 870 1888 | 504 685 870 1888

(hny/ hy) / (AP,y / AP,) | 1.0081 | 1.0086 | 1.009 | 1.01 0.552 | 0.567 |0.592 |0.614 |0.285 |0.292 |0.302 |0.324
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Table 3.10. The ratio of convective heat transfer coefficient enhancement to pressure

drop increase comparison of turbulent Al,O3/water nanofluid flow.

Flow Turbulent
Volume Concentration 0.135% 1.32% 2.76%
Reynolds Number 15238 | 21257 | 26802 | 30970 | 15238 | 21257 | 26802 | 30970 | 15238 | 21257 | 26802 | 30970

(h,;/ hy) / (AP,; / AP,) | 1.0438| 1.0441 | 1.0461 | 1.048 | 0.624 |0.627 |0.634 | 0.648 |0.35 |0.354 |0.357 |0.36

3.4.6. Comparison of Simulation results of Turbulent Al,O;3;/water Nanofluid
Flow with Proposed Correlations and Chilton-Colburn Analogy

Different correlations have been proposed in the literature for predicting Nusselt
number in turbulent Al,Oz/water nanofluid flow. Figure 3.14 compares simulation
results of Experiment 2 with the results obtained from correlations proposed by Pak
and Cho [21] and Maiga et al. [11] for 1.8% and 3.6% volume concentrations. It is
observed that for both volume concentrations, simulation results are in good agreement
with Pak and Cho correlation, although there are small deviations at some points due
to the difference in the Prandtl number range, while Maiga’s correlation overpredicts
the Nusselt number. It should be noted that Pak and Cho’s correlation is purely

experimental, however Maiga’s correlation is found by numerical simulations.
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Figure 3.14. Comparison of the Nusselt number results with existing correlations for

nanofluids at @ =1.8% (left) and @ =3.6% (right) volume concentration.

In this section, the suitability of the Chilton-Colburn analogy for nanofluids has
also been investigated. The friction factor and the Nusselt number results for turbu-
lent Al,O3/water nanofluid flow are used with chosen Reynolds number and Prandtl
number values to check whether the simulation results fits to Chilton-Colburn analogy

(Equation 3.17). The results are shown in Table 3.11.

According to the results, it has been observed that turbulent Al;O3/water nanofluid
flow does not conform to the Chilton-Colburn analogy. Chilton and Colburn have built
their analogy on the experimental results of some liquids in the literature. Therefore,
the difference in results may be due to the fact that the flow and thermal properties of

nanofluids are not similar with conventional fluids.



Table 3.11. Chilton-Colburn Analogy for Al,O3/water nanofluid.
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Flow Turbulent

Volume Concentration 0.135% 1.8% 3.6%

Reynolds Number 13800 | 19600 | 26750 | 29000 | 15238 | 21257 | 26802 | 30970 | 8723 | 12829 | 18232 | 18754
Prandtl Number 321 331 (321 |331 |686 |845 |6.86 |579 |[11.27 |11.82 |7.86 |8.17
Nusselt Number 95.1 | 133.5 |159.5 |165.4 |132.4 |186.3 |214.4 |229.6 |94.4 |133.3 |163.7 |158.3
Friction Factor 0.0332 | 0.0294 | 0.0266 | 0.0259 | 0.0263 | 0.0247 | 0.0231 | 0.0219 | 0.0321 | 0.0289 | 0.0259 | 0.0257
Stpr2/3 0.0047 | 0.0046 | 0.004 | 0.0038 | 0.0046 | 0.0043 | 0.0042 | 0.0041 | 0.0048 | 0.0046 | 0.0045 | 0.0042
/8 0.0041 | 0.0037 | 0.0033 | 0.0032 | 0.0032 | 0.003 | 0.0029 | 0.0027 | 0.004 | 0.0036 | 0.0032 | 0.0032
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4. CONCLUSION AND FUTURE WORK

4.1. Conclusion

In the present paper, steady state turbulent forced convection of Al,Oz/water
nanofluid inside a pipe has been investigated numerically. The main aim of this study
were to develop a numerical procedure which predicts the flow and heat transfer char-
acteristics of the nanofluid accurately for a wide range of volume concentration and
Reynolds number. Therefore, a lot of flow and property models were tried and the
results were compared with experimental works. The single phase, two phase mixture
and Eulerian models have been used and compared each other to obtain a numerical
procedure with high accuracy. Different thermophysical relation models have been tried
and compared to improve the accuracy of the single phase model prediction. Moreover,
the laminar flow of Al,O3/water nanofluid was added to compare it with turbulent heat

transfer and pressure drop behavior of the Al,O3/water nanofluid.

It has been observed that the two phase Eulerian model performs best at low
concentrations while the two phase mixture model gives better predictions at higher
concentrations compared to the Eulerian model. As expected, the single phase model
gives the least errors when direct correlations for thermophysical properties are avail-

able from experiments.

It has been shown that the Brownian effect is one of the main mechanisms for

the heat transfer enhancement in both laminar and turbulent flow.

Results showed that nanoparticles addition increases the heat transfer rate as
well as the pressure drop. Moreover, heat transfer and pressure drop for the nanofluid
increases with increasing volume concentration and Reynolds number, as observed in
the experiments. The highest heat transfer rate and pressure drop values have been
detected at the highest Reynolds number and volume concentration. However, the

pressure drop increase for the nanofluid with respect to base fluid (AP,;/APyauter) is
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independent of the Reynolds number and it only increases with increasing volume con-
centration. Also, the heat transfer enhancement (h,, s/ hyqer)increases with increasing
Reynolds number and volume concentration. However, the Reynolds number increment
has a small effect on the heat transfer enhancement for turbulent flows and/or dilute
suspensions.The heat transfer enhancement in turbulent flow condition is higher than
the enhancement in laminar flow condition for the same volume concentration value.
Therefore, at a given concentration, the ratio of heat transfer enhancement to pressure
drop increase value ((hyr / hyater) / (APns / APyater)) is higher in turbulent flow
condition compared to laminar flow condition for both dilute and high concentration
cases. It can be concluded that using nanofluids in turbulent flow condition is more

effective than in laminar flow condition case for the same volume concentration.

The following can be considered as the main results of this study:

e When the proper thermophysical property models are found, the single phase
model is sufficient for a wide range of volume concentrations and Reynolds num-
ber.

e Two phase Eulerian model performs better at low concentrations, two phase
mixture model is more accurate at higher concentrations. However, the Eulerian
model is not recommended for higher concentrations.

e Although the property models are not used in the two phase modelling, the
computational time and the error values of the two phase models are higher than
the single phase model.

e Brownian motion is effective in heat transfer enhancement for both laminar and
turbulent nanofluid flow.

e Heat transfer enhancement is higher in turbulent flow compared to laminar flow
at a given volume concentration

e Pressure drop increase ratio depends on volume concentration, and not on Reynolds
number.

e The ratio of heat transfer to pressure drop increase is higher in turbulent flow

compared to laminar flow.
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4.2. Contribution and Future Work

Heat transfer and pressure drop characteristics of a working fluid are a funda-
mental issue for thermal systems. The optimal design and safe operation are strongly
depend on these characteristics. This thesis has contributed to analyze the heat transfer
and flow behaviors of nanofluid accurately without doing experimental works. More-
over, it was investigated that which CFD model is more suitable for different conditions.
It has been found in the literature research that there is still uncertainty about this
matter. The results show that the single phase model can be used to predict the heat
transfer and flow behavior of nanofluid, especially for the higher volume concentrations,
if the suitable thermophysical property models can be found. However, it is difficult
to find a suitable models among many models for many kinds of nanofluids and ap-
plications. Therefore, the importance of the two phase modelling comes forth at this
point. When the two phase models are compared with each other, the Eulerian model
is the best model at low concentrations, however, the mixture model becomes better
than the Eulerian model as the volume concentration increases. Furthermore, the Eu-
lerian model predicts the forced convection heat transfer of the turbulent nanofluid

flow inaccurately.

The different UDF codes have been developed to determine the thermophysical
property models of a nanofluid (see Appendix A). This codes can be used and imple-

mented to Ansys-Fluent software for modelling.

This study can be used as a reference for the selection of the flow and property
models in numerical application and can be used to determine the best operating point

of thermal systems that use nanofluids.

The two phase granular model can be improved for future work. Because there
are different solid phase viscosity models available in the literature. In this study, only
the Miller and Gidaspow model is used to define solid phase. Moreover, some articles
stated that Eulerian Lagrangian model is better than other flow models in terms of heat

transfer prediction. However, since the number of these articles is low, more work must
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be done to trust this flow model. Furthermore, there is a new type of nanofluids that are
called ‘hybrid’ in the literature. The hybrid nanofluids are obtained by mixing different
type of nanoparticles in a base fluid. The heat transfer and flow behavior of hybrid
nanofluids may be investigated numerically when a sufficient number of experimental

works are conducted in this subject.
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APPENDIX A: UDF CODES

A.1. Sample UDF Code (Patel et al.’s Model)

The Sample UDF Code for Patel et al.’s Thermal Conductivity Model:

#include "udf.h”

[*HFH hermal cond*** /

#define KP 46 % thermal condctivity of solid particles

#define FI 0.00054 % volume concentration

#define KF 0.653 % thermal condctivity of base fluid at bulk temperature

#define CPF 4183.85 % specific heat of base fluid at bulk temperature

#define KB 1.3807e-23 % Boltzmann constant

#define ROF 983.8 % density of base fluid at bulk temperature

#define DP 20e-09 % particle size of solid particles (m)

#define DF 2.75e-10 % particle size of liquid particles (m)

#define A 2.41e-05 % constant

#define B 247.8 % constant

#define C 140 % constant



DEFINE_PROPERTY (nanofluid_Conductivity,c,t)

real pec;

real re;

real k_nf;

real temp = C_T(c,t);

real viscwat;

viscwat =A * pow(10,(B/(temp-C))) ;

pec=((2*KB*temp*ROF*CPF*DP)/(3.14*viscwat*(pow(DP,2))*KF));

k_nf = KF*(1+((DF/DP)*(FI/(1-FI))*(KP /KF)*(1425000%pec)));

return k_nf;
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A.2. Sample UDF Code (Chon et al.’s Model)

The Sample UDF Code for Chon et al.’s Thermal Conductivity Model:

#include "udf.h”

JFFR K thermal cond*** /

#define KP 46 % thermal condctivity of solid particles

#define FI 0.00135 % volume concentration

#define KF 0.61032 % thermal condctivity of base fluid at bulk temperature

#define CPF 4180.6 % specific heat of base fluid at bulk temperature

#define KB 1.3807e-23 % Boltzmann constant

#define LND 1.7e-10 % Mean free path of liquid molecule

#define ROF 996.56 % density of base fluid at bulk temperature

#define DP 50e-09 % particle size of solid particles (m)

#define DF 2.75e-10 % particle size of liquid particles (m)

#define A 2.41e-05 % constant

#define B 247.8 % constant

#define C 140 % constant
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DEFINE_PROPERTY (nanofluid_Conductivity,c,t)

real viscwat;

real re;

real k_nf;

real temp = C_T(c,t);

visewat = A * pow(10,(B/(temp-C))) ;

re = (ROF * KB * temp) / (3 * 3.14 * viscwat * viscwat * LND) ;

konf = (1 + 64.7 * pow(FL,0.746) * pow((DF/DP),0.369) * pow((KP/KF),0.7476) *
pow((CPF * viscwat/KF),0.9955) * pow(re,1.2321)) * KF;

return k_nf;





