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ABSTRACT
The mechanisms o f nanofluids heat transfer enhancement are still unclear. Previous
studies about nanofluids have tried to solve some o f many challenges about the thermal and
hydrodynamic performance o f nanofluids and their properties; however still there are many
problems unsolved and questions without a certain answer. Hence, more studies are necessary,
which can be experimental, numerical and theoretical. In the present study, nanofluids are
investigated intensively using numerical and analytical approaches.
The numerical part consists o f three chapters and covers a wide range o f heat transfer
problems, including; laminar and turbulent, single-phase and two-phase as well as mixed
convection and forced convection flows. Several particle volume fractions and a large number
o f Reynolds numbers are considered. Chapter two is dedicated to laminar mixed convection
flow o f AhOs-water nanofluid inside a horizontal tube. Uniform heat flux is applied at the
wall. Two Reynolds numbers and three particle volume fractions are used, and finally the
thermal and hydrodynamic numerical results from three different two-phase models and the
single phase model are compared with experimental data. It is shown that the predictions o f
these different approaches are extremely different. For a laminar mixed convection flow , twophase models are in better agreement with a given experimental data. The two-phase models
predictions are close but far from single-phase.
Chapter three evaluates the sensitivity o f the laminar formulation on selected
combinations o f models for the conductivity and viscosity o f nanofluids. Two models for the
conductivity and three for the viscosity are chosen, which make six combinations. These
choices are found to have very important effects on the final results. Therefore, every
numerical study should first justify their choice o f viscosity-conductivity correlations. A lso, a
list o f the most important models for the conductivity and viscosity o f nanofluids are gathered
and included in this chapter.
Chapter four evaluates the predictions o f single-phase and three different two-phase
models for turbulent forced convection inside a horizontal tube. Uniform heat flux is applied at
the wall. Realizable k-£ turbulent model is used, which is a two-equation model. Two sets o f
experimental data for different nanofluids (AhCh-water and Cu-water) are used, which cover a
wide range o f volume fractions and Reynolds numbers. The single-phase results accuracy is
confirmed with an appropriate selection o f conductivity-viscosity combination. The results
from different two-phase models are found to be very close; however, they were too far from
the single-phase predictions and the experimental data. Two-phase models could not satisfy
the experimental data for turbulent forced convection flow o f two different nanofluids from
different experimental studies, while single-phase approach does it well.
In the analytical part o f the study, new models for the thermal conductivity o f
nanofluids and the Nusselt number o f the flow around the nanoparticles are derived. These
models take into account the effect o f Brownian motion, interfacial thermal resistance,
particles clustering, clusters size distribution and micro-convection as well as particles
concentration, particles size and temperature. The clusters size and size distribution are
analyzed based on the fractal theory. The proposed model for the conductivity o f nanofluids is
compared with experimental data from several studies for five different nanofluids and various
magnitudes o f volume fractions. This model is also compared with two similar models. It

shows very good agreement with experiment and better performance compared to those
selected models.

K eywords: Nanofluid, Thermal conductivity, Dynamic
Convection, Turbulent flow, Two-Phase, Fractal theory.
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RESUME
Les mecanismes de perfectionnement du transfer! thermique des nanofluids sont encore
peu clairs. Les etudes precedentes au sujet des nanofluids ont essaye de r^soudre certains des
nombreux defis au sujet de la performance thermique et hydrodynamique des nanofluides et de
leurs proprietes ; toutefois il reste beaucoup de problemes non r^solus et questions sans
reponse certaine. Par consequent, plus d'etudes sont necessaires, qui peu vent etre
experimentales, numeriques ou theoriques. Dans la pr6 sente etude, des nanofluides sont
etudies intensivement en utiiisant des approches numeriques et analytiques.
La partie numerique se compose de trois chapitres et couvre un eventail de problemes
de transfert thermique, incluant; laminaire et turbulente, monophasique et diphasique, aussi
bien que, convection mixte et convection forcee. Plusieurs concentrations volumetriques de
nanoparticules et nombres de Reynolds sont con sid ers. Le deuxieme chapitre est consacre a
la convection laminaire mixte de nanofluide d’AhCb-eau a l'interieur d'un tube horizontal. Le
flux uniforme de chaleur est applique au mur. Deux nombres de Reynolds et trois
concentrations volumetriques de nanoparticules sont utilises, et finalement les resultats
numeriques thermiques et hydrodynamiques de trois differents modeles diphasiques et du
modeie monophasique sont compares aux donnees experimentales. On demontre que les
resultats de ces differentes approches sont extremement differents. Pour un regime de
convection laminaire mixte, les modeles diphasiques sont en meilleur accord avec des donnees
experimentales. Les resultats de modeles diphasiques sont proches mais loin des resultats du
modeie monophasique. Le troisieme chapitre evalue la sensibilite de la formulation laminaire
sur des combinaisons choisies des expressions pour la conductivite et la viscosite des
nanofluids. Deux expressions pour la conductivite et trois pour la viscosite sont choisis, ce qui
donne six combinaisons. Ces choix s'averent avoir des effets tres importants sur les resultats
finals. Par consequent, chaque etude numerique devrait d'abord justifier son choix des
correlations de viscosite-conductivite. En outre, une liste des m odeles les plus importants pour
la conductivite et la viscosite des nanofluids est recueillie et incluse dans ce chapitre. Le
quatrieme chapitre evalue les resultats du modeie monophasique et trois differents modeles
diphasiques pour la convection forcee turbulente de nanofluide dans un tube horizontal. Le
flux uniforme de la chaleur est applique au mur. Le modeie turbulent «Realizable k-e» est
employe, qui est un modeie a deux equations. Deux ensembles de donnees experimentales
pour differents nanofluides (A^C^-eau et Cu-eau) sont employes, qui couvrent un eventail des
concentrations volumetriques de nanoparticules et de nombres de Reynolds. L'exactitude
monophasique des resultats est confirmee avec un choix approprie de combinaisons de
conductivite-viscosite. Les resultats des differents m odeles diphasiques sont proches;
cependant, ils sont tres loin des resultats monophasique et des donnees experimentales. Les
modeles diphasiques ne pourraient pas satisfaire les donnees experimentales pour le regime
convection forcee turbulente de deux nanofluides differents par deux differentes etudes
experimentales, alors que l’approche monophasique le fait bien.
Dans la partie analytique de l'etude, de nouveaux m odeles pour la conductivite
thermique des nanofluides et le nombre de Nusselt de l'ecoulement autour des nanoparticules
sont derives. Ces m odeles tiennent compte de l'effet du mouvement Brownien, de la resistance
thermique surfacique, du groupement des particules, de la distribution de taille de ces
groupements et de la micro-convection aussi bien que de la concentration des particules, de la
iii

dimension particulaire et de la temperature. Le groupement des particules et la distribution de
leur taille sont analyses a l’aide de la theorie fractale. Le m odeie propose pour la conductivite
des nanofluides est compare aux donnees experimentales de plusieurs etudes pour cinq
nanofluides differents et differentes concentrations volumetriques de nanoparticules. Ce
modeie est egalement compare a deux modeles semblables. II montre une tres bonne
concordance avec l'experience et une meilleure performance compare a ces m odeles choisis.

M ots-cies : Nanofluid, Conductivite thermique, Viscosite dynamique, Nombre de Nusselt,
Convection, Ecoulement turbulent, Diphasique, Theorie de fractale.
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CHAPTER I

Introduction

I.l. Background
Heat transfer plays an important role in biological and manufactured systems. There
are three main modes o f heat transfer: convection, conduction and radiation. Conduction is the
result o f a temperature gradient inside a body. Radiation heat transfer is the exchange o f
electromagnetic energy between two or more bodies, when no medium is needed in between
them for heat transfer to occur. Convection involves heat transfer by the motion o f a fluid in
touch with a solid boundary. There is no single property o f the heat transfer medium for
convection heat transfer such as what w e have in conduction (thermal conductivity). So, there
are more difficulties to model convection. The literature distinguishes three regimes: free,
forced and mixed convection. In free convection there is no force for motion or mixing the
fluid in the domain (except for Gravity), and it happens just by the effect o f temperature
gradient on fluid’s density. On the other hand, forced convection arises when there is a forced
flow motion. Finally, for mixed convection, there is a combination o f both free and forced
convection. So it needs much more attention and details to find out a better definition for the
flow o f this type. Mixed convection in ducts is an important application o f heat transfer. The
performance o f several industrial equipments (such as shell and tube heat exchangers, nuclear
reactors, boilers and solar energy collectors) is influenced by m ixed convection heat transfer.
Therefore, it has been investigated for many years.
Fluids are the most important substance for heat transfer in many engineering
equipments such as heat exchangers. They generally have low conductivity. One way to
increase their conductivity is to add small solid particles in the base fluid. Thanks to
development o f new technologies, a new generation o f solid-liquid mixtures called nanofluids
has been developed. Nanofluids are a new kind o f heat transfer fluid containing small quantity
o f nano-sized particles (usually less than

100

nm) that are uniformly and stably suspended in a

liquid and enhance its thermal conductivity. Nanofluids are two-phase fluids even though they
have often been treated as homogeneous fluids. Thus, they have some common features with
the solid-liquid mixtures. Several phenomena such as Brownian diffusion (especially, for
higher temperatures or lower particle sizes), sedimentation, and dispersion may coexist in the
5

main flow o f nanofluids. The particles are ultra-fine and the slip velocity between them and
the base fluid may not be zero; however, irregular and random movements o f particles
increase the energy exchanging rate in the fluid. Because o f the fact that the nanofluid
properties are not well known the two-phase approach can be a candidate for analyzing the
nanofluid flow. To better understand the nanofluids thermal and hydrodynamic behavior, the
present dissertation is structured as follows:
Chapter two includes the numerical analysis o f laminar mixed convection flow o f
A^Os-water nanofluid in a horizontal tube. The numerical predictions based on three tw ophase models (Eulerian, Mixture and VOF) and the single-phase model are compared with
existing experimental data. Thermal field is found to be more influenced by the model
selection rather than hydrodynamic field. Two-phase models yield closer results to the chosen
set o f experimental data; however, the two-phase results showed oversensitivity to particles
volume fraction variation compared to those o f the single-phase model and experimental data.
The effect o f different models for nanofluid properties on the final numerical results
was investigated in chapter three. Six different combinations o f viscosity-conductivity models
for laminar mixed convection flow o f nanofluids were studied. Different particle volume
fractions and Reynolds numbers were examined. It was found that the numerical results were
highly affected by this selection. Finally, a review o f the existing models for nanofluids
conductivity and viscosity was done, and a detailed list o f such models was collected in two
tables.
In chapter four a turbulent forced convection flow o f a AhCb-water nanofluid with
very low volume fractions (less than 0.005 %) and a Cu-water nanofluid with higher values o f
particles volume fractions (1 and 2 %) were analyzed. First o f all, different viscosityconductivity combinations were examined based on the experimental data. It was found that
for very low particle volume fractions, all o f the combinations give almost identical results;
however, their effect on thermal predictions for higher particles volume fractions was found to
be significant. A Realizable k-e two-equation turbulent model was used. A comparison was
done between the results from three two-phase and a single phase models with the use o f two
sets o f experimental data from the literature.
The last chapter is an analytical study o f nanofluids thermal conductivity. An
evaluation o f one o f the most popular standard models [Nan et al., 1997] was done and the
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need for extra research in this area was confirmed. Then, a new model for nanofluids thermal
conductivity as well as a model for Nusselt number o f the flow s over a nanoparticle was
developed. They take into account the effects o f Brownian motion, interfacial thermal
resistance, micro-convection, particle clustering and cluster size distribution based on the
fractal theory. The model predictions were validated by a comparison with experimental data
and two other similar models.

1.2. Nanofluids Properties
Nanofluids are a new generation o f mixtures. Whereas many studies have been
performed to better understand their properties, still more investigations are needed to
establish good definitions for their characteristics. A brief review o f developments on the
subject has been gathered in this part. It does not cover all the works in the field, but it shows
the complexity o f the problem o f nanofluids properties and the vast range o f efforts which
have been devoted to solve it.

1.2.1. Thermal Conductivity
Thermal conductivity is the most important property o f nanofluids. The main reason o f
adding nanoparticles into the basefluid is to increase its thermal conductivity. There are some
standard models for thermal conductivity o f solid-liquid mixtures. Those models are not
accurate for nanofluids. Thus, many researchers have introduced different mechanism as o f
influential parameters and developed new models for thermal conductivity o f nanofluids.

1.2.1.1. Standard models for nanofluids thermal conductivity
The first study o f Maxwell [Maxwell, 1873] introduced a model to calculate the
thermal conductivity o f solid-liquid mixtures. This model includes the effect o f the
conductivity o f both solid and liquid parts o f the mixture. It also considers the effect o f each
phase’s volume fraction. The mixture is homogenous and the particles are all spherical in
shape. Another correlation was developed by Bruggeman [Bruggeman, 1935] based on the
“Effective Medium Theory” or EMT. This model is also dependent on the conductivity o f
solid and liquid phases plus their volume fraction and was developed for spherical particles.
Later Hamilton and Crosser [Hamilton and Crosser, 1962] studied the possibility o f increasing

the contact area between the liquid and the particles by changing the shape o f the particles.
They obtained a new expression for the effective conduction heat transfer coefficient o f a
solid-liquid mixture. It includes a coefficient, named spherical coefficient, which indicates the
effect o f different particle shapes on effective conduction heat transfer coefficient. Other
parameters were also studied later such as liquid molecular thickness layer around the
particles. This effect was included by Henderson and Van Swol [Henderson and Van Swol,
1984], They showed the presence o f a molecular thickness layer around the solid particles, and
said that it has a significant influence on the effective thermal conductivity coefficient o f the
mixture. Another parameter is “Randomly Dispersed Particles” which was studied by Jeffrey
[Jeffrey, 1973] and Davis [Davis, 1986]. N an’s model [Nan et al., 1997] is among the best
standard models to calculate nanofluids thermal conductivity. They added the effect o f
nonspherical particles, particles size and interfacial thermal resistance. There were also
attempts to enhance standard models. For example Yu and Choi [Yu and Choi, 2004]
modified the Hamilton-Crosser model to predict the thermal enhancement o f non-spherical
suspension particles. However their model was not able to predict the nonlinear behaviour o f
the nanofluid thermal conductivity. A modified Hamilton-Crosser model has been proposed by
Chen et al. [Chen et al., 2009]. Their model has been developed based on the suspension
rheology. They validated the modified model with experimental data for four different
nanofluids.

I.2.I.2. Comparison of thermal conductivity models with experiments
Experimental studies on thermal conductivity o f nanofluids have confirmed the
enhancements over their basefluids thermal conductivity. Lee et al. [Lee et al., 1999] measured
the thermal conductivity o f AI2 O 3 and CuO particles in water and ethylene glycol base fluids.
Their results showed higher thermal conductivity for nanofluids compared to pure fluid, which
linearly increases by adding more particles into base fluid. They also found that the thermal
conductivity o f nanofluids is dependent on the thermal conductivity o f both the particles and
the base fluid. Effective thermal conductivity o f nanofluids was measured by Wang et al.
[Wang et al., 1999], using a steady-state parallel-plate method. They used

A I2 O 3

and CuO

nanoparticles dispersed in water, vacuum pump fluid, engine oil and ethylene glycol. Their
results showed a higher thermal conductivity for the nanofluids than the base fluids. They also

8

showed that the predicted thermal conductivity o f nanofluids by existing m odels was lower
than their measured data. For a specific volume fraction, the increase o f thermal conductivity
was different for each base fluid. Xuan and Li [Xuan and Li, 2000] experimentally measured
the effective thermal conductivity o f Cu-water and Cu-oil nanofluids with hot-wire method.
They analyzed the effect o f volume fraction on thermal conductivity. A solid-fluid mixture
was investigated by Eastman et al. [Eastman et al., 2001]. They showed that the effective
thermal conductivity o f ethylene glycol increases up to 40% by adding approximately 0.3%
volume fraction Cu nanoparticles o f main diameter less than 10 nm. They also showed a big
difference between the heat transfer results from existing correlations and their experimental
data. This indicates that those correlations were not able to predict the thermal performance o f
nanofluids appropriately. Choi et al. [Choi et al., 2001] investigated the nanotube-in-oil
suspensions and measured their effective thermal conductivity. They showed that the
measured thermal conductivity is significantly greater than theoretical predictions and is
nonlinear with nanotube volume fraction. The thermal conductivity o f different suspensions
including AI2 O 3 nanoparticles with specific surface area in the range o f 5-124 m 2g'' have been
investigated using a transient hot-wire method by X ie et al. [Xie et al., 2002]. It was shown
that AhCVfluid mixtures have higher conductivity than the base fluid. They also found that
the enhancement increases with increasing particle volume fraction and with increasing
difference between the pH value o f aqueous suspension and the isoelectric point o f AI2 O 3
particles. For the suspensions using the same base fluid, the thermal conductivity
enhancements are highly dependent on the specific surface area (SSA) o f nanoparticles. For
the suspensions containing the same nanoparticles, the enhanced thermal conductivity ratio is
reduced with the increase o f thermal conductivity o f the base fluid. The crystalline phase o f the
nanoparticles appears to have no obvious effect on the thermal conductivity o f the suspensions.
Comparison between the experiments and the theoretical model shows that the measured
thermal conductivity is much higher than the values calculated using theoretical correlation.
Das et al. [Das et al., 2003] investigated the increase o f thermal conductivity o f AI2O 3 and
CuO water-based nanofluids due to temperature. The experimental results showed that the
thermal conductivity increases with an increase in temperature. Smaller CuO nanoparticles
showed greater enhancement o f thermal conductivity than larger AI2O 3 nanoparticles. They
emphasised that the stochastic motion o f nanoparticles could be a probable explanation for this

9

enhancement since particle displacement is easier for smaller particles. Four different kinds o f
nanofluids containing multi-walled carbon nanotubes (MWCNT) in water, CuO-water, SiC>2 water and CuO-ethylene glycol were studied by Hwang et al. [Hwang et al., 2006]. They
measured their conductivity by a transient hot-wire method. They showed that for MWCNT
nanofluids the conductivity increases almost linearly with increasing particle volume fraction
and that the measured conductivity is higher than the results obtained from Hamilton-Crosser
model which neglects solid-liquid interactions at the interface. They also found that the
thermal conductivity o f nanofluids depends on the thermal conductivity o f both the suspended
material and the base fluid.
Lack o f accuracy o f standards model for prediction o f thermal conductivity o f
nanofluids has been emphasized by many different studies. In fact, nanofluids show superior
enhancement o f thermal conductivity from what is predictable based on the standard models.
The exact reason or reasons o f that extraordinary thermal improvement is not clear yet. O f
course, there are a few candidates, but there has not been yet a general definition which
confirms the presence o f certain phenomena and the weight o f their influence on overall
thermal performance o f nanofluids. Mohammed at al. [Mohammed et al., 2011] discussed
different topics that are considered important on overall performance o f nanofluids. Those
topics consisting o f preparation, parameters, mechanisms, characteristics, convective heat
transfer enhancement, applications, safety and environmental impacts. They suggested the use
o f nanofluids based on their potential to solve some technological problems and space
limitations. There are however debates on the subject and different researchers approach the
problem from different angles. Different studies sometimes lead to contradictory results

1.2.1.3. Additional physical phenomena affecting nanofluid

thermal

conductivity
Different phenomena have been introduced lately as o f responsible parameters for
thermal heat transfer enhancement o f nanofluid. Based on those phenomena or a combination
o f them different models have also been developed for thermal conductivity o f nanofluids.
However, still there is not a single correlation that satisfies all the nanofluids and different
cases o f study.
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1.2.1.3.1. Brownian motion
Brownian motion is the random movement o f nanoparticles inside the mixture caused
by molecular interactions. Since the particles are very small, high energy m olecules can move
the particles in random direction. These particles will also collide with fluids m olecules and
other particles and change their direction and velocity. This process will help heat transfer and
increase the effective thermal conductivity o f nanofluids, which has been confirmed by many
researchers.
Koo and Kleinstreuer [Koo and Kleinstreuer, 2004] found the effect o f Brownian
motions to be more important for higher temperatures which agrees with what is observed
experimentally. They also showed that the effect o f nanoparticle interactions is significant for
dense nanofluids, in which volume fraction is more than 1%. Keblinski et al. [Keblinski et al.,
2002] concluded that Brownian motion does not play an important role in heat transfer
process. Jang and Choi [Jang and Choi, 2004] established a model to predict thermal
conductivity o f nanofluids. They considered four effects (the collision between base fluid
m olecules, the thermal diffusion o f nanoparticles in the fluid, the collision between
nanoparticles due to Brownian motion, and the thermal interaction o f dynamic nanoparticles
with base fluid molecules) for energy transportation in the nanofluids. Similarly to Keblinski
et al. [Keblinski et al., 2002] they found that because o f slow process o f Brownian motion, the
nanoparticles collision due to this mode could be neglected. Their model was in a good
agreement with the experimental data o f some other studies [Lee et al., 1999; Eastman et al.,
2001; Das et al., 2003]. Chon et al. [Chon et al., 2005] by following the theoretical point o f
view that was proposed by Jang and Choi [Jang and Choi, 2004], they concluded that the
Brownian motion o f nanoparticles could be a key mechanism o f thermal conductivity
enhancement with increasing temperature and decreasing nanoparticle sizes. The mixing effect
o f the base fluid in the immediate vicinity o f the nanoparticles caused by the Brownian motion
has been investigated by Li and Peterson [Li and Peterson, 2007]. They compared their model
with the experimental data from the literature. Their simulation results showed a significant
influence o f mixing effect on the thermal conductivity o f nanofluids. Yang [Yang, 2008]
include the effect o f Brownian motion in their model. They explained that the long-time tail in
Brownian motion can play a major role in the enhancement o f conductivity for nanofluids.
[Sohrabi et al., 2010] have taken into account the Brownian motion in the development o f their

model. Taking into account the effect o f particles size and temperature dependent interfacial
layer, Sitprasert et al. [Sitprasert et al., 2009] suggested a model for nanofluids conductivity.

I.2.I.3.2. Nano (Molecular) layering
Molecular or nano layering is referring to demonstration o f a nanoscale layer o f the
fluid around the nanoparticles surface. This layer shows the properties in between o f liquid
and solid phases. Some researchers believe this is a very important phenomenon, however still
there is not any clear evidence to confirm its presence.
Keblinski et al. [Keblinski et al., 2002] studies the molecular-level layering o f the
liquid at the liquid-particle interface. They concluded that corresponding with the effect o f
particle size; a thicker layer is more effective in the enhancement o f thermal conductivity
when the particle size is small. Yu and Choi [Yu and Choi, 2003] studied the effect o f
nanolayers on the thermal conductivity coefficient o f solid-liquid suspensions. They modified
the M axwell equation for the effective thermal conductivity o f solid-liquid mixtures including
the effects o f nanolayers. They mentioned that nanolayer has a significant impact on thermal
conductivity when the particle diameter is less than

10

nm and act as a bridge between the

solid particles and the base fluid behaving somehow like solids. They introduced an equivalent
particle radius r+h in which r is the radius o f the particles and h is the layer thickness. They
suggested that adding smaller (<

10

nm diameter) particles could be potentially better than

adding more particles. By considering the interface effects between the particles and base fluid
in nanofluids, a model was presented by Xue [Xue, 2003], to predict thermal conductivity o f
solid-liquid mixtures based on M axwell theory and average polarization theory. He found that
for the AhC^-water and nanotube-oil mixtures the theoretical results are in good agreement
with the experimental data, especially for nanotube-oil nanofluid. The effects o f nanolayer
thickness on conductivity were analyzed theoretically by Tillman and Hill [Tillman and Hill,
2007] and an expression for the nanolayer thickness has been derived by manipulation o f the
three basic heat conduction regions. Feng et al. [Feng et al., 2007] developed a model for
nanofluids conductivity taking into account the nanolayer around the particles along with
particles aggregation. Their model has been validated for four nanofluids (CuO-EG, AI2 O 3 EG, CuO-water, A b 0 3 -water) based on three different experimental studies. Sohrabi et al.
[Sohrabi et al., 2010] introduced a model for the conductivity o f nanofluids based on the
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Brownian motion which is capable o f considering the particles size and interfacial layer.
Sohrabi et al. [Sohrabi et al., 2010] introduced a model for the conductivity o f nanofluids
based on the Brownian motion which is capable o f considering the particles size and
interfacial layer.

1.2.1.3.3. Clustering (Aggregation)
The formation o f aggregates and presence o f clusters inside nanofluids have been
confirmed. In fact, nanoparticles attach to each other as a result o f different surface forces and
make aggregates o f particles. Their size is different and therefore their Brownian velocity is
not the same. They are porous mediums in nature and cany a large amount o f liquid with
themselves. Those aggregates have been shown to influence the thermal conductivity o f
nanofluids in different ways.
Keblinski et al. [Keblinski et al., 2002] showed that the clustering o f particles caused a
negative effect on thermal conductivity enhancement. A method for modeling the effective
thermal conductivity o f nanofluids was established by Wang et al. [Wang et al., 2003] based
on the effective medium approximation and the fractal theory for the description o f
nanoparticle clustering and its radial distribution. They analyzed the effect o f size and surface
adsorption o f the nanoparticles on the heat transfer, and found a good agreement between their
model and measured data for suspension o f metallic oxide nanoparticles. Feng et al. [Feng et
al., 2007] considered the effect o f particles aggregation in their model. Using the multiple
image method, Zhou and Gao [Zhou and Gao, 2007] proposed a model for thermal
conductivity o f nanofluids, considering the many-body and multipolar interaction between the
nanoparticles or clusters. The accuracy o f the model has been verified by comparing with the
experimental data from two studies for CuO-water, A^CH-water nanofluids. Gao et al. [Gao et
al., 2009] also used the Bruggeman model to estimate the clusters conductivity. But they have
used the Nan equation instead o f Hamilton-Crosser. They considered the nanoparticles
clustering to be more important than Brownian motion in the process o f nanofluids
conductivity enhancement.

1.2.1.3.4. Other phenomena
There are other indirect phenomena that can help thermal performance o f nanofluids
and can be considered in development o f new models. Among them is m icro-convection due
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to Brownian motion. When a particle m oves inside the mixture it will carry a relatively large
amount o f liquid attached to its surface. The attached liquid layers can also interact with each
other and improve the effective thermal conductivity o f the nanofluid. Koo and Kleinstreuer
[Koo and Kleinstreuer, 2004] developed a model for thermal conductivity o f nanofluids which
takes into account the effect micro-convection. Yang [Yang, 2008] derived a model for
conductivity which considers the kinetic theory o f particles, based on the relaxation time
approximations, and contains the effect o f Brownian motion and micro-convection due to
Brownian motion. The model has been validated for just A1203-water.
Temperature, pH, flow structure, etc. are the other parameters that can indirectly
influence the thermal behaviour o f nanofluids. Those parameters have also been considered in
development o f many correlations for thermal conductivity o f nanofluids. The process o f heat
transfer inside nanofluids is a complicated one. There can be a lot o f parameters involving and
interacting together to improve the thermal performance o f nanofluids. Therefore, lots o f the
models consider a combination o f previously mention phenomena. Keblinski et al. [Keblinski
et al.,

2002]

explored four possible factors to understand the mechanism o f heat transfer in

nanofluids; these were the Brownian motion o f the particles, molecular-level layering o f the
liquid at the liquid-particle interface, the nature o f heat transport in the nanoparticles, and the
effects o f nanoparticle clustering. The nature o f heat transport in the nanoparticles is “ballistic
rather than diffusive”. Koo and Kleinstreuer [Koo and Kleinstreuer, 2004] developed a model
for thermal conductivity o f nanofluids considering the effects o f particle size, particle volume
fraction, and temperature dependence as well as properties o f the base fluid and solid phases,
and surrounding liquid travelling with the randomly moving nanoparticles. The electric dipole
constant was observed to be a very important parameter influencing the inter-particle potential.
An experimental correlation for the thermal conductivity o f A1203 nanofluids has been
developed as a function o f nanoparticle size

(1

lnm-150nm ) over a range o f temperature from

21 to 71°C by Chon et al. [Chon et al., 2005], A model for nanofluid thermal conductivity
developed by Jang and Choi [Jang and Choi, 2007] considers the effects o f various parameters
such as the ratio o f the thermal conductivity o f nanoparticles to that o f the base fluid, volume
fraction, nanoparticle size and temperature. They compared their model with several
experimental data and found a good agreement for nanofluids containing oxide metallic, and
carbon nanotubes. Yang [Yang, 2008] derived a model for conductivity which considers the
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kinetic theory o f particles, based on the relaxation time approximations, and contains the effect
o f Brownian motion and micro-convection due to Brownian motion. The model has been
validated for just A1203-water.
In the present study the conductivity o f nanofluids is investigated extensively. The
effect o f different correlations on the numerical results is studied (Chapter 3). To account for
non-standard phenomena, a new model for thermal conductivity o f nanofluids is developed
including Brownian motion, clustering, clusters size distribution, micro-convection, interfacial
thermal resistance, temperature and particles size (Chapter 5).

1.2.2. Viscosity
Viscosity is another important property o f nanofluids. It has an undeniable impact on
overall performance o f nanofluids. Liquids with Higher viscosities cause more pressure lose
and need more pump power to circulate. Nanofluids encounter with higher viscosities rather
than their basefluids, but many studies have shown insignificant penalties in pressure drop as a
result o f the presence o f nanoparticles. There are also some studies that have shown higher
pressure drops for nanofluids. One o f the first correlations for effective viscosity o f a mixture
was developed by Einstein [Einstein, 1906]. This model is very simple and just a function o f
volume fraction o f spherical solid particles. Another similar correlation w as developed by
Brinkman [Brinkman, 1952]. Frankel and Acrivos [Frankel and Acrivos, 1967] added a
parameter referring to maximum particles packing and introduced a model. Batchelor
[Batchelor, 1977] was the first who include the effect o f Brownian motion in his model.
Those standard models are not capable o f accurate prediction o f nanofluids effective
viscosity reported by some studies. A common method to estimate nanofluids viscosity is
curve fitting. In fact, researchers develop correlations by fitting them on existing experimental
data. This kind o f models does not include the physics o f the problem and are developed for a
given nanofluid. The viscosity o f two different nanofluids (yA^C^, TiC>2) in a turbulent flow
regime was experimentally calculated by Pak and Cho [Pak and Cho, 1998]. A model based on
curve fitting o f their experimental data was developed and used later in different numerical
studies. The same method was used by Maiga et al. [Ma'iga et al., 2004] to estimate the
effective viscosity o f yA^C^-water and YAI2O 3 - ethylene glycol nanofluids. Nguyen et al.
[Nguyen et al., 2007] experimentally studied the dynamic viscosity for three water-based
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nanofluids. They found that the viscosity increases significantly with the particle volume
fraction but not with temperature. Also, it was shown that a critical temperature exists, which
bring the viscosity o f nanofluids to a hysteresis behaviour. The critical temperature strongly
depends on both particle volume fraction and size. But what they have introduced were three
models for viscosity o f very special cases (47 nm A l 2C>3 -water, 36 run A l 2 C>3-water and CuOwater) based on curve fitting method. Other researchers tried to bring in different important
parameters in their models. Viscosity o f nanofluids had been a challenging problem during the
past years and still there is not a single correlation that satisfies all the experimental data.

1.2.2.1. Important physical phenomena for nanofluid viscosity
Important phenomena for development o f new viscosity models are' essentially the
same as what have been mentioned for conductivity o f nanofluids (Section 1.2.1.3).
The study o f Tseng and Lin [Tseng and Lin, 2003] focused on the viscosity o f T ide
water nanofluids. They developed a model based on the rheological behaviour o f particles
clustering and by considering the fractal theory. A model for viscosity o f nanofluids has been
proposed by Koo and Kleinstreuer [Koo and Kleinstreuer, 2005] based on the Brownian
motion. This model takes into account the effect o f particles size, temperature and micro
convection. Zhao et al. [Zhao et al., 2009] investigated the impact o f pH on the nanofluids
viscosity and reported no changes for particles lower than 20 nm. They proposed a model,
which considers the particles size and the aggregation based on the fractal theory. Their model
includes an aggregate conductivity, instead o f particles conductivity, which is calculated by
the Bruggeman model. Heat transfer and pressure loss o f A l 20 3 -water and zirconia-water
nanofluids was investigated by Rea et al. [Rea et al., 2009], They reported that nanofluids do
not show abnormal heat transfer enhancement or pressure drop. They mentioned that their
calculations agree with the standard correlations and the differences are just follow ing the
changes in their material properties. The experimental study o f Torri et al. [Torri et al. 2010]
was focused on aquatic nanofluids including diamond-water, A l 2C>3-water and CuO-water.
They showed different ratios o f increase in viscosity based on the particles material. Their
results show high dependency o f the heat transfer enhancement to the occurrence o f particles
aggregations and zeta potential o f nanoparticles in suspension.
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In the present study numerical results have been obtained based on different viscosity
models are compared (Chapter 3). Those models are all curve fitting models and are developed
for AhCh-water nanofluid. The case o f study is also for the same nanofluid. In this study other
type o f viscosity models do not compare, however it is recommended to test those models as
o f future studies. The effect o f viscosity model on hydrodynamic and thermal predictions is
also discussed for different nanofluids in different flow regimes (Chapters 3&4).

1.2.3. General assessment of nanofluid property modelling
In the present study the problem so-called “nanofluid properties” is approached from
different angles. It was mentioned that there are many correlations in the literature for both
thermal conductivity and viscosity o f nanofluids. None o f them can be considered as a
complete correlation. Using different correlations for a numerical study w ill probably lead to
different results, which is addressed in this study. In chapter 3 the effect o f the viscosityconductivity selection is studied. It is tried to better understand the influence o f those
combinations on thermal and hydrodynamic numerical results. A complete review o f existing
m odels for viscosity and conductivity o f mixture is prepared along with their including
parameters and phenomena. Different approaches that have been used to develop those models
are addressed. Also in chapter 5 a model is developed for effective conductivity o f nanofluids
based on what we consider very important parameters. Then, the results are compared with
existing experimental data and similar models.
Nanofluids supposed to be used as o f the superior heat transfer medium instead o f the
traditional thermal fluids. Different flow regimes and geometry o f the channel will probably
affect the physical properties and performance o f nanofluids. Different models for
conductivity and viscosity may also change the hydrodynamic and thermal behaviour o f their
flow. Therefore it is very important to study the impact o f different parameters on overall
convective performance o f different nanofluids in different flow regimes.

1.3. Studies on forced, mixed and free convection
Convection is very important in many applications that use fluids as their heat transfer
medium. Nanofluids supposed to improve the heat transfer performance o f ordinary heat
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transfer liquids such as water and ethylene glycol. They have shown better conductivity and
higher viscosity rather than their basefluids. The forced, mixed and free convection o f
nanofluids can be used in many applications in the chemical industry, food industry, electronic
cooling and in solar collectors. Richardson number is the non-dimensional parameter that
determines the type o f convection. For values o f Richardson number smaller than 0.1 the
natural convection is negligible and for the values greater than

10

it is the forced convection

that is negligible. For the Richardson number values o f between 0.1 and 10 the flow can be
considered mixed convection. In the present study, Richardson number is in the range o f
forced convection for all the cases at the inlet o f the tube. However, since properties are
temperature dependent it will vary along the tube. It should also be mentioned that the
presence o f secondary flows are confirmed for some o f the cases under study (Chapter 2).
There are a few studies tried to illustrate and explain the impact o f nanofluids in different
convection flow regimes. Research and developments in the field o f heat transfer and
characteristics o f nanofluids have been summarized by Trisaksri and W ongwises [Trisaksri
and Wongwises, 2007]. They have named and discussed the important parameters which can
have considerable impact on the nanofluids heat transfer characteristics. The differences
between experimental results and analytical investigations on natural convective heat transfer,
and significantly increasing o f the critical heat flux o f the nanofluids have also been reported.
Up to date developments in convective heat transfer characteristics o f nanofluids have been
summarized by Daungthongsuk and W ongwises [Daungthongsuk and W ongwises, 2007],
They reviewed published papers on forced convection heat transfer o f nanofluids, including
both experimental and numerical studies.

1.3.1. Experimental studies on nanofluids convective heat transfer
There are different experimental studies that have tried to investigate the effect o f
different parameters for convective heat transfer o f nanofluids. Among those parameters are
particle concentration, particles size and shape, flow velocity and channel geometry. To the
best o f our knowledge almost all o f the experimental studies have confirmed better convective
heat transfer capacity o f the nanofluids over their basefluids.
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1.3.1.1. Effect of particle volume fraction
Particle volume fraction is the most important parameter that changes the convective
heat transfer o f nanofluids. Most o f the experimental studies have reported the increase o f
convective heat transfer as a result o f increase in particle volume fraction.
Lee and Choi [Lee and Choi, 1996] studied the convection heat transfer o f nanofluids
in a micro-channel heat exchanger for cooling crystal silicon mirrors used in high-intensity Xray sources. They found a considerable enhancement o f convection heat transfer compared
with the water-liquid nitrogen system. Xuan and Roetzel [Xuan and Roetzel, 2000]
investigated the mechanism o f heat transfer enhancement o f the nanofluids based on the
assumption that the nanofluids behave like a fluid rather than a conventional solid-fluid
mixture. Their results indicated that the suspended nanoparticles enhanced the heat transfer o f
the base fluid, and the convective heat transfer coefficient o f the nanofluids increased with
increasing particle concentration. The convective instability driven by buoyancy and the heat
transfer characteristics o f nanofluids were investigated analytically by Kim et al. [Kim et al.,
2004], They proposed a factor which describes the effect o f nanoparticle addition on the
convective instability and heat transfer characteristics o f a base fluid. The results showed that
the heat transfer coefficient o f nanofluids increased with increasing particle volume fraction.
Putra et al. [Putra et al., 2003] investigated the thermal flow parameters for natural convection
o f nanofluids inside horizontal tubes which were heated from one end and cooled from the
other end. They assumed that nanofluid is homogeneous. In contrast to conduction and forced
convection heat transfer, they found a downfall on natural convection as a result o f particle
concentration. Heris et al. [Heris et al., 2006; Heris et al., 2007] investigated experimentally
the laminar flow convective heat transfer o f oxide metallic water based nanofluids through a
circular tube with constant wall temperature. They indicated that heat transfer coefficient
ratios for nanofluid to homogeneous model in low concentration are close for CuO-water and
A l 20 3 -water mixtures, but by increasing the volume fraction, A l 20 3 -water nanofluid shows
higher enhancement potential. Nnanna [Nnanna, 2007] experimentally studied the heat transfer
behaviour o f buoyancy-driven nanofluids. It was shown that for A l 2 C>3-water nanofluid, lower
particle concentrations ( 0 .2 $q><2 %) do not have a significant impact on free convection heat
transfer, however for higher particle volume fractions, the convective heat transfer coefficient
declines due to the reduction in the Rayleigh number caused by increasing the kinematic
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viscosity. They also developed a correlation for Nusselt number as a function o f particle
volume fraction and Rayleigh number. A new method to calculate the convective heat transfer
coefficient o f nanofluids was introduced by Lee [Lee, 2011], This method is based on the
measurement o f convective heat transfer from a heated wire into external nanofluid flow.
Unlike previous studies, in this study volume fraction is the only parameter which influences
the convective heat transfer coefficient. It is a limited case o f experiment where shows strong
dependency o f convective heat transfer coefficient on only thermal conductivity.
Particles volume fraction has been confirmed to have a positive impact on increasing
the convective heat transfer o f nanofluids. In the present study the effect o f particle volume
fraction is investigated in chapters 2 and 4. In chapter 2 a laminar mixed convection flow is
considered while in chapter 4 a turbulent forced convection is investigated. In both cases the
particle volume fraction shows a positive influence on convective heat transfer o f nanofluids.

I.3.I.2. Effect of flow Regime (velocity) and Geometry
The flow regime and the geometry o f the channel can be very important for heat
transfer process o f the nanofluids. A turbulent flow for example will decrease the rate o f
clustering. Any kind o f the geometry that helps mixing the nanofluid will provide a more
homogenous mixture and increase the stability time o f nanoparticles inside the fluid.
Xuan and Roetzel [Xuan and Roetzel, 2000] showed that convective heat transfer
coefficient increases with increasing flow velocity. Li and Xuan [Li and Xuan, 2002; Xuan
and Li, 2003] introduced two correlations for the Nusselt number o f different flow regimes.
For laminar flow:
Nu„f = 0.4328(1 + 1 1.285p°-754/ ,e®-218)R e£ r333 Pr * 4
And for turbulent flow:
N unf = 0.0059(1 + 7.6286^ °6886

001) Re ^ 9238 Pr°/

Putra et al. [Putra et al., 2003] studied the effect o f material o f the particles and the
geometiy o f channel on convective heat transfer o f nanofluids. Wen and Ding [Wen and Ding,
2004] presented an experimental study which evaluated the convective heat transfer
coefficient o f YAI2 O 3 nanoparticles suspended in de-ionized water for laminar flow in a copper
tube with constant wall heat flux, focusing on the entrance region. Their results showed
considerable enhancement in convective heat transfer compared to pure water, especially, for
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the entrance region. Possible reasons can be the migration o f nanoparticles and the resulting
disturbance o f the boundary layer. He et al. [He et al., 2007] experimentally investigated the
heat transfer and flow behaviour o f upward flow o f water based nanofluids with Ti 0 2
nanoparticles in a vertical pipe. They reported an enhancement for conduction heat transfer
compared to the pure fluid, which increases due to adding more particles and using less
particle sizes. The viscosity increases with increasing particle volume fraction. For a given
Reynolds number and particle size, the convective heat transfer coefficient increases with
nanoparticles concentration in both laminar and turbulent regimes. They also pointed out that
for a constant Reynolds number there is no significant change on pressure drop compared to
pure fluid. Fotukian and Esfahany [Fotukian and Esfahany, 2010] experimentally investigated
the convective heat transfer and pressure drop o f nanofluids inside a circular tube in a
turbulent flow regime. All o f the studied particle concentration are lower than 0.3 and the
nanofluid is CuO-water. Their results confirm insignificant difference in convective heat
transfer by increasing particles volume fraction which was 25% (compare to the pure water).
They showed lower enhancements for higher Reynolds numbers, and the maximum pressure
drop o f 20% was reported which happened for 0.03% particles volume fraction. They also
showed that among some existing correlations for the Nusselt number o f nanofluids flow, the
one developed by Boungiom o [Boungiomo, 2006] agrees better with their experimental data.
In this study two totally different flow regimes are studied. In chapter 2 a laminar
mixed convection flow o f alumina-water nanofluids inside a horizontal tube is investigated.
The thermal and hydrodynamics are studies and different parameters are discussed. The same
is done for a turbulent forced convection flow o f two different nanofluids inside horizontal
tubes in chapter 4.

1.3.1.2. Effect of other parameters
There are many parameters that can affect convective heat transfer o f nanofluids
including pH, material properties, surface forces, temperature, etc. The exact effect and their
weight are not clear yet and more studies are needed.
The formulation o f water based nanofluids and their natural convection heat transfer
were experimentally analyzed by Wen and Ding [Wen and Ding, 2005]. They found that the
nanofluids natural convective heat transfer coefficient decreases compared to pure water, and
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decreases more with increasing particle volume fraction. The possible reasons for this
behaviour are also discussed; they include the influence o f properties, concentration
difference, pH and particle-surface interactions. The convective heat transfer coefficient o f
several different nanofluids for laminar flow

in a horizontal tube, using graphitic

nanoparticles, has been measured by Yang et al. [Yang et al., 2005]. Their experimental results
indicated a lower increase in heat transfer coefficient than that predicted by conventional heat
transfer correlations for homogeneous fluids. They also studied the influence o f some factors
such as the type o f nanoparticles, particle loading, base fluid chemistry, and process
temperature on the heat transfer process. It was mentioned that more studies are needed to find
an appropriate heat transfer correlation for non-spherical nanoparticle dispersions. The
experimental study o f a closed system, which is perfect for cooling o f microprocessors or
other electronic components, using Al 20 3 -water nanofluid by Nguyen et al. [Nguyen et al.,
2006; Nguyen et al., 2007] showed an enhancement in heat transfer. They reported an increase
o f up to 40% in heat transfer coefficient for

6 .8 %

particle volume fraction compared to pure

water. It was also shown that nanofluids with 36nm particle diameter provide higher heat
transfer coefficient than that o f 47nm particle size. Hwang et al. [Hwang et al., 2007]
theoretically investigated the thermal characteristics o f natural convection in a rectangular
cavity heated from below with A l 2C>3-water nanofluid, using the Jang and Choi [Jang and
Choi, 2007] model for the effective thermal conductivity o f nanofluids and different models
for the effective viscosity. It was shown that the natural convection o f A l 2 C>3 -water is more
stable than the base fluid in a rectangular cavity heated from below. Increasing particle volume
fraction, decreasing the size o f nanoparticles, and increasing the average temperature o f
nanofluid would improve the natural convection stability o f nanofluid as well as overall heat
transfer. Anoop et al. [Anoop et al., 2009] experimentally studied the convective heat transfer
process in the developing region. They investigated the effect o f particle size and showed that
smaller size o f particles produces superior thermal performance. They reported higher
enhancement o f convection heat transfer coefficient in the developing region rather than fully
developed region. They also developed a model for Nusselt number which is valid for alumina
nanofluids in the developing region 50 < x/D < 200 for laminar flow with 500 < Re < 2000.
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1.3.2. Numerical Studies on nanofluids convective heat transfer
There are a lot more difficulties in term o f modeling the flow o f nanofluids. It is still
not clear if nanofluids should be considered as o f single-phase mixtures or two-phase. The
models for conductivity and viscosity o f nanofluids are incomplete, and making it difficult to
chose the appropriate correlation to use in flow simulations. A lso, there are no two-phase
models that have been specifically developed for nanofluids.

I.3.2.I. Single-phase numerical studies
Most o f the numerical studies have tried to simulate the nanofluids as single-phase
mixtures. However, there is some research that believes nanofluids are two-phase in nature
and have to be modeled as a two-phase mixture. There are many models for viscosity and
thermal conductivity o f nanofluids which makes it very difficult to choose one combination
among them. The single-phase approach is much simpler and computationally cheaper, but has
its own difficulties.
Two-way interactions between particles and fluid turbulence have been analyzed
numerically by Kajishima and Takiguchi [Kajishima and Takiguchi, 2002] for a homogeneous
flow field including solid particles. Based on slip velocity, the clustering phenomenon was
investigated, and it was shown that it might enhance turbulence by energy supply through
larger scales compared to dispersed particles. Particle clusters induced large-scale eddies,
which broke up due to the turbulence stress generated around them. They made a statement
that the time in between the generation and break-up o f the clusters may be a function o f
particle response time without background turbulence. They also implied that cluster-cluster
interaction phenomena can be observed by employing larger domain o f computation. Heat
transfer enhancement in a two-dimensionnal enclosure was studied numerically for a range o f
Grashof numbers and volume fractions by Khanafer et al. [Khanafer et al., 2003]. They did a
comparative study o f different m odels based on the physical properties o f nanofluids and
analysed the differences. Then, they found a correlation for heat transfer based on Grashof
number and particle volume fraction. Maiga et al. [Maiga et al., 2004] studied numerically the
effect o f adding yAbOj particles in water and ethylene glycol base fluids for mixed convection
in a uniformly heated tube. They reported that the inclusion o f nanoparticles increased
significantly the heat transfer at the tube wall for both laminar and turbulent regimes. They
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also showed that ethylene yA^C^-glycol mixture has more potential for improving heat
transfer than yAhC^-water mixture. Palm et al. [Palm et al., 2006] analyzed heat transfer
enhancement using nanofluids in radial flow cooling systems. They employed temperaturedependent properties and tested the laminar forced convection flow o f nanofluids between two
coaxial parallel disks with central axial injection. They found a considerable difference in
results when they used temperature dependent properties for nanofluids instead o f constant
properties. Using variable properties lead to higher predictions for heat transfer and lower wall
shear stresses. The effect o f using nanofluids on mixed convection heat transfer in a horizontal
tube has been studied numerically by Akbari and Behzadmehr [Akbari and Behzadmehr,
2007]. It has been shown that the nanoparticles volume fraction does not have a direct effect
on the secondary flow and the skin friction coefficient; however, its effect on the fluid
temperature reduces the strength o f the secondaiy flow. For a given Grashof number,
increasing the particle concentration augments the convective heat transfer coefficient. It does
not have a significant effect on the skin friction coefficient at low Grashof number. However,
skin friction coefficient is slightly affected at the higher Grashof numbers. The effect o f
uncertainties in physical properties has been analyzed by Ben Mansour et al. [Mansour et al.,
2007] for both laminar and turbulent fully developed forced convection in a tube with uniform
wall heat flux. Using two different property models from the literature, they showed a huge
difference between the operational conditions required for pumping to obtain a fixed heat
transfer rate as well as design parameters such as length for fixed mass flow rate and bulk
temperature change. These results indicate that more experimental results are needed to have
an accurate definition for nanofluids characteristics. Akbarinia and Behzadmehr [Akbarinia
and Behzadmehr, 2007] investigated numerically the fully developed laminar mixed
convection flow o f a nanofluid in a horizontal curved tube. They showed that for a given
Reynolds number, the buoyancy force has a negative effect on the Nusselt number, while the
nanoparticles concentration has a positive effect on heat transfer enhancement and on skin
friction reduction. Akbari et al. [Akbari et al., 2008] numerically studied the laminar mixed
convection flow o f AhOj-water nanofluid in a tube. They investigated the effect o f inclination,
particles concentration, Reynolds number, and Grashof number. It was shown that the particles
volume fraction has an insignificant effect on the hydrodynamic characteristics while it clearly
changes the nanofluid thermal properties. Also, it has been proven that the skin friction
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coefficient shows a continuous increase as a result o f tube inclination; and that the heat
transfer coefficient reaches a maximum at 45 degrees. Abu-Nada et al. [Abu-Nada et al., 2008]
numerically investigated heat transfer enhancement o f nanofluids in horizontal annuli. They
used water-based nanofluids containing different Cu, Ag, AI2O 3 and TiC>2 nanoparticles
concentrations. They found that for high values o f Rayleigh number and high L/D ratio,
nanofluids that contain nanoparticles with high thermal conductivity show considerable
enhancement o f heat transfer. In contrast, for intermediate values o f Rayleigh number,
nanofluids that contain nanoparticles with low thermal conductivity show a decrease o f heat
transfer.
For a single-phase model, effective properties o f nanofluids should be given first.
However still there is not a model for their thermal conductivity and viscosity, which can
satisfy all the cases. The selection o f appropriate correlations for properties o f nanofluid is one
o f the most important difficulties for using single-phase approach. It is not still clear if single
phase approach w ill gives satisfactory results for different nanofluids and flow regimes, or a
two-phase model is necessary in some or even all the cases.

I.3.2.2. Two-phase numerical studies
However nanofluids behave more such a single fluid they are two-phase mixtures in
nature. Some believe a good and successive numerical code has to be a two-phase code. That
statement has not been confirmed yet, however there are a few studies that use two-phase
approaches.
The turbulent forced convection has been investigated numerically by Behzadmehr et
al. [Behzadmehr et al., 2007] for a Cu-water mixture in a circular tube. Two-phase approach
was used for the first time to study such a flow field. It was shown that the two-phase model is
more accurate than the single phase model by comparing the Nusselt number predicted by
these two models with experimental results. It has been mentioned that using effective
physical properties for nanofluid could be more efficient than volume weighted average o f
particle and fluid properties. They showed that for high values o f Reqf 1 the particles
concentration might be uniform. They also showed that the particles can absorb the velocity
fluctuation energy and reduce the turbulent kinetic energy. The two-phase mixture model has
also been used by Mirmasoumi and Behzadmehr [Mirmasoumi and Behzadmehr, 2008] to
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investigate hydrodynamic and thermal behaviors o f the nanofluid. They showed that in the
fully developed region nanoparticle concentration does not have a significant effect on the
hydrodynamic parameters. However, it affects the thermal parameters. Concentration o f the
nanoparticles is higher at the bottom o f the tube and also near the wall. Lotfi et al. [Lotfi et al.,
2010] have compared the single-phase model with the Mixture and Eulerian two-phase models
for the forced convection flow o f A^Cb-water nanofluid for a concentration o f 1% with
temperature independent properties. They have established their single-phase numerical code
by employing weighted average values for nanofluids density and specific heat and they used
the curve fitting correlations published by Maiga et al. [Maiga et al., 2005] for conductivity
and viscosity. They validated their models using the experimental data by Wen and Ding [Wen
and Ding, 2004], which cover the Reynolds numbers in the field o f mixed convection;
however, their formulation is based on the forced convection flows. They have reported a
better result for the Mixture model rather than tw o other models which is in contrast to the
results o f the present study.
There are different two-phase models which should also be compared; it is still not
clear which one o f them is the best. It should also be answered that if the flow field or
geometry w ill influence the selection o f appropriate two-phase code. The flow field and
structure will o f course influence the way nanoparticles will dispersed into the basefluid.
There are a few studies in this field but the need for more research to better understand the
problem and its difficulties is clear. Differences in the numerical results obtained with
different numerical codes are emphasised in the present study. Important parameters are
considered and discussed in detail. The effect o f flow regime on the accuracy o f numerical
models is also studied.

1.4. Objectives and originality
A small part o f the previous studies in the field o f nanofluids were presented above.
More research has tried to improve our understandings o f different topics related to nanofluids
such as their properties, characteristics and mechanism o f heat transfer. From what was
previously presented; it is clear that a global definition o f nanofluids characteristics has not
been developed yet. However, it is quite evident that nanofluids improve the heat transfer
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capacity o f their base fluids even more than what the standard models predict, and most o f the
experimental data confirms insignificant pressure drop as a result o f nanoparticles addition.
But we have to keep in mind that there are big debates in the field and even contradictory
results have been published in the literature, some that we addressed in this work. It was
clarified that the behavior o f nanofluids are a fimction o f many different parameters such as
materials properties, geometry o f the particles and o f the flow field, flow regime, particles
size, temperature and surface forces in between the nanoparticles and base fluid m olecules.
This field is very young and needs much more effort to answer many questions that still exist
and have waited for proper answers. The follow ing questions will be addressed in this work:
•

Should nanofluids be considered as single-phase or two-phase mixtures?

•

What is the influence o f flow regime on the homogeneity and quality o f
nanofluids?

•

What is the effect o f two-phase numerical approach on the final results?

•

Is there a best two-phase numerical approach which can produce better results for a
wide variety cases?

•

For a single-phase approach, what is the effect o f viscosity-conductivity model
selection on the numerical results?

•

What are the important parameters and phenomena for developing an improved
model for conductivity o f nanofluids?

Based on the previously mentioned questions, the current study presents a systematic
investigation over the field o f nanofluid modeling. It includes a general review o f what is
available in the literature in terms o f theoretical models, experimental studies and numerical
investigations for nanofluids properties as well as their thermal and hydrodynamic behaviours
(Chapter 1-4). Different possibilities for the responsible mechanisms o f thermal enhancement
o f nanofluids are considered (Chapters 1&5). Different approaches for the numerical study o f
convection

with

nanofluids

are extensively

studied

(Chapters 2& 4).

The

possible

considerations to get more appropriate numerical results are discussed (Chapters 2-4) and a
new model for thermal conductivity o f nanofluids is also developed (Chapter 5).
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Abstract
CFD predictions o f laminar mixed convection o f AhC^-water nanofluid by single
phase and three different two-phase models (Volume o f Fluid, Mixture, Eulerian) are
compared. The elliptical, coupled, steady-state, three-dimensional governing partial
differential equations for laminar mixed convection in a horizontal tube with uniform heat flux
are solved numerically using the finite volume approach. It is found that single-phase and twophase models predict almost identical hydrodynamic fields but very different thermal ones.
The predictions by the three two-phase models are essentially the same. For the problem under
consideration the two-phase models give closer predictions o f the convective heat transfer
coefficient to the experimental data than the single-phase model; nevertheless, the two-phase
models over-predict the enhancement o f the convective heat transfer coefficient resulting from
the increase o f the alumina volume fraction. The results are calculated for two Reynolds
numbers (1050 and 1600) and three nanoparticle volume concentrations (< 2% ). Although
single-phase and two-phase models have been used before to analyze mixed convection o f
nanofluids, this is the first systematic comparison o f their predictions for a laminar mixed
convection flow which includes the hydrodynamic characteristics and the effect o f temperature
dependent properties.
K eywords: Nanofluids; M ixed convection, CFD, Single-phase model; Two-phase model.

Resume
Des resultats numeriques (CFD) de la convection laminaire mixte de nanofluide
d'AbCb-eau par un modele monophasique et trois differents modules diphasiques (Volume de
Fluide, Melange, Eulerien) sont compares. Les equations aux ddrivees partielles elliptiques,
couplees, en regime permanent, tridimensionnelles pour la convection melang^e laminaire
dans un tube horizontal avec le flux uniforme de la chaleur sont resolues numeriquement en
utilisant 1'approche VOF. On constate que les modules monophasiques et diphasiques
prevoient des champs hydrodynamiques presque identiques mais des champs thermiques tres
differents. Les resultats par les trois modeles diphasiques sont essentiellement identiques.
Pour le probleme a l'etude les modules diphasiques donnent des resultats du coefficient de
transfert de chaleur par convection plus proches des donndes expdrimentales que le m odele
monophasique ; neanmoins, les modules diphasiques surestiment 1’augmentation du
coefficient de transfert de chaleur de convection resultant de l'augmentation de la fraction de
volume d'alumine. Les resultats sont calcules pour deux nombres de Reynolds (1050 et 1600)
et trois concentrations volumiques de nanoparticles (< 2%). Bien que des m odeles
monophasiques et diphasiques aient etd employes avant pour analyser la convection mixte des
nanofluides, c'est la premiere comparaison systematique de leurs resultats pour un ecoulement
melange laminaire de convection qui inclut les caracteristiques hydrodynamiques et l'effet des
proprietes dependantes de la temperature.
M ots cles: Nanofluides, Convection mixte, CFD, Modele monophasique, Modele diphasique.
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II. 1. Introduction
The low conductivity o f liquids such as water, ethylene glycol, and engine oil which
are used as heat transfer fluids in many industrial and residential applications constitutes an
important drawback which limits the performance o f engineering equipments such as heat
exchangers and electronic devices. There has been a serious effort to overcome this problem
since M axwell [Maxwell, 1873] investigated the possibility o f increasing the thermal
performance o f ordinary fluids by adding solid particles. M axw ell’s study showed that the
conductivity o f liquid-solid mixtures improves with increasing particle volume fraction. This
was the first step o f an innovative approach aiming to improve the conductivity o f liquids by
adding small particles into the fluids. At first, millimetre or micrometer size particles were
used which have a high risk o f sedimentation and can cause erosion as w ell as high pressure
loss. Later, technological progress led to the fabrication o f nanosized particles which m ix
homogeneously with the base fluid, remain in suspension for long periods, and have a high
thermal conductivity even for very small particle volume fractions. Compared with other
techniques for heat transfer enhancement, these nanofluids (a name first proposed by Choi
[Choi, 1995]) show considerable potential as replacements o f conventional heat transfer fluids.
For heat transfer in ducts, buoyancy forces have a significant effect on the
hydrodynamic and thermal fields, particularly for laminar flow in horizontal ducts. They
generate secondary flow s which lead to Nusselt numbers and friction coefficients very
different from those corresponding to forced convection.

In the case o f conventional heat

transfer fluids, these phenomena have been studied extensively [Yasuo et al., 1966; Siegwarth
and Hanratty, 1970; Patankar et al., 1978; Cheng and Yuen, 1985; Zhang, 1992; Hwang and
Lai, 1994]. In the case o f nanofluids, some numerical studies o f laminar mixed convection
inside horizontal and inclined tubes considered the nanofluids as single-phase homogeneous
mixtures [Akbari and Behzadmehr, 2007; Akbari et al., 2008], w hile others have used the twophase approach [Mirmasoumi and Behzadmehr, 2008; Behzadmehr et al., 2007]. However,
none o f them includes a systematic comparison o f two phase and single phase mixed
convection predictions.
Lotfi et al. [Lotfi et al., 2010] have compared the single-phase with the Mixture and
Eulerian two-phase models for the forced convection flow o f A l 20 3 -water nanofluid with
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temperature independent properties. Specifically, they have compared the Nusselt number
predictions for a 1% value concentration o f nanoparticles with several correlations and one set
o f experimental values. They have also considered the effect o f volume concentration on the
wall temperature. They concluded that the Mixture model is more precise than the other two
models.
The present study was therefore undertaken to examine whether the conclusions o f
Lotfi et al. [Lotfi et al., 2010] are also valid in the case o f mixed convection. For this purpose,
the single phase (homogeneous mixture) and three different two-phase models (Volume o f
fluid, Mixture and Eulerian) are used to analyse laminar mixed convection flow o f a AI2O 3water nanofluid in a horizontal tube with uniform heat flux applied at the nanofluid-solid
interface. All the fluid properties are considered to be temperature dependent. The numerical
predictions o f the convective heat transfer coefficient are compared with published
experimental data [Wen and Ding, 2004] in order to evaluate the accuracy o f each o f these
four models. Their predictions o f the velocity and temperature fields for three nanoparticle
concentrations are then compared in order to analyze their similarities and differences.

II.2. Description and modelling of the problem
Laminar mixed convection o f a nanofluid consisting o f water and

A I2 O 3

nanoparticles

(ds = 42 nm) in a long horizontal tube (D = 0.0045 m, L = 0.97 m) with uniform heat flux at
the solid-liquid interface is considered (Fig. 2.1). The physical properties o f the base fluid are
considered to be temperature dependent while those o f the solid particles are constant.
Material property correlations and the differential equations for the three two-phase models
and the single-phase model are presented in the following sections.

11.2.1. Water properties
The following equations for water properties are used in all four models under
consideration.
Density [Vargaftik, 1975]
p f = 2 4 4 6 - 20.674T + 0 .1 1 5 7 6 T 2 - 3 .1 2 8 9 5 X 10~ 4 T 3 + 4 .0 5 0 5 x 1 0 _ 7 T 4

(2.1)
- 2 .0 5 4 6 x 1 0 - 1 0 T 5
Viscosity [Chon et al., 2005]
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, B
Hf = A x lO'^-c-’

(2.2)

Where, A =2.414*10’5, B=247.8, and C=140.
Specific heat [Vargaftik, 1975]

f

,

( cp ) /

- exP

/ 8.29041 - 0.012557T \
_ (!,5 2 3 7 3 x 1 0 "3)tJ

(2 .3 )

to p

b o t to m

Symmetry Plane

Figure 2.1: Cross section o f the horizontal tube and coordinate system

II.2.2. Single-phase m odel
This model treats the nanofluid as a homogeneous fluid with effective properties and
uses the differential equations expressing conservation o f mass, momentum, and energy. To
obtain accurate results with the single-phase model, it is very important to use the most
appropriate correlations for the effective nanofluid properties. Up to now, however, there are
no universal correlations that can accurately predict nanofluid properties for any combination
o f independent variables (nature o f particles, diameter o f particles, etc.). Many different
correlations available in the literature lead to contradictory results [Mansour et al., 2007] and it
is not clear which one is best for a given situation. Nevertheless, all sources indicate that the
nanofluid properties depend on the volume fraction o f particles as well as on the
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corresponding properties o f the base fluid and the solid particles. Since the properties o f the
base fluid are temperature dependent, those o f the nanofluid are also temperature dependent.
Consequently, in this study all the nanofluid properties are expressed as functions o f the
volume fraction and the temperature as follows:
Density [Khanafer et al., 2003]
P n f = (1 - <p)pf + <PPs

(2.4)

Pnf = (1 + 0 .0 2 5 ^ + 0.015<p2) p f

(2.5)

Viscosity [Mai'ga et al., 2004]

Conductivity [Jang and Choi, 2007]
Knf = Kf { l - < p ) + YKs <p + Cd ^ - K f R e 2Pr<p

(2.6)

Where y - 0.01 (a constant taking into account the Kapitza resistance per unit area), Cd =
18x1 O'6 (a constant) and:

_

^ CR.M.ds^j

Res = [ - ~ ^ - )

(2.7)

Specific heat [Khanafer et al., 2003]
(1 - <p)(pCp)f + (p(pCp) s
( Cp) nf =
- 7 .
s
Pnf

<2 -8>

The differential equations for this model (conservation o f mass, momentum and
energy) are:
V. ( p V ) = 0

(2.9)

V(pVV) = - V P + V. ( p VV ) + p g
V. (p VH ) = - V . q -

t :VV

(2.10)
(2.11)

II.2.3. Two-phase models
There are two general approaches for modeling the flow o f solid-liquid mixtures. For
low solid volume fractions, the most suitable approach is the Lagrangian-Eulerian which
analyzes the base fluid by the Eulerian assumption and the particle phase by the Lagrangian
one. For higher solid volume fractions, the appropriate approach is the Eulerian-Eulerian. For
nanofluids, the number o f particles in the computational domain, even for a very small particle
volume fraction, is extremely large due to the very small size o f the particles. This makes it
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impossible to solve the nanofluid flow problems by the Lagrangian-Eulerian approach due to
limitations o f the software abilities, memory and CPU requirements, etc. Therefore, the
Eulerian-Eulerian approach is used in the present study. In fact, there are different EulerianEulerian models. The most popular ones are the VOF (Volume o f Fluid), Mixture, and
Eulerian.

II.2.3.1. VOF
The VOF model solves a single set o f momentum equations for all the phases and
tracks their volume fraction all over the domain o f study by solving a continuity equation for
the secondary phases. The total summation o f the volume fractions for all the phases is equal
to unity. Therefore, the magnitude o f the primary phase volume fraction w ill be calculated. In
this method, all o f the physical properties are calculated by taking a weighted average o f
different phases based on their volume fraction throughout each control volume. The single set
o f momentum equation is solved to find the velocity components, which are shared by all the
phases. In the same manner, a shared temperature is calculated from a single energy equation.
Specifically, mass conservation is expressed as:

v.(<pqPqvq) =

0

(2 .12)

Where £ q = i <pq = 1 and all properties are calculated like N = E q=i <PqNq
The conservation o f momentum and energy equations are identical to Eq. 2.10 and Eq. 2.11

II.2.3.2. Mixture
The mixture model solves the continuity, momentum and energy equations for the
mixture as well as a volume fraction equation for the secondary phases. It then uses a
correlation to calculate the relative velocity between the phases. The relevant equations are:
- Conservation o f mass
(2.13)

V .{P m V m ) = 0

- Conservation o f momentum [Behzadmehr et al., 2007]

<PkPk^dr,k V(tr,k

Where the mixture velocity, density and viscosity are respectively

41

(2.14)

( 2 . 15)

Vm = ^ = 1 < P k p k V k

Pm
n
Pm

= 'YJ<PkPk

( 2 . 16)

k^l
n

Pm =

VkPk

(2.17)

fc=1
And the drift velocity o f k*11 phase is
Vd r,k = Vk - V m

(2.18)

V - ( ^ < P k P k V k H k^J = - V . q m - r m :V Vm

(2.19)

- Conservation o f energy

- Volume fraction
F- (.(ppP pVm ) = “ I7- (< PpPpVdr,p)

(2-20)

The slip velocity (relative velocity) is defined as the velocity o f a secondary phase (p)
relative to the velocity o f the primary phase (/):

(2 -21)

=

The drift velocity is related to the relative velocity as:

(2 .22)
fc l p« "
The relative velocity is determined from Eq. 2.23 proposed by [Manninen et al., 1996]
while Eq. 2.24 by [Schiller and Naumann, 1935] is used to calculate the drag function (fdrag)V

-

Vf' ~ m

_
fd r a g ~
=

TpdP

~ Peff^ a

r faraa

PP

+ 0.15fle°687
j{o,
0.0183/?ep

( 2 231

“

(2 '23)

R ep < 1000
Rep > 1000

(2 24)

Where Rep = (Vm dp) / u eff and a = g - (Vm. V)Vm

II.2.3.3. Eulerian
In the Eulerian model there are different kinds o f coupling between phases. The
pressure is shared by all the phases, while separate continuity, momentum, and energy
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equations are employed for different phases including primary and secondary phases. The
volume o f each phase is calculated by integrating its volume fraction throughout the domain,
while the summation o f all the volume fractions is equal to unity. The relevant equations are:
- Conservation o f mass
V.(<pqp q% ) = 0

(2.25)

Where, Vq = / <pqdV, and £ q = i <pq = 1, and q indicates the phase.
- Conservation o f Momentum (qth phase)
n

^ ' (^PqPq^l7) == ~ <Pq^P + V q P q ^ V + VqPqd ~b ^ ’ Ppq *b Pi ift.q

(2.26)

p=1

Where, Ep=i Rpq = Zp=i Spq (Vp — Vq) stands for the interaction forces between the phases,
Spq = (tpq <Pp Pq 0 A P , xp = (p p dp)/(1 8 p q ) and /

indicates the drag friction, which is

calculated based on the [Schiller and Naumann, 1935] as:
/ = £||£

(2.27)

(24(1 + 0.15fle0687)
CD = ------------Ye-----------0.44

Re ~ 1000
Re > 1000

(2.28)

R c J * \ Vv - V<\ d P

(2.29)

The lift force is computed from [Drew and Lahey, 1993]:
Piift.q = ~^'^PpVq{Yp ~ Kj) x ( V X Vp)

(2.30)

- Conservation o f energy
n

y ' (sPqPq^qHq) ~ ~

{PqP'Pq) ~

^ q ~b ^ ’ Qpq

(2.31)

p=l

Where, Qpq = h(Vp — Vq) is the heat exchange and h = (6K q <pq <pp Nup) / ( d p ). Nup is
calculated from [Ranz and Marshall, 1952]:
Nup = 2 + 0.6ReO5Pr°333
Where, Prq = (Cpqpq)/Kq .
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(2.32)

II.2.4. Boundary conditions
The governing equations for all four approaches have been solved using the following
boundary conditions:
-

At the tube inlet (z = 0):
w = Vin,u = v = Q,T = Tin

-

At the fluid-solid interface (r = D/2):

-

At the tube outlet (z = 0.97) all the normal (axial direction) diffusion fluxes are set
equal to zero and a mass balance correction is applied.

11.3. Numerical solution
The differential equations were discretized with the control volume technique. For the
convective and diffusive terms a second order upwind method was used while the SIMPLEC
procedure was employed for the velocity-pressure coupling. Grid independence tests were
done separately for each o f the four approaches to be sure about the accuracy o f results. Many
combinations o f node numbers in the axial (140, 180, 280), radial (30, 40, 50, 60) and
circumferential (32, 40, 48, 60) directions were tested. In all cases the grid is finer close to the
wall and the entrance o f the tube where the temperature and velocity gradients are large.
Typical results are shown in Fig. 2.2 which illustrates the temperature and velocity profiles
calculated with the single phase model at two axial positions (Z=0.2, Z=0.8). They indicate
that these particular grid distributions give essentially identical results. Similar results were
also obtained for all the two phase models. Following these comparisons the same mesh (180
nodes in the axial direction, 40 nodes in the circumferential direction, and 40 nodes in the
radial direction) was chosen for all o f four models.

11.4. Validation, results and discussion
The previously described geometry and boundary conditions are the same as those o f
the experimental study by Wen and Ding [Wen and Ding, 2004] who measured the fluid inlet
and outlet bulk temperatures as well as the wall temperature at five axial positions o f the tube,
for different mass flow rates and particle volume fractions o f an A l 20 3 -water nanofluid. Since,
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the exact magnitudes o f the wall heat flux and inlet temperature are not mentioned in their
paper, they were calculated using their axial Nusselt number evolution and the Shah equation
[Shah, 1975]. These values were then used to calculate the velocity and temperature
distributions in the nanofluid by solving each o f the previously described four models.
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Figure 2.2: Grid independency test at Z=0.2 (a) and Z=0.8 (b)
In order to compare these numerical results with the experimental data w e then had to
evaluate the local convective heat transfer coefficient, h(Z). This was done using two different
ways o f determining the wall temperature from the numerical results. In the first case, Tw was
set equal to the average temperature o f all the interfacial nodes (for each value o f Z). In the
second case it was set equal to the average temperature o f the nodes in the top half o f the
interface. Figure 2.3 illustrates the differences between the experimental and calculated
convective heat transfer coefficients for the single phase model. It shows that, if we calculate
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the wall temperature as the average o f all the interfacial nodes, the convection heat transfer
coefficient reaches a constant value after a short distance from the inlet. But, the experimental
data shows a continuous change along the entire length o f the tube which is similar to the
predicted behavior obtained when the upper-half average temperature is used. Similar results
were obtained for other particle volume fractions and Reynolds numbers. This result is
attributed to the fact that the experimentally determined temperatures were probably measured
near the top o f the tube which is warmer due to the buoyancy induced temperature
stratification in the fluid. Therefore, the average temperature o f the upper half o f the tube is
used to calculate the heat transfer coefficient presented in the following figures.
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Figure 2.3: Convective heat transfer coefficient predicted by the single-phase model with two
different determinations o f the wall temperature {Re = 1600, (p = 0.006)
Figures 2.4 and 2.5 compare the numerical values o f the convective heat transfer
coefficient predicted by the four models under consideration with the corresponding
experimental data for two Reynolds numbers {Re = 1050, 1600 respectively). They clearly
show that the single-phase model gives considerably lower estimates than the experimental
data for all particle volume fractions and both Reynolds numbers. The predictions o f the three
two-phase models are essentially identical to each other and closer to the experimental data for
practically all axial positions.
Figures 2.4 and 2.5 also show that the convective heat transfer coefficient increases
when the particle volume fraction increases. However, the enhancement predicted by the
single-phase and two-phase approaches is different and none o f them is equal to the
corresponding experimental result. For both o f the Reynolds numbers the two-phase approach
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gives closer results to the experimental data; however the possibility o f improving the
predictions o f the single phase model by using different set o f correlations for the nanofluid
properties can be studied. The entrance condition for experiment and models are not
necessarily the same. It can be a reason for the difference in the trend o f evolution o f heat
transfer coefficient along the tube between them.
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The numerical results in Figures 2.4 and 2.5 indicate an average enhancement o f the
convective heat transfer coefficient by almost 11% when the Reynolds number increases from
1050 to 1600. This value is the same for single-phase and two-phase models and
approximately half o f the corresponding value derived from the experimental data.
The effect o f nanoparticle volume fraction on the average heat transfer coefficient is
illustrated in Fig. 2.6. It is obvious from these results that the predictions o f the single-phase
model reflect neither the qualitative nor the quantitative behavior o f the experimental values.
The experimental data shows an average enhancement o f about 20% and 24% respectively for
Re - 1050 and Re = 1600 as the result o f a 1% increase in alumina particles volume fraction.
For the lower Reynolds number, this is about 11.6 times larger than the corresponding
numerical result from the single-phase model and 1.7 times smaller than the two-phase models
result, and for the higher Reynolds number about 11.3 times larger than the corresponding
numerical result from the single-phase model and 1.5 times smaller than the two-phase models
result. On the other hand, the predictions o f the two-phase models (all three give essentially
identical results as those o f the Eulerian model shown in Fig. 2.6) are in fairly good agreement
with the experimental data despite the fact that they indicate a higher enhancement as (p
increases.
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Figure 2.6: Average convective heat transfer coefficient (a: Re = 1050, b: Re = 1600)
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These comparisons o f experimental and calculated heat transfer coefficients show some
o f the differences between results obtained by the models under consideration. Further
comparisons o f other significant calculated variables are provided in the follow ing paragraphs.
Figure 2.7 illustrates the secondary flow velocity vectors and temperature contours in
two planes (Z = 0.4m and Z = 0.8m) for Re =1050 and <p = 0.01. The temperature contours
predicted by all the models are qualitatively similar. They evolve from a quasi-elliptical form
at Z = 0.4m to a kidney form at Z = 0.8m. However, the maximum values predicted by the
single-phase model are significantly higher. On the other hand, the velocity vectors define two
symmetrical counter-rotating vortices. They are generated by the density differences between
the warm fluid in contact with the wall and the cool fluid situated just below the axis o f the
tube. The magnitude o f the velocity vectors predicted by the single-phase and VOF models is
slightly greater than for the corresponding predictions by the Mixture and Eulerian models.
In contrast to the temperature which increases in the axial direction, the corresponding
secondary flow velocities are more important at Z = 0.4m than at Z = 0.8m. Furthermore, the
difference between the highest upward velocity and the highest downward velocity along the
horizontal diameter is more important at Z = 0.4m than at Z = 0.8m for all models. Similarly,
the difference between the highest and lowest temperatures along this same diameter is more
important at Z = 0.4m than at Z = 0.8m for all models. This is consistent with the results by
Ouzzane and Galanis [Ouzzane and Galanis, 1999] and Orfi et al. [Orfi et al., 1998], who have
shown that the buoyancy induced secondary flow is less important in the fully developed
region.
In Fig. 2.8 (higher Reynolds number) the velocity vectors and temperature contours
show the same qualitative behaviour as in Fig. 2.7. However, in contrast to the results o f Fig.
2.7, the secondary flow velocity vectors at Z = 0.4m are weaker than at Z = 0.8m. A survey o f
the results for Re = 1600 indicates that the most important secondary velocity vectors occur at
a position further downstream than Z = 0.4m. This is again consistent with the results by
Ouzzane and Galanis [Ouzzane and Galanis, 1999] and Orfi et al. [Orfi et al., 1998] and can be
explained by the fact that the hydrodynamic and thermal development lengths increase with
the Reynolds number.
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Figure 2.7: Secondary flow velocity vectors and temperature contours for Re = 1050, <p = 0.01
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Figure 2.8: Secondary flow velocity vectors and temperature contours for Re = 1600, <p = 0.01
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Figure 2.9 illustrates the axial velocity profiles along the vertical diameter close to the
inlet (Z = 0.2m) and outlet (Z = 0.8m) o f the tube for a given Reynolds number and volume
fraction. The predictions o f the two-phase models are essentially identical. Near the tube’s
inlet they are also quite close to the profile predicted by the single-phase model. On the other
hand, near the outlet the profiles predicted by the single-phase and two-phase models are
somewhat different. The main differences between these velocity profiles are the magnitude
and position o f the maximum axial velocity. In general, the maximum values predicted by the
two-phase models are slightly higher. The difference in the position o f this maximum velocity
is due to the buoyancy induced secondary movement which was discussed earlier.

(a ) 0.60

Single 1
VOjF
. Mixture
Eulerian

0.40 --

(b)0.60

Single
VOF
. Mixture
Eulerian

0.40

I
0.20

0.20

0.00

-0.00225

--

0.00

-0.00075

0.00075

0.00225

-0.00225

r(m)

-0.00075

0.00075

0.00225

r(m)

Figure 2.9: Axial velocity profiles for Re = 1050 and <p = 0.016 (a: Z = 0.2m, b: Z = 0.8m)
Figure 2.10 shows the temperature profiles along the vertical diameter for the same
conditions as in Fig. 2.9. All the models indicate that fluid in the top half o f the tube is warmer
than in the bottom half since warm fluid has a lower density and rises under the influence o f
buoyancy. This is particularly evident near the outlet o f the tube (Fig. 2.10b). We note that the
predictions o f all the two-phase models are again essentially the same but, contrary to the
results depicted in Fig. 2.9, the differences from the profiles predicted by the one-phase model
are important. Thus, at a given axial position, the difference between the minimum and
maximum fluid temperature is considerably higher in the case o f the one-phase model. The
same is true for the difference between the wall temperature at the bottom (r = -0.0025m ) and
top (r = 0.0025m) o f the tube.
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The results o f calculations with one-phase and two-phase models shown in Fig. 2.9 and
10

(as well as those for other axial positions not shown here) clearly indicate that their

predictions o f the axial velocity are quite similar while those o f the temperature distribution
are very different.
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Figure 2.10: Temperature profiles for Re = 1050 and cp = 0.016 (a: Z = 0.2m, b: Z = 0.8m)
Figures 2.11 and 2.12 show the axial velocity and temperature profiles along the
vertical diameter for a higher Reynolds numbers than in Figs. 2.9 and 2.10. The differences
between predictions by the single-phase and two-phase models decrease as the Reynolds
number increases but they remain significant in the case o f temperature profiles (Fig. 2.12). In
addition, the increase o f the Reynolds number is accompanied by a decrease o f the asymmetry
o f the velocity and temperature profiles. This effect o f the Reynolds number is due to the fact
that its increase is accompanied by a decrease o f the influence o f natural convection and a
weakening o f the buoyancy induced secondary flow which leads to the accumulation o f warm
lighter fluid in the upper half o f the cross section.
A careful examination o f Fig. 2.9, 2.10, 2.11 and 2.12 indicates that wherever a
particular model predicts higher temperatures it also predicts higher velocities. Thus, close to
the walls, where temperatures predicted by the single-phase model are higher, the velocities
predicted by the two-phase models are smaller. On the other hand, in the region where the
two-phase models predict higher temperatures the velocities predicted by the one-phase model
are smaller.
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For lower volume fractions the differences between predictions by the one-phase and
two-phase models are smaller than those shown in Fig. 2.9, 2.10, 2.11 and 2.12. However, they
are still significant for temperature profiles, even for very low volum e fractions {<p = 0.006).
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Figure 2.11: Axial velocity profiles fo rite = 1600 and <p = 0.016 (a: Z = 0.2m, b: Z = 0.8m)
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Figure 2.12: Temperature profiles for Re = 1600 and <p = 0.016 (a: Z = 0.2m , b: Z = 0.8m)
Figure 2.13 shows the predicted axial evolution o f the centerline velocity. It is seen that
the predictions o f different two-phase models are almost identical while those o f the single
phase model are always lower than the two-phase estimates. The difference between singleand two-phase results increases for higher particle volume fractions. The magnitude o f this
velocity initially increases due to the growth o f the boundary layer, reaches a maximum and
then decreases slightly towards a minimum before attaining an essentially constant value in the
hydrodynamically developed region. This behavior is characteristic o f all mixed convection
flows [Akbari and Behzadmehr, 2007; Orfi et al., 1998; Ouzzane and Galanis, 1999] and is
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due to the buoyancy induced secondary flow. A s noted earlier (Figs. 2.9 and 2.11) this
secondary flow pushes downwards the maximum axial velocity which is slightly greater than
that depicted in Fig. 2.13. The difference between the maximum and minimum centerline
velocity is greater for Re = 1050 since in this case the effect o f natural convection is more
important than for Re - 1600. For this reason the secondary flow starts to develop earlier for
the lower Reynolds number and as a consequence the corresponding minimum and maximum
centerline velocities occur closer to the tube inlet in this case. The final increase o f the
centerline velocity towards its asymptotic value is due to the weakening o f the secondary flow
in the downstream region o f the tube where the fluid temperature becomes more uniform as
illustrated and discussed earlier (Fig. 2.7 and 2.8).
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Figure 2.13: Axial evolution o f centerline velocity
Figure 2.14 shows the axial evolution o f the centerline temperature as predicted by the
different models. Similarly to the corresponding velocity results (Fig. 2.13), the single phase
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predictions are always lower than the two phase estimations, while those o f different two
phase models are almost the same. The difference increases for bigger particle volume
fraction. The effect o f the wall heat flux reaches the tube centerline earlier in the case o f the
lower Reynolds number. This is due to the secondary flow which close to the tube entrance is
stronger for lower Reynolds number.
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Figure 2.14: Axial evolution o f centerline temperature
Figure 2.15 compares the calculated skin friction coefficients for a given particle
volume fraction and two Reynolds numbers. The lowest results are calculated by the Eulerian
two-phase model. The results for the single-phase and the other two-phase models are quite
close although the single-phase model gives somewhat lower estimates. All m odels show that
the skin friction coefficient increases when the Reynolds number increases with approximately
the same rate.
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Figure 2.15: Axial evolution o f the skin friction coefficient for <p = 0.016 (a: Re = 1050, b: Re
=1600)

II.5. Conclusion
Laminar mixed convection o f A l 2 C>3 -water nanofluid inside a horizontal tube was
considered. The flow field was predicted numerically using the single-phase and three
different two-phase models (VOF, Mixture, and Eulerian). The validity o f the calculated
results was established by comparing them with existing experimental data for two different
Reynolds numbers. The following results were obtained:
•

The predictions by the three two-phase models are essentially the same.

Therefore, the less expensive model (VOF) is to be preferred for this problem.
•

For the problem under consideration the two-phase models give closer

predictions o f the convective heat transfer coefficient to the experimental data than the
single-phase model.
•

Nevertheless, the two-phase models over-predict the enhancement o f the

convective heat transfer coefficient resulting from the increase o f the alumina volume
fraction.
•

Single-phase and two-phase models predict almost identical hydrodynamic

fields but very different thermal ones.
It is recommended that these models be compared to other experimental data for
different flow conditions to reach a more complete understanding o f their ability to predict the
nanofluids thermal and hydrodynamic behavior. It is also recommended that the effect o f
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using, different combinations o f nanofluids property models on the numerical results be
evaluated.
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Abstract
The hydrodynamic and thermal fields for laminar m ixed convection o f an A I 2 O 3
nanofluid in a horizontal tube with uniform heat flux at the solid-fluid interface have been
calculated for two Reynolds numbers with six different combinations o f published expressions
for the viscosity and conductivity. The results include velocity and temperature profiles at
different axial positions, the axial evolution o f the centerline velocity and temperature as well
as that o f the skin friction coefficient and the velocity vectors o f the buoyancy induced
secondary flow. They show that the prediction o f all these quantities depend considerably on
the expressions used to evaluate the viscosity and conductivity o f the nanofluid. For example,
the predicted enhancement o f the convection heat transfer coefficient due to an increase o f the
particles volume fraction (from 0.6% to 1.6%) varies between 2.0% and 24.1% while the
corresponding increase o f the pressure drop varies between 8.7% and 96.6%. Comparisons o f
the calculated convection heat transfer coefficient with corresponding published experimental
results indicate that among the tested combinations, those including the conductivity relation
by Xuan et al. [Xuan et al., 2003] give better predictions o f this quantity.
K ey words: Nanofluids properties, Numerical, Mixed convection.

Resume
Les champs hydrodynamiques et thermiques pour la convection mixte laminaire d'un
nanofluide d’AhCb dans un tube horizontal avec flux uniforme de chaleur a 1'interface solidefluide ont ete calcules pour deux nombres de Reynolds avec six combinaisons differentes des
expressions publiees pour la viscosite et la conductivity. Les resultats incluent des profils de
vitesse et de temperature a differentes positions axiales, revolution axiale de la vitesse et de la
temperature sur l’axe du tube aussi bien que celle du coefficient de frottement et des vecteurs
de vitesse de l'ecoulement secondaire induit par la flottabilite. Ils montrent que la provision de
toutes ces quantites depend consid 6 rablement des expressions employees pour ^valuer la
viscosite et la conductivity du nanofluide.
Ainsi, par exemple,
1’augmentation
du coefficient de transfert thermique convectif du a une augmentation de la fraction
volumytrique des particules (de 0.6% a 1.6%) varie entre 2.0% et 24.1% tandis que
l'augmentation correspondante de la chute de pression varie entre 8.7% et 96.6%. Les
comparaisons du coefficient de transfert thermique convectif calcuiy avec des rysultats
expyrimentaux de la littyrature indiquent que parmi les combinaisons e x a m in e s, celles
comprenant la relation de conductivity par Xuan et al. [Xuan et al., 2003] donnent les
meilleures prydictions de cette grandeur.
M ots ctes : Proprietes de nanofluides, Numerique, Convection mixte.
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III.l. Introduction
A new generation o f fluid-solid mixtures, named nanofluids by Choi [Choi, 1995]
show significant heat transfer enhancement over conventional heat transfer fluids. Many
different correlations for their thermal conductivity and dynamic viscosity have been proposed
in the literature (see Tables A l and A2 respectively in the Appendix). The Brownian motion
o f nanoparticles, the presence o f a solid-like fluid nanolayer on the particle surfaces and
particle clustering are among the most important phenomena which have been considered to
develop these correlations. The values o f conductivity and viscosity predicted by these
correlations for nominally identical nanofluids differ considerably. Therefore the design and
performance evaluation o f systems using nanofluids is at best uncertain. This was
demonstrated by Ben Mansour et al. [Mansour et al., 2007] for fully developed forced
convection in a tube with uniform wall heat flux. They showed that, when the nanoparticle
concentration increases, the calculated pumping power increases when one set o f correlations
is used to calculate the thermophysical properties while it decreases when another set o f
correlations is used for the same purpose. It is therefore possible that numerical predictions o f
more complex flow s, such as developing mixed convection with nanofluids, may also be
significantly influenced by the set o f correlations used to evaluate their properties. The
objective o f the present study is to investigate this possibility.
The great majority o f CFD studies consider the nanofluids as a single-phase
homogeneous

fluid.

However a few

studies

[Mirmasoumi

and Behzadmehr,

2008;

Behzadmehr et al., 2007] have analyzed the nanofluid’s thermal and hydrodynamic behavior
as a two-phase mixture. The present authors compared the results o f three different two-phase
models and the single-phase model with corresponding experimental data [M. Akbari et al.,
2010]. It was shown that the hydrodynamic and thermal predictions o f the two-phase m odels
are essentially the same but are significantly different from those o f the single-phase approach,
especially in the case o f the thermal results.
For the single-phase numerical studies o f flow with heat transfer, different researchers
have used different correlations for nanofluids properties. Khanafer et al. [Khanafer et al.,
2003] employed an edited Maxwell model for the conductivity which includes the effect o f
particle motion and chose the standard model o f Brinkman for the viscosity. Mai'ga et al.
[Maiga et al., 2004] utilized the standard Hamilton-Crosser m odel for thermal conductivity
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and two experimentally derived correlations for the viscosity o f yAhCb-water and ethylene
glycol-yAhCb. Akbari and Behzadmehr [Akbari and Behzadmehr, 2007] and Akbari et al.
[Akbari et al., 2008] used the Hamilton-Crosser model and the Maiga et al. [MaTga et al.,
2004] correlations for thermal conductivity and viscosity respectively. The study by Abu-Nada
et al. [Abu-Nada et al., 2008] used the Hamilton-Crosser and Brinkman models. Many other
numerical studies have been carried out using different combinations o f models for the
conductivity and viscosity o f nanofluids. However, to the best o f our knowledge, no study has
investigated the sensitivity o f the numerical predictions on the relations used to evaluate these
properties o f the nanofluids. The present study has focused on this problem in order to
illustrate the effect o f conductivity-viscosity relations on the numerical predictions o f the
hydrodynamic and thermal fields.
The problem analyzed is that o f laminar mixed convection in the entrance region o f a
horizontal tube with uniform heat flux at the solid-fluid interface. The fluid is an AbCVwater
nanofluid which is treated as a single-phase fluid; its effective transport properties are
calculated using three expressions for the viscosity and tw o expressions for the conductivity.
The coupled

partial differential equations expressing

mass,

momentum and energy

conservation are solved using the control volume technique. The predictions o f the six models
are compared with each other and with experimental data to establish their differences and
credibility.

III.2. Description and modelling of the problem
Laminar mixed convection o f a nanofluid consisting o f water and AI2 O 3 nanoparticles
(ds = 42 nm) in a long horizontal tube (£) = 0.0045 m, L = 0.97 m) with uniform heat flux at
the solid-liquid interface is considered (Fig. 3.1). The physical properties o f the nanofluid
depend on those o f its constituents; those o f the water are considered to be temperature
dependent but those o f the solid particles are constant. Material property relations and
differential equations are presented in the following paragraphs.
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Top

bottom

Symmetry Plane

Figure 3.1: Cross section o f the horizontal tube and coordinate system

III.2.1. Physical properties of water
The following equations for water properties have been used in all six combinations
under study.
-

Density [Reid, 1975]

pf = 2 4 4 6 - 2 0 .6 7 4 7 + 0 .1 1 5 7 6 7 2 - 3 .1 2 8 9 5 x 10" 4 7 3 + 4 .0505 x 1 0 ~ 7 7 4
(3.1)
- 2 .0 5 4 6 x 1 0 -107 5
-

Viscosity [Chan et al., 2005]
p f = A x 1 0 (Ti:c)

(3.2)

Where, A=2.414* 10'5, B=247.8, and C=140.
-

Specific heat [Reid, 1975]
8 .2 9 0 4 1 - 0 .0 1 2 5 5 7 7

(3.3)

III.2.2. Physical Properties of Nanofluid
The single phase approach treats the nanofluid as a homogeneous fluid with effective
properties and uses the differential equations expressing conservation o f mass, momentum and
energy. To obtain accurate results with the single-phase model, it is very important to use the
most precise relations for the effective nanofluid properties. Up to now, however, there are no
universal relations that can accurately predict nanofluid properties for any combination o f
independent variables (nature and diameter o f particles, etc.). Different relations available in
the literature lead to contradictory results [Mansour e t al., 2007] and it is not clear which is
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best for a given situation. Nevertheless, all sources indicate that the nanofluid properties
depend on the volume fraction o f particles as w ell as on the corresponding properties o f the
base fluid and the solid particles. Since the properties o f the base fluid are temperature
dependent, those o f the nanofluid are also. Consequently, in this study all the nanofluid
properties are expressed as functions o f the volume fraction and the temperature as follows:
-

Density [Khanafer et al., 2003]
Pnf = (1 - <p)pf + <PPs

-

(3.4)

Viscosity

According to [Nguyen et al., 2007]
Unf = (1 + 0.025^p + 0.015(j

(3.5)

According to [Maiga et al., 2004]

finf = (1 + 7.3 <p + 1 2 3( p2)fif

(3.6)

According to [Pak and Cho, 1998]
(inf — (1 + 39.11<p + 5 3 3 .9 <p2) ^ /
-

(3.7)

Conductivity

According to [Jang and Choi, 2007]
(3.8)
S

Where y = 0.01 (a constant taking into account the Kapitza resistance per unit area), CW =
18x 1C6 (a constant) and:
(3.8.a)
The random motion velocity o f a nanoparticle can be calculated from:

3nl fi i f±
Where, //is the molecular mean free path.
According to [Xuan et al., 2003]
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(3.8b)

k n f _ kp_ + 2 k f + 2 (fep kf

| Pp(pCp

k p + 2 k f - ( k p - k f )(p

2kf

k BT
r —^—
3nrcfif
^

(3.9)

Where, rc indicates the apparent cluster radius, while each cluster contains 14 particles.
-

Specific heat [Khanafer et al., 2003]
(1 - <p)(pCp)f + <p(pCp)
0

Cp)nf =

Pnf

s

<3 1 0 >

Figure 3.2 shows a comparison o f predicted values for viscosity and conductivity o f
AbOs-water when the above relations are employed. 42 nm particles sizes have been
considered for these calculations. The predicted results are noticeably different. Thus for
example, for a volume fraction o f 0.04 the minimum and maximum predicted viscosity values
are l.OOlxlO ' 3 (N.s/m 2) and 3 .4 1 8 x l0 '3 (N.s/m 2) respectively; the corresponding conductivity
values are 0.621 (W/m.k) and 0.829 (W/m.k) respectively. The effect o f these significant
differences on the numerically calculated hydrodynamic and thermal fields is described in
subsequent sections.
The combination o f the three viscosity relations (Eqs. 3.5, 3.6 and 3.7) and the two
conductivity relations (Eqs. 3.8 and 3.12) result in six models for the transport properties. In
the following sections these combinations are identified by specifying the author o f the
viscosity relation followed by the author o f the conductivity relation; for instance “Nguyen Jang and Choi” indicates that the viscosity and conductivity were calculated from Eq. 3.5 and
Eq. 3.8 respectively.

III.2.3. Differential equations
The general form o f the governing equations is:
V.(pV) = 0

(3.11)

V( pVV) = - V P + p V 2V + p g

(3.12)

V.{pVH) = - V . q - T : V V

(3.13)

The standard expression o f the stress tensor for a Newtonian fluid is used in Eq. 3.13. These
partial differential equations are coupled since the nanofluid properties depend on the
temperature.
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III.2.4. Boundary conditions
The governing equations have been solved with the follow ing boundary conditions:
-

At the tube inlet (z = 0):
w = Vin, u = v = 0, T = Tin

-

(3.14a)

At the fluid-solid interface (r = D /2 ):
(dT\
w = u = v = 0,-Keff[ - )

(3.14a)

At the tube outlet, all the normal diffusion fluxes are set equal to zero and a mass
balance correction is applied.
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Figure 3.2: Comparison o f viscosity and conductivity predictions for A^Oa-water
(42 nm particles) by different relations
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III.3. Results and discussion
The geometry described at the beginning o f section 2 is identical to that used in the
experimental study by Wen and Ding [Wen and Ding, 2004] w ho measured the fluid inlet and
outlet bulk temperatures as w ell as the wall temperature at five axial positions o f the tube for a
AbOs-water nanofluid. The simulations performed in the present study were carried out for
the same mass flow rates and particle volume fractions as those used in that experimental
study in order to facilitate the evaluation o f the effect under investigation.

III.3.1. Calculation procedure and grid independence tests
The differential equations were discretized with the control volume technique. For the
convective and diffusive terms a second order upwind method w as used w hile the SIMPLEC
procedure was employed for the velocity-pressure coupling available in commercial FLUENT
6.3 sofware. Grid independence tests were performed for several grids to ensure the numerical
accuracy o f the results. Many combinations o f node numbers in the axial (140, 180, 280),
radial (30, 40, 50, 60) and circumferential (32, 40, 48, 60) directions were tested. In all cases
the grid was finer close to the wall and the entrance o f the tube where the temperature and
velocity gradients are large.
Typical results are shown in Fig. 3.3 which illustrates the temperature and velocity
profiles calculated at two axial positions (Z=0.2, Z=0.8). They indicate that these particular
grid distributions give essentially identical results. Following many such comparisons, the
combination o f 180 nodes in the axial direction, 40 nodes in the circumferential direction and
40 nodes in the radial direction was chosen.
It should be pointed out that the exact magnitudes o f the wall heat flux and inlet
temperature are not mentioned in the paper by Wen and Ding [Wen and Ding, 2004]. In order
to perform the simulations described in the present paper, these parameters were calculated
using the experimental axial Nusselt number evolution and the Shah equation [Shah, 1975].
These values were then used to calculate the velocity and temperature distributions in the
nanofluid by solving the model for each o f the previously described six combinations o f
viscosity and conductivity relations. In order to compare these numerical results with the
experimental data we then had to evaluate the local convective heat transfer coefficient, h(Z).
This was done using two different ways o f determining the wall temperature from the
numerical results. In the first case, Tw was set equal to the circumferential average o f the
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interface temperature. In the second case it was set equal to the average temperature o f the
nodes in the top half o f the interface.
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Figure 3.3: Grid independence test at Z=0.2 (a) and Z=0.8 (b)
Figure 3.4 illustrates the differences between the measured and calculated convective
heat transfer coefficients for a particular combination o f viscosity and conductivity relations. It
shows that if the wall temperature is equal to the average temperature o f all the circumferential
nodes the convection heat transfer coefficient reaches a constant value after a short distance
from the tube’s inlet. However, the experimental data shows a continuous change along the
tube’s length which is similar to the predicted behavior obtained when the upper-half average
temperature is used. Similar results were obtained for other particle volum e fractions and
Reynolds numbers as well as for other combinations o f viscosity and conductivity relations.
Therefore the average temperature o f the upper half o f the tube w as used to calculate the heat
transfer coefficient presented in the following section.
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Figure 3.4: Convective heat transfer coefficient predicted by the single-phase model with two
different determinations o f the wall temperature (Re - 1600, <p = 0.006)

III.3.2. Comparisons with experimental values
Figure 3.5 compares calculated and measured values o f the heat transfer coefficient at
different axial positions for Re = 1050 and two volume fractions. It is noticed that
combinations using the Xuan et al. conductivity relation, which gives high estimates o f this
property (see Fig. 3.2), overestimate the heat transfer coefficient. On the other hand,
combinations using the Jang and Choi conductivity relation (which gives low estimates o f this
property) also give lower estimates o f the convection coefficient than the measured values.
Am ong the three combinations using the same conductivity relation, the one using the Pak and
Cho viscosity relation (which according to Fig. 3.2 gives the highest estimates o f this
property) lead to slightly higher estimates o f the convection heat transfer coefficient
This effect is more pronounced near the inlet o f the tube where the flow is still
developing and is less important further downstream, particularly for lower volume fraction.
However, the effect o f the viscosity relations is not as important as that o f the conductivity
relations. These observations apply to both volume fractions.
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Figure 3.5: Convective heat transfer coefficient calculated with different combinations o f
viscosity and conductivity relations. Re = 1 0 5 0 , (a): <p = 0.006, (b): <p = 0 .016
For a higher Reynolds number (Re = 1600) Fig. 3.6 shows that the effect o f viscosity
on the calculated values o f the heat transfer coefficient increases but the qualitative influence
o f the different property relations remains the same.
The experimental and calculated enhancements o f the convection heat transfer
coefficient due to a one percent increase o f the particle volume fraction (from 0,006 to 0.016)
are compared in Table 3.1 for both Reynolds numbers, the combinations including the “Xuan
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et al.” model give significantly higher numerical results; however, only the combination o f
“Pak and Cho-Xuan et al.” results in higher predictions than the experimental data.
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Figure 3.6: Convective heat transfer coefficient calculated with different combinations o f
viscosity and conductivity relations. Re = 1 6 0 0 , (a): <p = 0.006, (b): <p = 0 .0 1 6
The results in this table also show that the heat transfer coefficient enhancement due to
the Reynolds number increase for combinations including the “Jang and Choi” relation is
closer to the corresponding experimental data. On the other hand, the combinations including
the “Xuan et al.” relation considerably underpredict the experimental improvement.
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Table 3.1: Enhancement o f the average convection coefficient due to the increase o f particles
volume fraction from 0 .6 % to 1 .6 %

Experiment

Nguyen Jang and
Choi

Nguyen Xuan et al.

Maiga -Jang
and Choi

Maiga Xuan et al.

Pak and
Cho - Jang
and Choi

Pak and
Cho - Xuan
etal.

Re=1050

20.1%

2 .0 %

14.9%

1.7%

14.9%

9.7%

23.1%

Re=1600

23.8%

2.3%

15.4%

2 .1%

15.0%

11.9%

24.1%

III.3.3. Effect of the Property Relations on the Velocity and Temperature
Figure 3.7 illustrates the axial velocity and temperature profiles along the vertical
diameter (0 = 0) close to the tube inlet (Z = 0.2) for the two volume fractions under
consideration. A ll the velocity profiles are influenced considerably by the viscosity relation
and are essentially independent o f the conductivity relation. The observed difference in the
average velocity is due to the fact that the cases in this figure have the same inlet Reynolds
number but different viscosity. These velocity profiles are symmetrical and their maximum
value which occurs on the tube axis is highest for the results calculated with the Pak and Cho
relation (Eq. 3.7 which gives the highest viscosity) and lowest for those obtained with Eq. 3.5
(which gives the lowest viscosity). This is due to the fact that at this position the thermal
effects are weak and the velocity profile changes are essentially due to the growth o f the
hydrodynamic boundary layer. Therefore it is normal for this profile to be symmetrical.
Furthermore, since the boundary layer thickness is larger in the case with higher viscosity, it is
also normal that the maximum velocity increases with increasing viscosity. On the other hand,
the influence o f the viscosity relation on the temperature profile is small while that o f the
conductivity relation on both the wall temperature and the thickness o f the thermal boundary
layer is significant. The wall temperature is highest for the results calculated with the Jang and
Choi relation which gives the lowest conductivity. The difference between the temperatures o f
the top (r = +2.25 mm) and bottom (r = -2.25 mm) which is due to the buoyancy secondary
motion is mostly influenced by the viscosity and is greatest for the results calculated with the
Nguyen et al. relation. At this axial position these qualitative observations are valid for both
volume fractions under consideration.
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Figure 3.7: Axial velocity and temperature profiles for different combinations o f viscosity and
conductivity relations. Z = 0.2 m, 6 = 0, Re = 1 0 5 0 , (a): <p = 0.006, (b): <p = 0 .016
Further downstream, at Z=0.8 (Fig. 3.8), the coupling between the hydrodynamic and
thermal fields becomes evident. For example, the velocity profiles are no longer symmetrical
with respect to the tube axis (the maximum velocity does not occur at r =

0

) and the

temperature profiles, particularly for the higher particle volume fraction, depend on both the
viscosity and conductivity relations.
Similar results have been obtained for the higher Reynolds number (Re = 1600) but are
not presented here for lack o f space.
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Figure 3.9 compares the axial evolution o f the centerline velocity and temperature for
the different combinations o f viscosity and thermal conductivity relations under consideration.
The qualitative variation o f these variables is due to the effects o f boundary layer growth and
the buoyancy induced secondary flow. The main differences between these predictions arise
from the viscosity relations: indeed, the two relations by Maiga and Nguyen (Eqs. 3.5 and 3.6)
which give lower estimates o f the viscosity (see Fig. 3.2) lead to lower velocities and higher
temperatures while the Pak and Cho relation (Eq. 3.7) which gives higher estimates o f the
viscosity leads to higher velocities and lower temperatures. The effect o f the conductivity
relations is also noticeable but considerably weaker. Part o f the difference in the velocity
values is due to the fact that the inlet velocity is not identical for these simulations. Indeed, this
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value is determined from the Reynolds number which is the same for all the results in Fig. 3.9;
therefore, property relations giving higher estimates o f the viscosity also have a higher inlet
velocity. However, the difference between the velocity values resulting from Eq. 3.7 and those
obtained with Eqs. 3.5 and 3.6 is much higher for Z > 0.2 m than for Z = 0. The influence o f
the viscosity relations on the temperature is a direct result o f the effect o f the former on the
velocity. Since relations giving a higher viscosity result in a higher velocity (cf. Fig. 3.7) a
larger part o f the heat supplied to the fluid from the wall is convected downstream by the fluid
and is therefore not available to increase its temperature.
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It is important to note that the differences between predictions with relations giving
high and low viscosity estimates increase when the volume fraction o f the nanoparticles
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increases. Similar results have been obtained for the higher Reynolds number (Re = 1600) but
are not presented here for lack o f space.
Figure 3.10 compares the secondary flow velocity vectors (i.e. the vector sum o f radial
and tangential velocities) and the isotherms predicted by the six combinations o f property
relations for Re - 1050, q> - 0.016 at Z = 0.4 m. The general characteristics o f these results are
similar to those reported in earlier mixed convection studies [Mansour e t al., 2007; M. Akbari
and Behzadmehr, 2007]: the fluid m oves upwards close to the wall and downwards along the
vertical diameter while the isotherms are not circles centered at the tube axis. However as seen
in Figure 3.10 both the intensity o f the secondary flow and the shape o f the isotherms are
significantly affected by the choice o f relations used to calculate the nanofluid transport
properties. Higher predictions o f the conductivity result in less pronounced temperature
gradients and weaker secondary flows. The same is applied for higher predictions o f the
viscosity. A comparison with analogous results at other axial positions shows that in all cases
the velocity o f the secondary flow initially increases, reaches a maximum and then decreases
towards an asymptotic state corresponding to fully developed conditions. The position o f the
maximum secondary velocities occurs earlier for the combinations with low estimates o f the
viscosity. Further results, not presented here, showed that the addition o f particles (increase o f
the volume fraction) is followed by stronger secondary flows and less uniform temperature
contours for each cross section.
Figures 3.1 la and 3.11b show the axial evolution o f the calculated friction coefficient
for Re - 1050 and Re = 1600 respectively. The effect o f conductivity is negligible but that o f
viscosity is important. Thus, at Z = 0.97 m, ^=0.016 and for Re = 1050, the value o f the
friction coefficient obtained with Eq. 3.7 (which gives the highest estimates o f the viscosity) is
4.73 times higher than that obtained with Eq. 3.5 (which gives the lowest estimates o f the
viscosity). An increase o f the Reynolds number or o f the particle volume fraction results in an
increase o f the friction coefficient in all cases. However this increase is not the same for the
six combinations o f viscosity and conductivity relations under consideration. Thus Table 3.2
which indicates the effect o f an increase o f the particle volume fraction shows that the
corresponding increase o f the pressure drop is rather small when the Maiga et al. and Nguyen
et al. relations (Eqs. 3.5 and 3.6) are used but is very large when the Pak and Cho relation (Eq.
3.7) is used to calculate the viscosity. The results in this table also indicate that these increases
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do not depend on the relation used to evaluate the thermal conductivity and that they are
essentially the same for the two Reynolds numbers under consideration. On the other hand,
Table 3.3 indicates that when the Reynolds number increases from 1050 to 1600 the pressure
drop increases by approximately 64% for both particle volume fractions and all the
combinations o f viscosity-conductivity relations.
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Table 3.2: Increase o f the pressure drop due to the increase o f particles volume fraction
from 0 .6 % to 1 .6 %
Nguyen Jang and Choi

Nguyen Xuan et al.

Maiga - Jang
and Choi

Maiga - Xuan
et al.

Pak and Cho Jang and Choi

Pak and Cho Xuan et al.

Re=1050

8.7%

9.3%

16.7%

17.6%

94.5%

96.6%

Re=1600

8.7%

9.4%

16.6%

17.6%

95.1%

96.6%
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Table 3.3: Increase o f the pressure drop due to the increase o f the Reynolds number
from 1050 to 1600
Nguyen Jang and Choi

Nguyen Xuan et al.

Maiga - Jang
Maiga - Xuan Pak and Cho and Choi________ etal.______ Jang and Choi

Pak and Cho Xuan et al.

<p=0.006

64.4%

64.5%

64.2%

64.3%

64%

64%

<p=o.oi6

64.5%

64.7%

64.1%

64.3%

64.4%

64.1%

III.4. Conclusion
This numerical study o f laminar mixed convection for a

A I2 O 3

nanofluid establishes

the sensitivity o f predicted results on the values o f its viscosity and thermal conductivity
calculated from different published relations. Numerical predictions o f the hydrodynamic and
thermal fields in a horizontal tube with uniform heat flux at the fluid-solid interface were
calculated for two Reynolds numbers (1050 and 1600) and two particle volume fractions
(0.6% and 1.6%). They show that the differences between estimates o f the viscosity influence
considerably the hydrodynamic field but have a smaller effect on the thermal one. Thus
according to a relation by Nguyen et al. an increase o f particle volume fraction from 0.6% to
1.6 % causes an 8.7% increase o f the pressure drop. For the same conditions the increase o f the
pressure drop according to a relation by Pak and Cho is 96.6%. None o f the considered
viscosity correlations gives entirely satisfactory results over the entire tube length. On the
other hand, differences between estimates o f the conductivity influence considerably the
thermal field but have a smaller effect on the hydrodynamic one. The calculated values o f the
heat transfer coefficient were compared with corresponding experimental data showing that
among the combinations including the conductivity according to Xuan et al. [Xuan et al.,
2003] give better results.
Further research is necessary to obtain better correlations for the viscosity and
conductivity o f nanofluids.
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Abstract
Numerical predictions by single-phase and three different two-phase models (volume
o f fluid, mixture, Eulerian) o f nanofluid turbulent forced convection in a horizontal tube with
uniform wall heat flux are evaluated by comparison with two different sets o f experimental
data. The elliptical, coupled, steady-state, three-dimensional governing partial differential
equations are solved using the finite volume scheme. Six combinations o f correlations for
viscosity and conductivity o f nanofluids are compared for the single phase approach. The
combination giving the best agreement with the experimental data is chosen for the rest o f the
comparisons. In the case o f the two-phase models, results for two outlet boundary conditions
are obtained. The one with better convergence and lower uncertainties is chosen for the
comparison with the single phase model. The comparison o f the predictions by the single
phase model with the best property correlations and by the two-phase m odels with the best
outlet condition favours the former. Since the single-phase model is also simpler to implement
and requires less computer memory and CPU time it is concluded that it is more appropriate
for the conditions under study.
Keywords: Nanofluids; Turbulent; Forced convection; CFD; Single-phase model; Two-phase
models

Resume
Des resultats numeriques donnes par un modele monophasique et trois differents
modeles diphasiques (Volume de fluide, Melange, EuPrien) de la convection forcee turbulente
de nanofluide dans un tube horizontal avec flux uniforme de chaleur parietale sont 6 valu 6 es
par comparaison avec deux ensembles differents de dom Pes experimentales. Les equations
aux derivees partielles elliptiques, coupiees, tridimensionnelles sont resolues en utilisant la
methode de volumes finis. Six combinaisons des correlations pour la viscosite et la
conductivite des nanofluides sont comparees pour l'approche monophasique. La combinaison
donnant le meilleur accord avec les donnees experimentales est choisie pour le reste des
comparaisons. Dans le cas des modeles diphasiques, des resultats pour deux conditions de
sortie sont obtenus. Celui avec une meilleure convergence et des incertitudes inferieures est
choisi pour la comparaison avec le m odele monophasique. La comparaison des resultats du
modele monophasique avec les meilleures correlations de propriete et de m odeles diphasiques
avec le meilleur etat de sortie favorise le premier. Puisque le modele monophasique est
egalement plus simple pour mettre en application et exige moins de memoire d'ordinateur et
temps- CPU on recommande que les m odeles diphasiques ne devraient pas etre em ployes pour
recoupm ent turbulent des nanofluides.
M ots c P s : Nanofluides ; Turbulent; Convection forcee ; CFD ; Modele monophasique ;
M odeles diphasiques
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IV. 1. Introduction
Convection heat transfer plays an important role in the design and performance o f very
diverse thermal systems such as power plants, domestic refrigerators and electronic devices.
Great efforts are therefore expanded in R&D trying to increase the heat flux and reduce the
size o f heat exchangers. One promising avenue in the pursuit o f this objective is the use o f
nanofluids, a new generation o f solid-liquid mixtures containing nanosize particles. In the last
15 years many studies have been published reporting on their thermophysical properties and
performance as heat transfer fluids [Kakac and Pramuanjaroenkij, 2009]. However the
published results are not always consistent and numerous questions concerning nanofluid
properties as w ell as their behaviour in specific installations remain unanswered.
One such question concerns the appropriate way to model nanofluids in CFD studies.
Most such studies have treated nanofluids as single-phase fluids with effective thermophysical
properties which are obtained from a combination o f the corresponding properties o f the liquid
carrier and the solid particles [Abu-Nada et al., 2008; Akbarinia and Behzadmehr, 2007; Ben
Mansour et al., 2009; Maiga et al., 2006].
Few studies have compared results calculated with single and two-phase models. Lotfi
et al. [Lotfi et al., 2010] compared the predictions o f the single-phase model with those o f the
Mixture and Eulerian two-phase models for laminar convection o f A l 2 0 3 -water nanofluid with
a 1% volume fraction o f nanoparticles. They employed weighted average values for the
nanofluid density and specific heat and used the correlations by Maiga et al. [Maiga et al.,
2005] to evaluate the conductivity and viscosity from the particle volume fraction. They
compared the Nusselt number predictions with several correlations and experimental values
from Wen and Ding [Wen and Ding, 2004] and concluded that the Mixture model is more
precise than the two other models. However, this conclusion may be influenced by the
assumption o f temperature independent properties.
Akbari et al. [Akbari et al., 2011] showed that for laminar mixed convection, with low
particle volume fraction and temperature dependent density and viscosity, the two-phase
approaches give better agreement with experimental results. However, their analysis o f the
results shows that the rate o f increase o f the heat transfer coefficient with particle volume
fraction predicted by two-phase models is considerably higher than the corresponding
91

experimental value. Therefore they concluded that the two-phase m odels would predict
unreasonably high heat transfer coefficients for moderate and high particle volume fractions.
Behzadmehr et al. [Behzadmehr et al., 2007] compared the two-phase and single phase
approaches for turbulent flows o f nanofluids. They investigated turbulent forced convection by
employing the mixture two-phase model and compared its predictions with those o f the single
phase model using the constant weighted-average properties for the nanofluid. In the case o f
the two-phase calculations they used the Miller and Gidaspow [Miller and Gidaspow, 1992]
equation to calculate the solid phase viscosity. However this equation results in very high
values o f the nanofluid viscosity which are likely to influence the two-phase predictions. For
example, even for a low value o f particles volume fraction equal to

0 .0 1 ,

the solid phase

viscosity calculated from the Miller and Gidaspow equation is 5.1862 N.s.m '2. The
corresponding nanofluid viscosity is 0.05286 N.s.m "2 which is almost 53 times higher than that
o f the base fluid and is not consistent with measured values. This ratio increases dramatically
with the volume fraction and the unrealistically high nanofluid viscosity puts into doubt the
conclusions regarding the comparison o f the two models.
The present comparative study o f single and two-phase models for turbulent
convection o f nanofluids employs results from two experimental studies [Sundar and Sharma,
2010; Xuan and Li, 2003] to evaluate the numerical results. Fluid properties except for
conductivity are considered to be temperature dependent while those o f the solid particles are
constant. Three different Reynolds numbers and three values for the particle volume fraction
are used for the AbCVwater nanofluid, while three Reynolds numbers and two particle
volume fractions are considered in the case o f the Cu-water nanofluid.

IV.2. Description and modelling of the problem
The problem under consideration involves turbulent convection o f water-based
nanofluids in a long horizontal tube with uniform heat flux at the solid-liquid interface (Fig.
4.1) for the experimental conditions reported by [Sundar and Sharma, 2010] and [Xuan and Li,
2003]. In the first case the nanofluid contains AI2O 3 nanoparticles (ds = 47 nm) and the
dimensions o f the tube are D = 0.019 m, L = 1.5 m.

In the second case it contains Cu

nanoparticles (ds = 100 nm) while D = 0.01 m and L = 0.8 m. Material property correlations
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and the differential equations for the three two-phase models and the single-phase model are
presented in the following sections.

top

bottom

Symmetry Plane

Figure 4.1: Cross section o f the horizontal tube and coordinate system

IV.2.1. Water Properties
The following equations for water properties are used in all four models under
consideration.
- Density [Vargaftik, 1975]:
pf = 2 4 4 6 - 2 0 .6 7 4 7 + 0 .1 1 5 7 6 7 2 - 3 .1 2 8 9 5 x 1 0 “ 4 7 3 -I- 4.0 5 0 5 x 10" 7 7 4
- 2 .0 5 4 6 x 1 0 - lo7 5

(4.1)

- Viscosity [Chon et al., 2005]:
(4 2 )
Where, A=2.414x 10'5, B=247.8, and C=140.
- Specific heat [Vargaftik, 1975]:
r~ \
. . . ( 8 -29041 - 0 .0 1 2 5 5 7 7 ^
{Cp) f - exp ^ _ (1 .5 2 3 7 3 x 1 0 - 3 ) 7 /
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(4 .3 )

IV.2.2. Single-Phase Model
This model treats the nanofluid as a homogeneous fluid with effective properties and
uses the differential equations expressing conservation o f mass, momentum, and energy:
V. (p V ) = 0
V J

(4.4)

V{pVV) = - V P + V. ( p t VV) + p g

V .( p V H ) = - V . q - T t :VV
v
'

(4.6)

To obtain correct results with the single-phase model it is very important to use
accurate relations to calculate the effective nanofluid properties. Up to now however, there are
no relations that can accurately predict nanofluid properties for any combination o f
independent variables (nature o f particles, diameter o f particles, etc.). Different correlations
available in the literature lead to contradictory results [Mansour et al., 2007] and it is not clear
which one is best for a given situation. Among the nanofluids properties viscosity and
conductivity are the most influential. Therefore, in the present study two correlations for
viscosity (Eqs. 4.8a and 4.8b) and three for conductivity (Eqs. 4.9a, 4.9b and 4.9c) from
different studies are compared. A ll the properties o f the nanofluid depend on the particle
volume fraction and the corresponding properties o f the base fluid and the nanoparticles (see
Table 4.1).
Table 4.1: Thermophysical Properties o f the Particles
Density (kg/m3)
A120 3

_

Conductivity (W/m.K)

3970

42

_

_

Specific Heat (J/kg.K)
880

__

Since the density, viscosity and specific heat o f the base fluid are temperature
dependent the corresponding properties o f the nanofluid are also temperature dependent. The
expressions used to evaluate the nanofluid properties are:
- Density [Khanafer et al., 2003]:
P n f = ( 1 ~ < p )p f + <PPs
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- Viscosity
According to [Maiga et al., 2004]:
Mn/ = (1 + 73<p + 123 <p2)nf

(4.8a)

According to [Pak and Cho, 1998]:
finf = (1 + 39.11 (p + 5 3 3 .9 <p2)/J.f
(4.8b)
- Conductivity
According to [Nan et al., 1997]:
Knf _ f c ( l + 2 d ) + 2 Kf \ - 2<p[Kf - Ks j 1 - a )]
Kf

[Ks ( l + 2 a ) + 2Kf \ + < p [ K f - K s a - a ) \

(4.9a)

The parameter a — 2RbKf / d s is the particle Biot number where Rb represents the
interfacial thermal resistance and dp is the nanoparticles diameter.
According to [Yang, 2008]:

(4.9b)
Where

u p = ( 3 k B T ) / m p , r = m p/ ( 6 n n f rp ) and Cj is heat capacity per unit

volume o f the fluid.
According to [Koo and Kleinstreuer, 2004]:

(4.9c)
Where f (T, (£>) = ( —6.04 <t> + 0 .4 7 0 5 )T + (1 7 2 2 .3 4> — 1 3 4 .6 3 ) and /? is a function
o f volume fraction.
- Specific heat [Khanafer et al., 2003]:
_

nf ~

(1

-

<p)(pCP) f + <p(pcp ) s
~Pnf

(4.10)

Since the density is temperature dependent the effects o f the buoyancy induced
secondary flow s are included in the calculations.

IV.2.3. Two-Phase Models
There are two general approaches for modeling the flow o f solid-liquid mixtures. For
low solid volume fractions, the most suitable is the Lagrangian-Eulerian which analyzes the

base fluid using the Eulerian model and the particles with the Lagrangian one. For higher solid
volume fractions, the appropriate approach is the Eulerian-Eulerian. For nanofluids, the
number o f particles in the computational domain, even for a very small particle volume
fraction, is extremely large due to the very small size o f the particles. This makes it
impractical to solve nanofluid flow problems with the Lagrangian-Eulerian approach due to
limitations o f the software abilities, memory and CPU requirements, etc. Therefore, the
Eulerian-Eulerian approach is used in the present study. In fact, there are different EulerianEulerian models. The most popular ones are the VOF (volume o f fluid), mixture, and Eulerian.

IV.2.3.1. VOF
The VOF model solves a single set o f momentum equations for all the phases and
tracks their volume fraction all over the domain o f study by solving a continuity equation for
the secondary phases. The total summation o f the volume fractions for all the phases is equal
to unity. Therefore, the magnitude o f the primary phase volume fraction is calculated. With
this method all o f the physical properties are calculated by taking a weighted average o f
different phases based on their volume fraction throughout each control volume. The single set
o f momentum equations is solved to find the velocity components which are shared by all the
phases. In the same manner, a shared temperature is calculated from a single energy equation.
Specifically, mass conservation is expressed as
([<PqPq%) = 0
v q q qJ

(4.11)

Where Eq=i<Pq = l and all properties are calculated like N = Eq=i<PqNq. The
conservation o f momentum and energy equations are identical to Eq. 4.5 and Eq. 4.6.

IV.2.3.2. Mixture
The mixture model solves the continuity, momentum and energy equations for the
mixture as well as a volume fraction equation for the secondary phases. It then uses a
correlation to calculate the relative velocity between the phases. The relevant equations are:
- Conservation o f mass
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V .(p mvm) = 0
(4.12)
Conservation o f momentum

^(PmKn^m)

^P m

4" ^

•^P m ^^m

4" ^ ' *PkPk

4- P m 9
(4.13)

+ I7- f

<PkPkVdrJk ^ d r ,k ^

Where the mixture velocity, density and viscosity are respectively

Vm =

Ek=i (p kP kV k
(4.14)

Pm
n

P m = 2 _ j *PkPk
- I
k -1
k=1
n

I

Pm = 2_, W
k= l

(4.15)

k

(4.16)

The drift velocity o f k4*1 phase is
Vdr,k = Vk - V m

(4.17)
- Conservation o f energy
F-| >

(pkPkVkHkj = ~ V . q m

-

Tt :

VVm

^ ^

- Volume Fraction
V - (V p P p V m )

=

~ V - {<PpPpVdr,p)

The slip velocity (relative velocity) is defined as the velocity o f a secondary phase (p)
relative to the velocity o f the primary phase (f):
Vp f = Vp — Vf

PT

p

T

(4.20)

The drift velocity is related to the relative velocity as:
n

<PkPk^

Petr fk
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(4.21)

The relative velocity is determined from Eq. 4.22 proposed by [Manninen et al., 1996]
while Eq. 4.23 by [Schiller and Naumann, 1935] is used to calculate the drag function (fdrag)-

y
Pf

Jd rag

(Pp ~ P e f f ) g

V *P

=

ISHffdrag

Pp

Re™87 Rep
Rep

( 1 + 0 .1 5
|0 .0 1 8 3 R e p

< 1000
> 1000

1

}

Where Rep = (Vm dp) / u eff and a = g - (Vm.V)Vm.

IV.2.3.3. Eulerian
In the Eulerian model there are different kinds o f coupling between phases. The
pressure is shared by all the phases, while separate continuity, momentum, and energy
equations are employed for different phases including primary and secondary phases. The
volume o f each phase is calculated by integrating its volume fraction throughout the domain,
while the summation o f all the volume fractions is equal to unity. The relevant equations are:
- Conservation o f mass
F- ([tyqPqVq) — 0

(4.24)

Where, Vq = / <pqdV, and £ q = i <pq = 1, and q indicates the phase.
- Conservation o f Momentum (qth phase)
n

(

+ X

V

n

+ 2

^ * Pk

k =1

p=i

'

^ pq
(4.25)

"b Flift.q
Where, 2] p = 1 Rpq = Ep=i Spq (Vp — Vq) stands for the interaction forces between the
2

phases, Spq = (<pq cpp pq f)A p , t p = (pp dp)/(1 8 p q ) and/ indicates the drag friction, which is
calculated according to [Schiller and Naumann, 1935] as:

J

CD =

(24(1 + 0.15Re0687)
Re < 1000
— -------------Re > 1 0 0 0

0.44

98

24

(4.26)
(4 2 7 )

R e = Pq\Vp

Vq^dp

(4.28)

The lift force is computed from the [Drew and Lahey, 1993] equation:
F lift.q

=

Q S p p V q iY p ~ Vq) X

X Vp)

\*+,Zy)

- Conservation o f energy
n

v . ( « W \ H , ) = - V . {K ,V . T ,) - W . V% + V Q „
p=l

(4 3 0 )

Where Qpq = h(Vp — Vq) and the heat exchange coefficient is h = ( 6 Kq <pq <pp Nup) /
(d p ). Nup is calculated from the [Ranz and Marshall, 1952] model:
Niu, = 2 + 0.6Re°-s Pra0333
(4.31)
Where Prq = (Cpqpq)/K q .

IV.2.4. Turbulent Model
The Realizable k-s model was chosen for the present study. This model, developed by
[Shih et al., 1995] for high Reynolds numbers, gives better or at least as good results as the
standard k-s model for different applications and flow regimes.
V. (p k V ) = V . [(^ +

V .(Ps 9 ) = V .[ ( f l + ^

Ffc] + Gk + p s

y e] + P Ct S s + ^

(4.32)

^

(4 3 3 )

Ck = « euS2

(4.34)

thtt = p c j ~

C4.35)

£

Here:

S=

(

,

S„ =

1 / dvi

r

d v i\

1

a£ = 1 .2 ,

Tt

- [ — + — j . Cl = m o * [o.43, —

1

J,, =

k

S j , C2 = 1.9 ,ok = 1
1

r , A 0 = 4 , As = V 6 c o s f , f = - a r c c o s y f6 W
A0 + A SU *±
3
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w = S tjS g S u

- = J ^ T '

um = J s ..s . . + f i . . f i . . f i . . = n .. _ 2 e ..k0ik n ..

— &ij ~ e ijk°)k
Where Xljj is the mean rotation rate viewed in a rotating reference frame with the
angular velocity (ok.

IV.2.5. Boundary Conditions
The governing equations for all four approaches have been solved using the following
boundary conditions:
- At the tube inlet (z = 0):
w = Vin,u = v = 0 ,T = Tin,I =

/0

- At the fluid-solid interface (r = D/2):

Enhanced wall function [FLUENT 6.3 manual] has been used as the turbulent wall
treatment model.
- At the tube outlet all the normal diffusion fluxes are set equal to zero and a mass balance
correction is applied for the single-phase model; while for the two-phase models the gauge
pressure is set equal to zero.

IV.2.6. Calculation of the Nusselt number and the friction coefficient
The Nusselt number has been calculated very close to the tube outlet. The
corresponding equation is:

K e f f ( T w - Tb)

(4.36)

Where Tw and Tb are wall and bulk temperatures, respectively.
The friction coefficient has been calculated based on the following equation, which, is
a function o f pressure lose along the tube, tube dimensions and average flow velocity.
2DAP
f ~LV& P
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(4.37)

IV.3. Numerical Solution
The differential equations were discretized with the control volume technique. For the
convective and diffusive terms a second order upwind method w as used w hile the SIMPLEC
procedure was employed for the velocity-pressure coupling coupling available in commercial
FLUENT 6.3 sofware. Grid independence tests were done separately for both geometries as
w ell as each o f the four approaches to be sure about the accuracy o f the results (Nusselt
number close to the end o f tube plus velocity and temperature profiles were compared). The
number o f grids in the radial direction was justified based on the turbulent boundary treatment
limitations for Y+ very close to the walls [FLUENT 6.3 manual]. Many combinations o f node
numbers in the axial and circumferential directions were tested for each o f the geometries. In
all cases the grid is finer close to the wall and the entrance o f the tube where the temperature
and velocity gradients are large. Following these comparisons the final grids comprise 150, 16
and 40 nodes for the study o f Sundar and Sharma [Sundar and Sharma, 2010] and 120, 24 and
25 for the study o f Xuan and Li [Xuan and Li, 2003] in the axial, circumferential and radial
directions respectively. In all the cases the residuals for all the equations are below the 10‘5.

IV.4. Results and Discussion
The ability o f the four models under consideration to accurately predict turbulent
convection o f nanofluids is evaluated by comparing numerically derived values o f the Nusselt
number and friction coefficient with corresponding experimental values determined by Sundar
and Sharma [Sundar and Sharma, 2010] and by Xuan and Li [Xuan and Li, 2003]. The first o f
these studies presents results for ALC^-water nanofluid with three low particle volume
fractions (0.0002, 0.001 and 0.005) and Reynolds numbers between 11000 and 20000. The
second one used Cu-water nanofluid with higher particle volume fractions (0.01 and 0.02) and
Reynolds numbers between 9500 and 22000. For the single-phase model six combinations o f
three conductivity relations (according to [Nan et al., 1997], [Yang, 2008] and [Koo and
Kleinstreuer, 2004]) and two viscosity relations (according to [Maiga et al., 2004] and [Pak
and Cho, 1998]) have been evaluated. Table 4.2 compares their predictions o f the Nusselt
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number with the corresponding experimental results for cp = 0.001, Re = 11300 [Sunder and
Sharma] and (p = 0.02, Re = 17670 [Xuan and Li]. It is seen that for a very low volume
fraction (second column) all the combinations overestimate the Nusselt number; by comparing
the Nu values obtained with the same conductivity relation (line 2 with 5, 3 with

6

and 4 with

7) w e see that the effect o f the viscosity relation is negligible; on the other hand by comparing
the Nu values obtained with the same viscosity relation (line 2 with 3 and 4 as w ell as line 5
with

6

and 7) we see that the effect o f the conductivity relation is important. For a higher

volume fraction (third column) the effect o f both the viscosity and conductivity relations is
important. Only the values calculated with the Koo [Koo and Kleinstreuer, 2004] conductivity
relation (lines 4 and 7) are higher than the corresponding experimental results. Since this
relation gives very high estimates o f Nu for both volume fractions and with both viscosity
relations it has been eliminated from further consideration. Further examination o f the results
in columns 2 and 3 indicates that for a given viscosity relation and a fixed value o f the volume
fraction the combinations involving the Nan and Yang conductivity relations predict
essentially the same value o f Nu. The best calculated values are those resulting from the
combination o f the Nan et al [Nan et al., 1997] conductivity relation with the Maiga et al
[Mai'ga et al., 2004] viscosity relation. A ll subsequent results presented here were calculated
using this combination o f relations.
Table 4.2: Comparison o f Nusselt number for different combinations
<p = 0 .001, Re = 11300

<p = 0.02, Re = 17670

Experimental

87.40

165.24

Nan-Maiga

99.02

152.44

Yang-Maiga

99.02

152.40

Koo-Maiga

108.99

232.30

Nan-Pak

97.46

123.25

Yang-Pak

97.47

123.20

Koo-Pak

107.29

196.14

For the two-phase approaches two different outlet boundary conditions (pressure outlet,
outflow) were examined. In the case o f the Eulerian model the difference between their
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predictions is insignificant.

In the case o f the two other m odels however the continuity

equation is not converged to a satisfactory degree when the outflow condition was applied
(depending on the volume fraction, Reynolds number, etc. the continuity equation residuals
are between 10' 1 and 10). This also affected the calculated results for the pressure drop along
the tube and friction coefficient. These problems were resolved by employing the pressure
outlet boundary condition. Therefore, the pressure outlet was used for subsequent calculations
with all two-phase approaches.
Figure 4.2 compares the calculated Nusselt numbers with the experimental results by
Sundar and Sharma [Sundar and Sharma, 2010]. For the lowest particle volume fraction all the
models give essentially identical predictions which overestimate the experimental values
considerably. As <p increases the values predicted by the two phase-models remain close while
those from the single phase model become different and are in better agreement with the
experimental results. These trends are confirmed in Figure 4.3 which compares the numerical
predictions with experimental values for even higher particle volume fractions obtained by
Xuan and Li [Xuan and Li, 2003]. In this figure the single-phase predictions are very good for
both particle volume fractions and all the Reynolds numbers. The two-phase models continue
to overestimate the experimental data although the Eulerian model predicts slightly better
results. In fact the relative error o f the two-phase predictions increases as q> increases from
0.005 (Fig. 4.2c) to 0.01 (Fig. 4.3a) and 0.02 (Fig. 4.3b) indicating their over-sensitivity to the
particle volume fraction. It is also noted that the rate o f increase o f N u with Re is
underestimated by all models for <p < 0.01 (see Fig. 4.2).
For <p > 0.01 it is still underestimated by the single-phase model (see Fig. 4.3). The
same behaviour for the single-phase model has been observed in studies for laminar mixed
convection o f nanofluids in horizontal tubes [Akbari et al., 2011]. A possible explanation for
this underestimation o f the rate o f increase o f Nu by the single-phase model can be advanced
by considering the effect o f the Reynolds number on the size o f particle clusters and their
Brownian motion: as Re increases the bigger clusters break up, their Brownian velocity
increases and they therefore transport more heat. This phenomenon is not included in the
single-phase model which is therefore not capable o f predicting the correct rate o f increase o f
the Nusselt number.
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Figure 4.2: Comparison o f calculated Nusselt number with experimental data
by [Sundar and Sharma, 2010] (a: <p = 0.0002, b: (p - 0.001, c: <p = 0.005)
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Figure 4.3: Comparison o f calculated Nusselt number with experimental data
by [Xuan and Li, 2003] (a: <p = 0.01, b: <p = 0.02)
Figures 4.4 and 4.5 show a comparison between calculated values o f the friction
coefficient and experimentally determined correlations by [Sundar and Sharma, 2010] and
[Xuan and Li, 2003] respectively. For low particle volume fractions (Fig. 4.4) the numerical
results are essentially the same for all models and close to the experimental data. For higher
volume fractions (Fig. 4.5) the difference between the predictions o f the single and two-phase
models is noticeable with the former being closer to the experimental values.
It is noted in Figures 4.4 and 4.5 that the experimental values o f the friction coefficient
decrease faster than the numerical predictions as the Reynolds number increases. This
behaviour is again attributed to the decrease o f cluster size when the Reynolds number
increases. According to the model developed by [Zhao et al., 2009] the decrease o f cluster size
implies a decrease o f the viscosity and o f the friction factor as indicated by the experimental
correlations. On the other hand, since the viscosity expressions (see Eqs. 4.8a and 4.8b) do not
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take into account this influence o f the Reynolds number on the viscosity. It is normal that the
single-phase model underestimates the rate o f reduction o f the friction coefficient with
increasing Reynolds number.
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Figure 4.4: Comparison o f calculated friction coefficient with experimental correlation
by [Sundar and Sharma, 2010] (a: <p = 0.0002, b: q> = 0.001, c: q> = 0.005)
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by [Xuan and Li, 2003] (a: (p = 0.01, b: <p = 0.02)
It should also be noted that the two experimental correlations for the friction coefficient
plotted in Figures 4.4 and 4.5 give results which are essentially independent o f the particle
volume fraction. For very small values o f the latter (<p < 0.005) this is corroborated by the
numerical predictions o f / in Figure 4.4. For the higher values o f (p in Figure 4.5 this is not
consistent with the present numerical results, which, clearly show that the pressure loss and
the friction coefficient increases with the particle volume fraction. Thus, according to these
numerical results, for a Reynolds number approximately equal to 10000 an increase o f the
volume fraction from

0 .0 1

to

0 .0 2

causes an increase o f the friction factor by 8 % according to

the single-phase model (from 0.036 to 0.039 approximately) and by 13% according to the twophase models (from 0.039 to 0.044 approximately).
The flow is fully developed inside the test section for both o f the experimental studies;
however, there is a developing length for simulations. Throughout this length, the boundary
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layers are developing and cause higher velocity gradient, which, consequently leads to higher
friction coefficient. The exact entrance length o f different problems is not completely evident.
Therefore, the first part o f the tube length from ZJD=0 to 20 has been eliminated from the
calculations in Fig. 4.6. The results have been compared with the friction coefficient, which,
has been calculated for entire length o f the tube (Z /D =0 to 80). It is seen that the friction
coefficient is obviously lower and closer to experimental values when this entrance length has
been neglected.
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Figure 4.6: Comparison o f friction coefficients calculated with or without the tube entrance
length (<p = 0 .0 2 )
The volume fraction contours for the particle phase has been illustrated in Fig. 4.7 at
two different cross sections for the study o f Xuan and Li, when the lowest Reynolds number
for each volume fraction has been chosen. It would be expected that for these situations the
higher gradient be observed. But even for particle volume fraction as high as 0.02 and
Reynolds number as low as 9800 at very close to tube outlet, the volume fraction distribution
is almost identical and the gradients are insignificant, which means that for the studies under
consideration, the nanofluids behave almost as a homogeneous mixture. Am ong the two-phase
models the highest gradients have been tracked by the Eulerian model and the lowest for VOF
model.
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Figure 4.7: Particles volume fraction distribution
Figure 4.8 shows the turbulent kinetic energy profiles along the tube center line. Very
close to the inlet, the turbulent kinetic energy is decreasing because the assumed inlet turbulent
intensity is high. Far downstream it decreases with a higher rate at low Reynolds numbers.
This is contrary to the results o f Behzadmehr et al. [Behzadmehr et al. 2007] who stated that
the value o f turbulent kinetic energy at tube center line would stay constant in the fully
developed region. We attribute this difference to the temperature dependent properties used in
the present study, according to which the average density and viscosity o f nanofluid decreases
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along the tube. Therefore, for a given Reynolds number the average velocity will change and
the turbulent kinetic energy will also decrease.
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Figure 4.8 also shows that the two-phase models give higher results for center line
turbulent kinetic energy than the single-phase model. A s the Reynolds number increases, the
two-phase and single-phase approaches predictions move towards identical values.

IV.5. Conclusions
Turbulent forced convection o f Al 2 C>3-water and Cu-water nanofluids inside horizontal
tubes were studied. The Numerical calculations were prepared by three different two-phase
(VOF, Mixture, and Eulerian), as well as, single-phase models. Based on two experimental
data, separate calculations were done and each one was validated by appropriate experimental
data. For single-phase model different combinations o f conductivity and viscosity o f
nanofluids have been compared to lead to the best combination for the studies under the
consideration. The comparisons were done for different Reynolds number and particle volume
fractions, and led to the following conclusions:
•

The thermal field predictions by the three two-phase models are essentially the

same but very far from experimental data and single-phase model numerical results.
•

Thermal predictions by the two-phase models are very sensitive to the particle

volume fraction. A s it increases these models show higher divergence from experimental data.
But the single-phase model stays closer to the experimental values for almost all the
conditions.
•

Single-phase and two-phase models predict almost identical hydrodynamic

•

The particles distribution was found to be essentially uniform throughout the

fields.

tube for all the Reynolds numbers and volume fractions under consideration. This result
indicates that nanofluids are homogeneous mixture for the studied cases.
•

Numerical results for the Nusselt number and the friction factor show lower

dependency on flow Reynolds number than the experiments; w e believe that this is related to
particles clustering process and the effect o f flow Reynolds number on it, which, in fact
changes the thermal and hydrodynamic properties o f nanofluids. Therefore, new models for
conductivity and viscosity o f nanofluids containing these effects will improve the numerical
results obtained with the single-phase model.
Ill

Unlike previous studies [Behzadmehr et al., 2007] and [Lotfi et al., 2010] the present
one shows that two-phase models over-estimate the thermal field. The selected viscosityconductivity combination for the single-phase model gives better results for the conditions
under consideration.
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Abstract
Conductivity values o f nanofluids calculated with the model proposed by Nan et al.
[Nan et al., 1997] consistently underestimate the corresponding measured values for 20 sets o f
experimental data from twelve published studies; thus the conclusion o f the recent
International Nanofluid Property Benchmark Exercise [Buongiom o et al., 2009] which stated
that it is not necessary to resort to other theories (e.g. Brownian motion, liquid layering, and
aggregation) for the interpretation o f the INPBE database cannot be generalized. In view o f
this situation a new model which takes into account clustering and micro-convection is
proposed and compared with experimental data for five nanofluids (with different particle
sizes and a range o f particle concentrations) as well as tw o previously published models. The
maximum difference between the predictions o f the proposed model and the measured values
is 6.7% o f the latter.
K eywords: Nanofluids, Conductivity, Fractal theory, Micro-convection, Cluster size

Resume
Les valeurs de conductivity des nanofluides calculees avec le modele propose par Nan
et al. [Nan et al., 1997] sous-estiment uniformyment les valeurs mesuryes correspondantes
pour 2 0 ensembles de donnyes expyrimentales de douze ytudes publiyes; ainsi la conclusion du
recent« International Nanofluid Property Benchmark Exercise » [Buongiomo et al., 2009] qui
a declary qu'il n'est pas nycessaire de recourir a d'autres theories (par exemple : le mouvement
brownien, couche de liquide coliye sur le nanoparticules, et l'agrygation) pour l'interprytation
de la base de donnyes d'lNPBE ne peut pas etre gynyralisye. En raison de cette situation un
nouveau modele qui tient compte de l'agrygation et de la micro-convection est proposy et
compary aux donnyes expyrimentales pour cinq nanofluides (avec diffyrentes dimensions des
particules et gammes de la concentration des particules) ainsi qu'& deux modyies
prycedemment publies. La diffyrence maximale entre les rysultats du moddle proposy et des
valeurs mesuryes est 6.7% de ces demieres.
K eywords: Nanofluids, Conductivity, Thyorie de fractale, M icro-convection, Taille de
faisceau

V.l. Introduction
Nanofluids, a two-phase mixture o f a base fluid (water, glycol, engine oil, etc.) and
nanosize solid particles

(A I2 O 3 ,

CuO, Cu, etc.) are the most recent application o f an idea
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proposed by M axwell in 1881 which aims at increasing the thermal conductivity o f heat
transfer fluids. Since they offer the possibility o f enhanced heat transfer many studies have
been published in the last 15 years presenting measured values o f their thermophysical
properties, proposing models to explain and predict these properties as well as describing
numerical and experimental evaluations o f their performance in various heat transfer
applications. Extensive reviews o f these studies have been published by Wang and Mujumdar
[Wang and Mujumdar, 2008] and Murshed et al. [Murshed et al., 2008]. The reported results
confirm that nanofluids exhibit higher thermal conductivity than their base fluid and that it
increases significantly with nanoparticle volume fraction. This behavior is qualitatively
predicted by models such as the one proposed by M axwell [Maxwell, 1873] who determines
the

effective

thermal

conductivity

of

liquid-solid

suspensions

for

low

volumetric

concentrations o f spherical particles. Later, Hamilton and Crosser [Hamilton and Crosser,
1962] modified M axwell’s model by introducing a shape factor to account for non-spherical
particles; their expression reduces to the one proposed by M axwell when the particles are
spherical.
Until lately the consensus in the literature was that these classical models underpredict
the measured values o f the nanofluids’ thermal conductivity. Therefore, phenomena such as
Brownian motion o f the nanoparticles, liquid layering at the solid/liquid interface and
nanoparticle clustering have been considered. The above mentioned review articles include
several expressions o f the effective thermal conductivity which take into account these
phenomena. However, the recent results o f the International Nanofluid Property Benchmark
Exercise (INPBE) [Buongiomo et al., 2009] indicate that, for the thermal conductivity
measured by the organizations participating in this project, it is not necessary to consider such
phenomena. Specifically, this study analyzed the measured thermal conductivity o f nanofluids
with different basefluids and various particles o f different shape and concentration. Different
measuring techniques were used and the results were within ±

10%

or less o f the sample

average in all but a few cases. The measured values were compared with the predictions o f a
model for ellipsoidal particles, taking into account the Kapitza interfacial thermal resistance
Rb, which has been proposed by Nan et al. [Nan et al., 1997]. The Nan equation for the

effective thermal conductivity constitutes a generalization o f M axwell’s equation and reduces
to the latter for spherical particles and negligible interfacial thermal resistance. The authors o f
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the INPBE study reported that their data is in good agreement with the predictions o f this
model and concluded that “resorting to the other theories proposed in the literature (e.g.
Brownian motion, liquid layering, and aggregation) is not necessary for the interpretation o f
the INPBE database”.
In the present paper we first compare the predictions o f the Nan equation with 20
different sets o f experimental data from twelve different published studies in order to establish
whether the conclusions o f the INPBE can be generalized. Altogether, the number o f measured
thermal conductivity values used for this purpose is 76. These comparisons show that the Nan
equation with non-zero interfacial thermal resistance systematically underestimates the
measured thermal conductivity. The difference between measured and calculated values
increases as the volume fraction o f the solid particles increases. Contrary to the results
reported in the INPBE study, the equation with zero interfacial thermal resistance (M axw ell’s
equation) results in smaller errors. For small concentrations o f copper the equation with non
zero interfacial thermal resistance even predicts a smaller effective conductivity than that o f
the base fluid. These results indicate that other phenomena, or parameters, than those taken
into account by the Nan equation influence the conductivity o f these nanofluids.
In the second part o f the present paper we therefore propose a new model for the
effective conductivity o f nanofluids which takes into consideration micro-convection due to
Brownian motion, particle clustering, and interfacial thermal resistance. The effect o f cluster
size, which depends on particle volume fraction and particle size, has been taken into account.
Size, size distribution and number o f clusters have been estimated from fractal theory. It is
shown that the proposed model successfully predicts the experimentally measured effective
conductivity o f different nanofluids. Furthermore, the predictions o f the present model are also
compared with those calculated from two other models [Xu et al., 2006; Xuan et al., 2003].

V.2. Comparison of Nan equation with experimental data
The experimental data used for this purpose includes a large variety o f particle sizes
(10-100 nm) and volume fractions (0.0011-0.096) for five different nanofluids (Table 5.1).
Altogether, the number o f measured thermal conductivity values used in the present study is
76. Since all the experimental data in the present study are for spherical particles, the
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following simplified expression o f the Nan equation for the effective thermal conductivity o f
nanofluids is adopted:
^ e ff

[fcp(l+2a)+2/Cj7x]—2(p\k.m —fcp(l—a)]

[kp(l+2a)+2fcm]+<p[fcm—fcp(l-cr)]
Here keff, km and kp are respectively the effective, basefluid and particles thermal
conductivity while cp indicates the particles volume fraction. The parameter a = 2Rbk„/dp is the
particle Biot number where Rb represents the interfacial thermal resistance and dp is the
nanoparticles diameter. This equation reduces to the M axwell model when a -

0 (no

interfacial thermal resistance). As a increases the ratio keJg/km decreases; thus the Nan equation
with non-zero interfacial resistance always predicts lower conductivity ratios than the M axwell
equation.
Table 5.1 also shows the maximum and average errors (difference between the
measured and calculated conductivity) as a percentage o f the measured value for Rb = 0
(Maxwell model) and Rb = Iff8 m 2 K/W (Nan model). This last value o f the interfacial
resistance is the same as the one used in the INPBE [Buongiom o et al., 2009]. These errors are
not deemed excessive; in fact they are comparable to analogous results in the INPBE study.
However, it is noted that the maximum and average values predicted by the Nan model are
always lower than the measured values. The same is true in 19 o f 20 cases for the values
predicted by the M axwell model. This disturbing fact indicates the existence o f a certain bias
in these two models and/or that they do not include the effect o f some other phenomena or
parameter which is not included in their formulation. It also leads to the conclusion that the
results calculated with Rb = 0 give a better fit to the measured values under consideration since
their errors are always smaller than those calculated with Rb = I ff8 m 2K/W. This deduction is
the opposite o f that arrived in the INPBE study which showed that all their data can be
predicted with less than 17% error by setting Rb = Iff8 m 2 K/W while only 90% o f their data
can be predicted with less than 18% error by setting Rb = 0.
Some o f the detailed conductivity comparisons whose results are summarized in Table
5.1 are illustrated in Figure 5.1 which shows measured and calculated (with Rb = Iff8 m 2K/W)
values for three different nanofluids (AhCVwater, CuO-ethylene glycol, Cu-water). It is noted
that the difference between measured and calculated values increases as the volume fraction o f
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the solid particles increases. Surprisingly, for small copper nanoparticles and very small
concentrations the model predicts an effective conductivity smaller than that o f the base fluid
Table 5.1: Sources o f experimental data and comparison with predictions o f the Nan [Nan et
al., 1997] and M axwell [M axwell, 1873] models
Nan
Nanofluid

Author

Wen and Ding [Wen
and Ding, 2004]
Wen and Ding [Wen
and Ding, 2005]

A k o jWater

a i 2o 3-e g

Masuda et al.[Masuda
et al., 1993]
Xie et al.[Xie et al.,
2002]
Eastman et
al.[Eastman et al.,
1997]
Das et al.[Das et al.,
2003]
Wang et al.[X. Wang
et al., 1999]
Eastman et
al.[Eastman et al.,
2001]
Lee et al.[Lee et al.,
1999]
Xie et al.JXie et al.,
2002]
Lee et al.fLee et al.,
1999]

CuOWater

CuO-EG

Cu-Water

Das et al.[Das et al.,
2003]
Wang et al.[X. Wang
et al., 1999]
Hwang et al.[Y.
Hwang et al., 2006]
Eastman et
al.[Eastman et al.,
2001]
Lee et al.[Lee et al.,
1999]
Liu et al.[Liu et al.,
2006]
Xuan et al.[Xuan et
al., 2003]

Fraction

Diameter
(nm)

Maxwell

Max.
Error

Avg.
Error

Max.
Error

Avg.
Error

(%)

(%)

(%)

(%)

0.0019-0.016

42

7.01

3.83

4.65

2.59

0.0031-0.0073

34

5.18

3.4

3.95

2.52

0.013-0.043

13

21.74

15.82

11.84

9.13

0.018-0.05

60.4

10.41

7.01

4.9

3.21

0.01-0.05

33

18.84

12.03

11.14

7.36

0.01-0.04

38.4

4.39

2.8

-2.06

-1.26

0.03-0.055

28

9.52

8.91

2.49

0.85

0.01-0.05

35

6.65

3.76

2.13

0.99

0.01-0.05

38.4

6.54

3.5

2.32

0.91

0.018-0.05

26

7.79

5.2

2.13

1.24

0.01-0.034

23.6

8.75

5.69

2.2

1.6

0.01-0.04

28.6

9.58

7.85

2.69

3.51

0.046-0.096

23

20.95

16.65

4.16

3.93

0.01

33

5.24

5.24

3.78

3.78

0.01-0.04

35

11.99

6.69

8.64

4.51

0.01-0.04

23.6

12.12

7.12

7.6

4.18

0.01-0.05

29

10.96

7.29

6.06

4.27

0.01-0.04

100

16.39

11.13

13.49

9.24
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Xuan et al.[Xuan et
al., 2003]
Eastman et
al.[Eastman et al.,

0.01-0.03

20

21.66

16.87

15.74

12.79

0.0011-0.0056

10

12.37

7.43

10.8

6.47

2001]______________________

(Figure 5.1c) while the corresponding measurements by Eastman et al. [Eastman et al.,
1997]show an enhancement. In all 76 cases under consideration the Nan model with Rb = K f*
m 2K/W underestimates the measured values while the same is true in 71 o f 76 cases for the
predictions o f the M axwell model.
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Figure 5.1: Comparison o f measured data and values predicted by the Nan model; (a) AI2 O 3 water; (b) CuO-EG; (c) Cu-water.
Since the experimental data used for these comparisons comprises two base fluids and
three different nanoparticles o f various size and concentration, this consistent underprediction
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indicates that other phenomena, or parameters, than those taken into account by the Nan
equation influence the conductivity o f the nanofluids analyzed in the present study.

V.3. Development of a new model based on clustering and
Brownian motion
Many researchers [Jang and Choi, 2007; Koo and Kleinstreuer, 2004; Kumar et al.,
2004; Prasher et al., 2006; Shukla and Dhir, 2008; Xu et al., 2006; Xuan et al., 2003] have
considered Brownian motion as the most important mechanism and have used it to explain the
thermal behaviour o f nanofluids. This random movement o f nanoparticles increases the
thermal energy transfer by means o f translation and micro-convection. Prasher et al. [Prasher
et al., 2006]showed that the characteristic time scale o f Brownian translation o f the particles is
much smaller than the characteristic time scale o f micro-convection due to Brownian motion.
Therefore, the effect o f particle translation due to Brownian motion in heat transfer can be
ignored compared to the micro-convection. Furthermore, nanoparticles agglomerate due to the
effect o f different forces and produce clusters o f different sizes. In fact, clustering in
nanofluids is unavoidable and must be considered when w e study their characteristics. If we
consider each cluster as a single particle, there are different sizes o f particles suspended in the
base fluid from nanoparticle size to even millimetres in diameter. Since small particles are
more mobile than large ones, it is clear that particles with different sizes affect heat transfer
differently. Thus, the clustering and the size distribution o f the clusters play a significant role
in energy transport due to Brownian motion. In the next two sub-sections these phenomena are
treated separately and in the third they are combined with Eq. 5.1 thus resulting in the
formulation o f the proposed new model.

V.3.1. Micro-convection
To consider the effect o f micro-convection an appropriate correlation for the Nusselt
number must be introduced. Liquid layers attached to nanoparticles move with them and
thermally interact with the base fluid and each other. This process helps the heat transfer and is
called micro-convection. In the literature, there are many correlations to express the Nusselt
number for flow around single cylinders, single spheres, tube banks or packed beds o f spheres
[Incropera and Dewitt, 1976]. For large spheres in creeping flow, the Nusselt number can be
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assumed to be 2 but for very small non-spherical particles the Nusselt number is expected to
be quite different. Most o f the correlations for the nanofluids Nusselt number are semiempirical [Brodkey et al., 1991; Prasher et al., 2006]. Thus, Jang and Choi [Jang and Choi,
2007] used the Tomitika et al. [Tomotika et al., 1953] correlation:
N u = 2.0 + 0.5 R eP r + 0(JRe2P r 2)

(5.2)

They argued that for nanofluids, the last term in Eq. 5.2 is the dominant term and the
first two terms can be ignored. Therefore they proposed the following correlation for the
Nusselt number o f nanofluids:
N u = R e 2P r 2

(5.3)

Here P r is the Prandtl number o f the fluid and Re is the particle Reynolds number
expressed as Re = (KbT)/(3xfJvlf). This expression for the Reynolds number does not include
the effect o f particle diameter which may lead to errors. Furthermore, it is possible to show by
means o f an example that the argument used to obtain Eq. 5.3 from Eq. 5.2 is not valid.
Assume 10 nm Alumina particles in water at T = 300 K; then P r = 5.83 and Re = 8.13><1 O’4.
With these values, Eq. 5.3 gives Nu = 2.2* 10' 5 while the second term on the right hand side o f
Eq. 5.2 is equal to 4.7x 10'3. Both these values are negligible compared to the first term on the
right hand side o f Eq. 5.2 and therefore the argument o f Jang and Choi [Jang and Choi, 2007]
leading to Eq. 5.3 is incorrect.
Koo and Kleinstreuer [Koo and Kleinstreuer, 2004] explained that particles can
influence a very large quantity o f liquid around them, and that micro-convection will take
place even for very small volume fractions (less than <p =

0 .0 1

); for a larger volume fraction

this effect is more significant. Therefore, for nanofluids w e cannot ignore micro-convective
interactions for single particles in the mixture and the proposed Nusselt number correlation
should take into account the effect o f particle volume fraction as well as micro-convection.
Based on the work by Koo and Kleinstreuer[Koo and Kleinstreuer, 2004], Prasher et al.
[Prasheret al., 2006]stated that convection for small particles would be more important than
that predicted by existing Nusselt number correlations. They compared micro-convection heat
transfer inside the nanofluids with the convection in fluidized beds where micro-mixing takes
place. Based on the arguments o f Brodkey et al. [Brodkey et al., 1991], which show that the
Nusselt number for similar cases in fluidized beds made o f micron-sized particles is 20-100
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times greater than that o f a single particle, they concluded that in a similar way the Nusselt
number for nanofluids should be much higher than the values which can be obtained by using
the standard correlations. They therefore proposed the following correlation:
N u = 1 + A R e ^ P r 0 3 3 3 <p

(5.4)

Here A = 4* 104 is a constant, m = 2.5 ± 15% for water based nanofluids and Reb is the
particle Reynolds number based on the root-mean-square Brownian velocity:

<5 -5 >

Eq. 5.4 underestimates the Nusselt number as illustrated by the follow ing example.
Consider 20 nm Alumina particles in water at the standard ambient temperature ( T = 300 K).
Then Reb ~ 0.02 and P r = 5.83. With these values and a fairly high volume fraction (<p = 0 .1 )
Eq. 5.4 gives Nu ~ 1.44, which is not even two times more than the N usselt number for a
single sphere. Moreover, for larger particles or lower particle volume fractions, the calculated
Nusselt number w ill be even smaller. However, this correlation contains the Brownian based
particle Reynolds number, the fluid Prandtl number and the particle volume fraction which are
the most important parameters affecting the Nusselt number for the particles. This observation
means that a correlation involving these parameters can express the micro-convection due to
Brownian motion. Therefore, we propose the following similar correlation for the nanofluid
Nusselt number:
N u = GRe® P r 0333 <p

(5.6)

G and Q are constants which will be calculated from experimental data and Rec is the
cluster Reynolds number based on the root-mean-square Brownian velocity. This Reynolds
number is a function o f cluster size and particles properties as well as fluid properties while Q
and Pr are dependent on fluid properties. Therefore, the proposed model for the Nusselt
number includes the fluid, particles and clusters characteristics in addition to the particles
volume fraction.

V.3.2. Clustering
The fractal model [Meakin, 1987] gives the number o f particles in each cluster as:
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M r
Where rc is the gyration radius, which is assumed to be the equivalent radius o f
aggregates, and D f is the fractal dimension which can cover different values [Hanus et al.,
2001; Hunter, 1989; Russel et al., 1989; Waite et al., 2001].
We can rewrite Eq. 5.7 in the follow ing form:

Nc = ( r ) , r ° '

(5.8)

Then the number o f clusters per unit volume (nc) can be calculated as:
n cL = ^mc

(5.9)'
K

The cluster mass mc is:
™c = NcPpVp
Where

Vp

is

(5.10)

thevolume o f the particles. In the present study, particles areassumed

spherical and their size is assumed to be constant. Combining Eq. 5.8, 5.9 and 5.10 results in:
6dpD / 3)<p - D f

" c = - t » 7 ^ rc

(511)

By differentiating Eq. 5.11 we can express the cluster size distribution in the nanofluids
as:

d ( n c) = - 6dp2bfn V Bf r ' (Df+1)d (r c)

(5.12)

The fraction o f the nanofluid's conductivity which is due to Brownian motion micro
convection is:
K

—

C

9c

_

r rc m o x h s s d
r c m l n ___________c

/c

i

"“ T/ffr

where S is the heat transfer surface and ST is the thermal boundary layer thickness on
the surface o f nanoparticles. The convection heat transfer coefficient is then obtained from Eq.
5.6:
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h = ^ ( G R e ? P r 0333 <p)
d

(5.14)

From Koo and Kleinstreuer [Koo and Kleinstreuer, 2004], w e can estimate the volume
o f fluid influenced by the particles as:

Vf =

(5.15)

Where y = 37.5dp and £ = 15dp [Koo and Kleinstreuer, 2004]. The hydrodynamic
boundary and thermal layer thicknesses are estimated=a235

dp and S t = S/Pr 0333

respectively [Brodkey et al., 1991]. This expression o f the thermal boundary layer thickness as
w ell as d(nc) from Eq. 5.12, h from Eq. 5.14, and mc from the combination o f Eq. 5.8 and Eq.
5.10 are substituted in Eq. 5.13 which is then integrated throughout the domain. The Brownian
part o f the nanofluids effective conductivity ratio due to convection is thus given by:

± =
kf

4 6 .^ ( 2 - 0 ,)
2 D f + Q —4

0 / ‘- ( j g )
c I

^ rc m c L x ^j

2 ) =
° / _

1

J

t6‘2Q' W 2- Dr h e ? n V,d p)
2D / + Q - 4

C

1

p}

(5.16)
V

7

The function / (<p, dp) depends on the ratio o f the maximum to minimum cluster size.
Thus, it is essential to introduce the maximum size o f clusters which can be formed in the
nanofluid before destruction. In fact clusters and particles interact randomly inside the base
fluid. These interactions make larger clusters or break the very large clusters down to smaller
clusters and particles. Although it is difficult to specify a particular magnitude for maximum
cluster size, clusters with a size thousands o f times larger than the nanoparticles are possible.
Hong et al. [Hong et al., 2006]argued that the cluster size depends on particle size and volume
fraction. Since / ((p, dp) depends on the ratio o f maximum to minimum size o f clusters w e
assume that this function is also dependent on particle volume fraction as w ell as particle size.
The minimum size o f clusters is considered to be equal to the particle size. Then:
f{<P‘ d p) « C(pBdp

(5.17)

where B, C and E are constants which can be calculated by comparing the model with
the experimental data. By substituting Eq. 5.17 in Eq. 5.16, the Brownian part o f the effective
thermal conductivity ratio is established as:
kf

2 D f+ Q -4

126

c

(5.18)

V

’

V.3.3. Synthesis
By adding Eq. 5.18 to Eq. 5.1 (for km = kf) we obtain the following equation for the
thermal conductivity o f nanofluids:
keff _
k f

[kp q + 2 a ) + 2 k f ] - 2 9 > [ k f - k p ( l - a ) ]

4 6 * 2 ^ 2 (pB + l d § G C ( 2 - D r )

[ k p ( l + 2 a ) + 2 k f ] + < p [ k f - fcp( l- a ) ]

2 D /+ Q -4

q

(

•

a)

Equation 5.19a is the proposed expression for the effective conductivity o f nanofluids.
It takes into account the contributions o f conduction in a static suspension (first term) and o f
micro-convection between the liquid and the nanoparticles due to Brownian motion (second
term). It also includes the effects o f the interfacial thermal resistance, o f clustering and o f the
volumetric concentration o f the nanoparticles.

V.4. Results and discussion
The thermal properties o f nanofluids depend on many different parameters such as
particle and base fluid materials, the size and size distribution o f particles and clustering which
is also dependent on many other factors such as pH, surfactant, flow regime, temperature, etc.
Therefore, it seems quite impossible to introduce a single expression for the thermal
conductivity which includes all the important parameters and gives accurate results for all o f
the nanofluids in different flow regimes. Consequently, it is more realistic to seek specific
expressions for different nanofluids. Thus, the constants in Eq. 5.19a w ill be different for
different nanofluids. In the present study w e have considered nanofluids with AI2O 3 and CuO
nanoparticles suspended in water and ethylene-glycol as well as with Cu nanoparticles in
water. The thermal resistance coefficient which depends on the base fluid is Rb ~ 0.77* 10' 8 for
water and Rb ~ 1.2* 10*8 for ethylene glycol [Prasher et al., 2006].
Fractal dimension is an important factor in determining cluster size (higher values o f D f
make more compact clusters). Since the exact value o f the fractal dimension for nanofluids is
not known, D f is assumed to be 1.3 for all the cases in this. All the other constants appearing
in Eq. 5.19a were determined based on the published experimental data identified in Table 5.2
which includes 40 o f the 76 values available in Table 5.1. Thus, for all o f the nanofluids under
consideration B = 0, C = 1 and G = 20* 105. Therefore Eq. 5 .19a can be rewritten as:
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k eff _
kf

[kp (l+ 2 a )+ 2 kf]-2 < p [kf - k p ( l - a ) ]

552xlO s 2<?/2y d g

[kp (l+ 2 a )+ 2 k f] + < p [ k f-k p ( l - a ) ]

Q -1 .4

q
eb

Table 5.2: Experimental data sets used to calculate the constants o f Eq. 5.19b
Nanofluid

AhCVWater

Author
Wen and Ding [Wen
and Ding, 2005]
X ie et al.[Xie et al.,
20021

AI2O 3-EG

CuO-Water

CuO-EG

Cu-Water

Eastman et
al.[Eastman et al.,
2001]
Lee et al.[Lee et al.,
1999]
Lee et al.[Lee et al.,
1999]
Das et al.[Das et al.,
20031
Lee et al.[Lee et al.,
1999]
Liu et al.[Liu et al.,
2006]
Xuan et al.[Xuan et
al., 2003]
Eastman et
al.[Eastman et al.,

Volume Fraction

Particle Diameter
(nm)

0.0031-0.0073

34

0.018-0.05

60.4

0.01-0.05

35

0.01-0.05

38.4

0.01-0.034

23.6

0.01-0.04

28.6

0.01-0.04

23.6

0.01-0.05

29

0.01-0.03

20

0.0011-0.0056

10

20011

Q depends on the base fluid and is equal to 2 for water and 1.6 for ethylene glycol. E is
a constant which depends on the nature o f both the particles and the base fluid and has been
determined for all the nanofluids under consideration from the corresponding experimental
data in Table 5.2. It is equal to 0.525 for AhCh-water, 0.52 for CuO-water, 0.44 for Cu-water,
0.493 for AI2 O 3-EG and 0.442 for CuO-EG.
Figure 5.2(a-e) shows the predictions o f Eq. 5.19b and the experimental data which has
been used to calculate the model constants for different nanofluids and a range o f solid particle
concentrations. It can be clearly seen that the model results are in good agreement with the
experimental results o f Table 5.2.
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Figure 5.2: Com parison o f values predicted by Eq. 5.19b with the experim ental data used to
determ ine the m odel constants; (a) A^Oa-water; (b) AI2 O 3 -EG; (c) CuO-water; (d) CuO-EG;
(e) Cu-water.
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The corresponding value o f the maximum and average errors from the experimental
data is given in Table 5.3. These errors are much smaller than the corresponding ones in Table
5.1; furthermore, the existence o f positive and negative values indicates that this model has no
bias. Another comparison o f calculated and experimental conductivity values from Table 5.2
is illustrated in Figure 5.3 where the x coordinate shows the experimental data and the y
coordinate shows the values predicted by Eq. 5.19b (Fig. 5.3a) and the M axwell model (Fig.
5.3b). It is clearly seen that the Maxwell model is not able to predict the experimental values
as accurately as the present model. The accuracy o f predictions by Nan’s equation with Rb ^ 0
is worse since these values are lower than those predicted by M axw ell’s model.

Table 5.3: Comparison o f proposed model (Eq. 5.19b) with data o f Table 5.2
Nanofluid

A l 2C>3-Water

AI2 O 3 -EG

CuO-Water

CuO-EG

Cu-Water

Author
Wen and Ding [Wen
and Ding, 2005]
Xie et al.[Xie et al.,
2002]
Eastman et
al.[Eastman et al.,
2001]
Lee et al.[Lee et al.,
19991
Lee et al.[Lee et al.,
1999]
Das et al.[Das et al.,
20031
Lee et al.[Lee et al.,
1999]
Liu et al.[Liu et al.,
20061
Xuan et al.[Xuan et
al., 2003]
Eastman et
al.[Eastman et al.,
2001]
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Max. Error (%)

A vg. Error (%)

1.85

1.03

-4.96

-3.82

-1.06

-0.39

-1.03

-0.56

-2.89

- 1 .6 8

-2.77

-0 .0 2

2.46

0.77

1.70

0.33

-5.96

-2.32

3.82

2 .2 1

1.4
□ Xuan et al. (d=20 nm)
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A Eastman et al. (Cu-Water)
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Figure 5.3: Model predictions versus experimental data used to determine the model constants;
(a) Eq. 5.19; (b) Maxwell model.
These preliminary comparisons indicate the precision o f the proposed model but do not
prove its predictive capacity. For this purpose the predictions o f Eq. 5.19b are compared with
experimental values other than those used to calculate the constants (see Table 5.4). They are
also compared to the predictions o f two other models which are similar to the present one
since they are based on fractal theory and include the effects o f Brownian motion and particles
clustering. These models were proposed by Xuan et al. [Xuan et al., 2003]and by Xu et al. [Xu
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et al., 2006], their expressions for the effective conductivity o f nanofluids are given by the
following relations respectively:
k e ff
kf

k p + 2 k f —2 < p ( k f —fcp) _|_ <PPpCp
t r~[j ~f)
k p + 2 k f + < p ( k f —k p )

2

kf

II

k f,T

(5.20)

y j 3 n r cf i f

In this model the cluster radius rc is estimated by a fractal model with the number o f
particles fixed at 14 for each cluster.
\(rmax\'~Dr . f
kf

kp+

2

k f + c p ( k f —k p )

c{ Nu . df ) (2 - D f ) D f \ rmtn'
Pr
(x - D f f
f rmax\2

1

(5.21)

Where d f is the diameter o f liquid molecule, c is a constant which is different for
different base fluids, rmw/ r min = 103, Nu = 2 and the fractal dimension D f is calculated based on
the volume fraction o f particles.
Table 5.4: Experimental data used for validation o f Eq. 5.19b
Nanofluid

A12 0 3Water

AI2O 3-EG

CuOWater

CuO-EG
Cu-Water

Author
Wen and Ding
[Wen and Ding,
2004]
Masuda et
al.[Masuda et al.,
1993]
Eastman et
al.[Eastman et al.,
19971
X ie et al.fXie et
al., 2 0 0 2 1
Wang and
Choi[Wang et al.,
1999]
Hwang et al.[Y.
Hwang et al.,
2006]
Eastman et
al.[Eastman et al.,
2001]
Xuan et al.[Xuan
et al., 2003]

Volume
Fraction

Particle
Diameter
(nm)

Max. Cluster
Diameter (m)
Eq. 5.17

Nusselt
Number
Eq. 5.6

0.00290 016

42

0.013545

1.22-6.52

0.013-0.043

13

0.0104

23.0876.33

0.01-0.05

33

0.013068

7-13.99

0.018-0.05

26

0.00338

9.07-14.51

0.046-0.096

23

0.010465

27.4-57.26

0 .0 1

33

0.01155

4.17

0.01-0.04

35

0.000945

1-4.01

0.01-0.04

100

0.00234

1-4.01
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Table 5.5 compares the predictions o f Eq. 5.19b and these other two m odels with the
data sets o f Table 5.4. These comparisons show that Eq. 5.19b gives considerably better
results than the model proposed by Xuan et al. [Xuan et al., 2003] except for the Cu-water
nanofluid; however, even in this case the maximum and average errors o f Eq. 5.19b are less
than 2%. Eq. 5.19b also gives much better results than the model proposed by Xu et al. [Xu et
al., 2006] except for the CuO-water experimental values reported by Wang et al. [Wang et al.,
1999].

Table 5.5: Comparison o f three models with data o f Table 5.4

Max
(%)

A vg
(%)

Xuan et al.
Model
Max
Avg
(%)
(%)

-2.99

-1.71

3.99

3.64

1.51

0 .2 1

Present Model
Nanofluid

A12 0 3Water

A12 0 3-EG
CuOWater

CuO-EG

Wen and Ding [Wen
and Ding, 2004]
Masuda et al.[Masuda
et al., 1993]
Eastman et
al.[Eastman et al.,
19971
Xie et al.[Xie et al.,
20021

Wang et al.[Wang et
al., 1999]
Hwang et al. [Hwang
et al., 2006]
Eastman et
al.[Eastman et al.,

Xu et al. Model
Max
(%)

A vg
(%)

1.96

-3.67

-1.78

20.93

13.26

-8.84

-6.41

0.05

11.71

7.44

-9.88

-6.24

-0.56

0.07

6 8 .1 1

48.86

0.73

0.25

6.7

4.75

60.44

46.02

-0.96

-0.61

-2.52

-2.52

3.28

3.28

-2 . 8 6

-2 . 8 6

-3.72

-1.17

7.29

5.22

-7.26

-3.33

-1.65

- 1 .1 0

-1.24

-0.56

-13.12

-8.90

20011

Cu-Water

Xuan et al.[Xuan et
al., 20031

Figures 5.4 to 5.8 show detailed comparisons o f these three models and corresponding
experimental data for a variety o f nanofluids with different particle sizes and different volume
fractions.
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Figure 5.4: Comparison o f predictions by equations 5.19b, 5.20 and 5.21 with experimental
data for A^Ch-water nanofluid
The results for AhCVwater are illustrated in Figure 5.4. Equation 5.19b is in very good
agreement with the experimental data from [Masuda et al., 1993] whereas X u’s model
underestimates it and Xuan’s model overestimates it. Xuan’s model also overestimates the
data from [Wen and Ding, 2004] while Eq. 5.19b underestimates it but is in better agreement
than the predictions by X u’s equation. Figure 5.5 shows analogous comparisons for AI 2O 3 -EG;
Eq. 5.19b and X u’s model give excellent agreement with the experimental data while Xuan’s
model overestimates it appreciably.
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Figure 5.5: Comparison o f predictions by equations 5.19b, 5.20 and 5.21 with experimental
data for A I 2 O 3 - E G nanofluid
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Figure 5.6: Comparison o f predictions by equations 5.19b, 5.20 and 5.21 with experimental
data for CuO-water nanofluid
Figure 5.6 shows similar comparisons for CuO-water; Xuan’s model overestimates the
experimental data considerably while Eq. 5.19b and X u’s model are in good agreement with
each other and the measured values. Figure 5.7 shows analogous comparisons for CuO-EG;
the present model gives the best results for all volume fractions w hile Xuan’s and X u’s models
respectively overestimate and underestimate every measured value.
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Figure 5.7: Comparison o f predictions by equations 5.19b, 5.20 and 5.21 with experimental
data for CuO-EG nanofluid
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Figure 5.8: Comparison o f predictions by equations 5.19b, 5.20 and 5.21 with experimental
data for Cu-water nanofluid
Finally, Figure 5.8 shows similar comparisons for Cu-water; the predictions o f the
present and Xuan models are in excellent agreement with the measured data while the
predictions o f the model proposed by Xu are considerably lower than the measured values.

V.5. Conclusion
The comparison o f 76 measured nanofluid conductivity values with those predicted by
the model proposed by Nan et al. [Nan et al., 1997] has shown that this model consistently
underestimates the experimental values. This result indicates that some other phenomena not
accounted for by Nan’s model influence the conductivity o f nanofluids. A model taking into
account clustering and micro-convection has therefore been developed for five nanofluids
(A^Oj-water, AI2O 3-EG, CuO-water, CuO-EG and Cu-water) and its predictions have been
systematically compared with measured data from the literature. These comparisons indicate
that the proposed model gives satisfactory predictions for a considerable range o f volume
fractions and nanoparticle sizes.
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CHAPTER VI
CONCLUSIONS AND FUTURE WORK
VI. 1. Summary and contributions
In the present dissertation a general study over a wide range o f problems in the field o f
nanofluids was presented. It contains numerical and theoretical discussions and analysis. The
numerical studies include two-phase, single-phase, laminar, turbulent, mixed and forced
convection problems for many different Reynolds numbers and particle volume fractions
subjected to different nanofluids. In the analytical part, new approaches were considered and
new models were derived for nanofluids thermal conductivity and N usselt number.
Chapter two is devoted to laminar mixed convection o f AhCb-water nanofluid inside a
horizontal tube. The numerical results from a single-phase and three different two-phase
models (VOF, Mixture, and Eulerian) were compared. The results are calculated for two
Reynolds numbers (1050 and 1600) and three nanoparticle volume concentrations (< 2% ). It
was found that the three two-phase models give essentially identical results and closer
predictions o f the convective heat transfer coefficient to the experimental data than the single
phase model. Among the two-phase models the VOF is the cheapest and therefore the most
preferable model. Nevertheless, the two-phase models over-predict the enhancement o f the
convective heat transfer coefficient resulting from the increase o f the alumina volume fraction.
Single-phase and two-phase models predict almost indistinguishable hydrodynamic fields but
very different thermal ones.
Chapter three is a numerical study o f laminar mixed convection for A ^O s-water
nanofluid. In this chapter the sensitivity o f the predicted results on the values o f viscosity and
thermal conductivity calculated from different published relations was studied. Numerical
predictions for different Reynolds numbers and particle volume fractions showed that the
differences between viscosity estimates influence considerably the hydrodynamic field but
have a smaller effect on the thermal field. On the other hand, differences between estimates o f
the conductivity considerably influence the thermal field but have a smaller effect on the
hydrodynamic one. For example, based on different studied combinations, an increase o f
140

particles volume fraction from 0.6% to 1.6% causes a variation between 2.0% and 24.1% for
the convection heat transfer and between 8.7% and 96.6% for the pressure drop.
In chapter four, turbulent forced convection o f A^C^-water and Cu-water nanofluids
inside horizontal tubes is studied. The numerical calculations were performed with three
different two-phase models (VOF, Mixture, and Eulerian), as well as, single-phase model.
Based on two experimental data, separate calculations were done and each one was validated
by appropriate experimental data. For the single-phase model different combinations o f
conductivity and viscosity o f nanofluids have been compared to determine the best
combination for the studies under consideration. The comparisons were done for different
Reynolds number and particle volume fractions. It was shown that with a careful selection o f
viscosity-conductivity combinations, the single-phase model numerical results are closer to the
experimental data than two-phase models results. Two-phase models thermal predictions are
extra-sensitive to the particle volume fraction. A s particle volume fraction increases these
models show higher divergence from experimental data. But the single-phase model gives
reliable result in almost all the conditions. In general, single-phase and two-phase models
predict almost identical hydrodynamic fields but very different thermal ones. The particles
distribution along the tube and for different cross sections for all the Reynolds numbers and
volume fractions is essentially uniform. This result emphasises the fact that the nanofluids are
homogeneous mixtures. Numerical results show lower dependency on flow Reynolds number
than experiments; we believe that this is related to particles clustering process and the effect o f
flow Reynolds number on it, which, in fact changes the thermal and hydrodynamic properties
o f nanofluids. Contrary to previous studies, the present one proves that two-phase models
over-estimate the thermal field and with a good selection o f nanofluids viscosity-conductivity
combination for single-phase model there is no need for multiphase approach and its
additional costs.
In chapter five it was shown that the model proposed by Nan et al. [Nan e t al., 1997]
for conductivity o f nanofluids consistently underestimates the experimental values. This result
indicates that some other phenomena not accounted by N an’s model influence the conductivity
o f nanofluids. A new model taking into account clustering and micro-convection has therefore
been developed for five nanofluids. The evaluation o f this model based on the experimental
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data, indicate that the proposed model gives satisfactory results for a considerable range o f
volume fractions and nanoparticle sizes.
The present study aimed to investigate and find answers for a few questions regarding
to the nanofluids properties, performance and numerical simulations. It was shown that
different numerical approaches (two-phase and single-phase) provide different results, which
neither necessarily give satisfactory results for all the cases under study. The two-phase model
(Eulerian, Mixture and VOF) predictions are always close and superior to single-phase
predictions in case o f laminar mixed convection flow, but less accurate for a turbulent forced
convection flow. It was shown that numerical results are highly dependent to the selection o f
correlations for the viscosity and thermal conductivity o f nanofluids, however still there is not
a final correlation that includes all the important parameters and provides good results for all
the cases. The most important phenomena in thermal performance o f nanofluids were
discussed and a new model was developed. This new model w as validated based on many
different selections o f experimental data and compared with tw o similar correlations, and
showed better performance over them.

VL2. Future studies
In order to reach a better understanding o f nanofluids behaviour more studies in
different associated fields are necessary. There are too many different parameters which can
make big differences in the overall behaviour o f nanofluids, such as size and shape o f
particles, physical properties o f particles and base fluid, etc. The models for properties o f the
nanofluids need to be improved and more experimental and numerical investigations are
necessary to illuminate different aspects o f the field.
It was shown that two-phase models perform superior than single-phase model for a
given experimental data for the laminar mixed convection flow regime. However, on the
contrary, single-phase model provides more accurate predictions for a turbulent forced
convection flow. There are several reasons that come to mind for those controversies in the
numerical results like the effect o f flow regime on particle distribution, uncertainties and
errors in experimental data and the effect o f the selection o f viscosity-conductivity correlations
combination on the final results for single-phase approach. Therefore, it is recommended that
two-phase and single-phase models be compared to other experimental data for different flow
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conditions to reach a more complete understanding o f their ability o f predicting the nanofluids
thermal and hydrodynamic characteristics. Further research is necessary to obtain better
correlations for viscosity and conductivity o f the nanofluids. The effect o f clustering can be a
key to unlock the problem o f the extraordinary thermal behaviour o f nanofluids. The structure,
size and size distribution o f clusters are a function o f many different parameters such as
temperature, surface forces, PH, etc. The fractal dimension o f clusters can vary among
different nanofluids, which needs to be investigated. The influence o f the flow regime and
structure on the structure and size o f the clusters is also an important factor that should not be
ignored in development o f new models.
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k ir = Interfacial Layer Conductivity
y =

k f ) + kr ]

r

Feng et al.
(2007)

Spherical Particles
Brownian Motion
Particles Size
Temperature Dependency
Particle Fractal Size Distribution

Df .
“ p.min
Of —1

T

t

l) + y } ( k p + 2 k tr)[ tpy 3 ( k lr yi{kv + 2 ktr) - <p(kp - klr)(y? +y3- 1 )
2

EG

I n f c )

dp.max _
•
dp,mln

c ~ (280

Leong et al.
(2006)

f°-77 x l 0 ~* Wat"

t l .2 x 10
_ _ (2.5 ± 15% W a t e r
m ~{ 1.6
EG

Imp
D , = d --------j -------- , d = D im ension, N u = 2

kp + 2 kf + 2 (fcp - kf )<p
k„ + 2kf - (k„ - kf )<p

Xu et al. (2006)

=

Spherical Particles
Brownian Motion
Particles Size
Temperature Dependency
Micro-Convection
Interfacial Thermal Resistance

r

r

' T *„+*,

LI2 ( t ) 2 1
t Li ^ t)

y r*

Spherical Particles
Particles Size
Many-Body and Particles Multi
polar Interaction

f L‘s M ~ L n *

(F o r S p h e ric a l P a rtic le s)
Murshed et al.
(2008)

t
y =1 + -,

ktff
<pkir(kp - klr)(2y3 - y3 + 1 ) + yf(kp - 2klr)[<py3(kir - kf) + kf ]
y,3(kp + 2klr) - <p(kp - klr)(_y3 + y3- 1)

rr>
k lr

(F o r C y lin d rical P a rtic le s)
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yt

t
= 1 +—
dp

= Interfacial Layer Conductivity

Spherical-Cylindrical Particles
particle size
Interfacial Layer

k ‘fr
<pklr{ k p -

fc(r)(n2 - y 2 +

l ) + Y i { k p + k tr)[<py2 ( k lr - kr ) + kf ]

Y i ( k p + k lr) - <p(kp - k lr) ( y 2 + y 2 - 1)

k 'f, = k , ( l + M

Y ang(2008)

3 k BT
mp
u l ---------- , r = ------ -—
^
mp
6 n p f rp
2Rbk ,

^ J i) + 157.5pC f u pT

a = —
dp

Rb =

Spherical Particles, Brownian
Motion, Particles Size, Temperature
Dependency, Micro-Convection
Interfacial Thermal Resistance
Kinetic Theory o f Particles

Therm al Resistance

C, = Heat Capacity per Unit Volume of the Fluid
k eff
= k,

k p + 2 k , + 2 ( k p - k,)<p
p C k aT
•
----- — 1- q>---------------------k p + 2 kf - (kp - kf )<p
y

For Model Components See the Reference

Spherical Particles, Particles Size
Brownian Motion, Interparticles
Pairwise Additive Interaction
Potential
Polar Base Fluids
Effective Double Layer Repulsive
Potential Between Pairs of
Nanoparticles

For Model Components See th e Reference

Spherical Particles
Particles Size
Interfacial Layer
Brownian Motion
Particles Surface Chemistry
Interaction Potential

' n k g T (1 - <p)Z 3.29{rpKD) 2 + 3.61rpicD + 1.89

Shukla and
Dhir (2008)

Y
(

+ T if t

rP * o (l + W d

) 2

p C k BT (1 - <p)Z 9.87(rpK0) 2 + 21.64rp(C0 + 17.05
Y

1 6 (1 + ^ )

rpK0 ( l + rpK„

) 2

p C k BT (1 - <p)2 Z z 1.92(rpK0) 4 + 1.8(rpKD ) 3 + 1.05(rpKD) 2 + 0.29

4 8 (l+ jg r)2

y

( l + rpKD ) 4

k,f f
(

Murshed et al.
(2009)

<poi(k„ - <okr ) [ 2 y l - y 3 + 1] + (k p + 2uikr )yU<PY3(. ^ - 1) + 1

I '
f , .

(k p + 2 <ok,)y? - <p{kp - u k , ) [ y ? + y 3 ,
3A2 9A3 fc„ + 2 k ,
3A4
\)

/

. (■
.
,
3 k ,T (l- 1 .5 rV ) .
| 2 Pcf rep 1 J
in p ^ y H *

6

1

]

Cr
)
n p , y r pd s j

(For Spherical Particles)

Chen et al.
(2009)

k .ff
kf

t

(n - 1 ) k f + (n - l) (k „ - kf )<p
k a + (n - l ) k , - (k„ - kf )<p

k„ +

( ( 3 ,- 1 )^ - 3 ,«

)

(For Cylindrical Particles)

fc„ S + y U A ^ l - i ^ + f ts d - is j) ]
kf
3 —y(2/?n Ln + /I3 3 L3 3 )
( N a n e t a l . 1997)

_ M 0-3 _ i
y \r„/ ' n
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'k

_ f1
(0.5

Spheres
cylinders

|

Spherical-Cylindrical Particles
particle size
Particles Aggregation

ra =

Aggregates Radius

The Clusters Are Assumed as the Rod Shape Particles,
Which, Their Conductivity Is Calculated as:
Gao et al.
(2009)

Nan et al. (2003) Equation for the Rod-Type Particles

Vejt —

Spherical Particles
Particles Size
Interfacial Thermal Resistance
Particles Clustering

Volume Fraction of the Nanoparticles Within the Clusters
k„T

3

"inndplf

L = P a r tic le M e a n F r e e P a t h = l / ( f j 2 n n d l )

Jung and Yoo
(2009)

k e f f ~ knax well f" kBrownian "F ^FD;.

nUpCy

Aq2lp
e , m p (rpV^ )

Spherical Particles
Particles Size
Brownian Motion
Electrical double layer (EDL)
Interparticle interaction

For Other Components of th e Model, See the Reference
Hadjov
(2009)[Hadjov,
2009]

k t ! j _ 2 + a + 2 (a - l)y> + 2 a ( l - <p)kf/rph

Moghadassi et
al. (2009)

—— = 1 + m —=■

2 + a — ( a — l)<p + a (2 + t p ) k f/r ph

kf

kp
h = Therm al Barrier Resistance Param eter

m = 1128.623
m = 233.066
Al20 3-water a = 0.825
, Al20,-EG a = 1.294
0 = 1.688
0 = 0.95

y = l +- .
Sitprasert et al.
(2009)

<pklr{ k p - k tr) ( 2 y } - y 2 + 1) + Y i ( k p + 2 k b.)[<py3( k , r - kf ) + k f ]

n = i+ -

h = 0.01(T - 273)rp0-35

Y i ( k p + 2 k lr) - <p(kp - k lr)(Yi + y 3 - 1 )

k

- —

,r

r.

k

! '

r-PO f ° T A l * ° 2
U 10 f o r CuO

Spherical Particles
Particles Size
Therm al B arrier Resistance Parame
dimensionless groups
particle size
interfacial shell properties
Spherical Particles
Particles Size
Temperature Dependent Interfacial
Layer

1

*!££ = (i -

Sohrabi et al.
(2010)

kf

\

V?

(i _ i U J h l-

RZ)[kL\

S)

h.dpS2

n-rp
kL =-

r n m
dr
f ‘ r„ r 2k t( r )
For Other Components of the Model, See the Reference
1
Reb

Akbari et al.
(2011)

keff

[ y i + 2 g ) + 2 k f \ - 2 ip[kf - k p ( l - g)]

kr

[ k p ( l + 2 a ) + 2 k f \ + <p[kr - k p ( l - a)]

18KbT

S jitP pdp '

HI

2 fo r

w ater

.2 f o r EG

0.525 f o r A l 20 3 — w a t e r
0.52 f o r CuO — w a t e r
2R„kf
0.44 f o r Cu —w a t e r
a = -------*p
0.493 f o r A l 20 3 — EG
0.442 f o r C u O - E G
_ (0.77 x 10-8 f o r w a t e r

552 x l 0 52<J/2tpdp o
A --------------— Re?
Q —1.4

b
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( 1 .2 x l Q - a f o r EG

Spherical Particles,
Particles Size,
Interfacial Layer,
Brownian Motion

Spherical Particles,
Particles Size,
Interfacial Layer,
Brownian Motion
Micro Convection
Particles Clustering
Clusters Size Distribution
Fractal Theory

Author

Model
Hr
H*rr _
1
Hr
(1 - I*)2-5
,,!
H>rr _ 9 ifp /V J
Hr ~ 8 1 - ( * / « — )*'*

Brinkman
(1952)
Frenkel and
Acrivos (1967)
Batchelor
(1977)

^

Hr

Considerations

= 1 + 2.5 <p

^

Einstein (1906)

Table A 2 : Nanofluids Viscosity Models
Model Components

Spherical Particles
Spherical Particles

<Pmax - Experimentaly Determined Maximum Particles
Packing

= 1 + 2.5<p + 6.5<p2

Spherical Panicles
Brownian Motion

h = Minimum Seperation Distance of Two Spheres

Graham (1981)

^ = 1

r,
I (<P/<Pmax)V1
Vm xx — Experimentaly Determined Maximum Particles

+ 2 .5 ? + 4.5

Hr

l g ) K ) K )1

P akandC ho
(1998)

Spherical Particles

Packing (Can be Found by plotting
^ j - — I ] -1 vs <p and extrapolating to zero ordinate)

(F o r 13 n m W a te r - yAI2O j a n d 2 7 nm W a te r - T I0 2)
Curve Fitting on the
Experimental Data

—^ = 1 + 39.1 l p + 533.9?>2

Hr
Tseng and Lin
(2003){Tseng
et Lin. 2003]

Cheng and Law
(2003)

Water-TiCb, Rheological
Behavior, Particles Clustering,
Fractal Dimension

13.47 exp(35.98 <p)

Hr
1
,\1
H . r r ____ r2-5 /
n,
eXPU V ( l-9 > ) ? V J

Dilute Mixture
Without the Effects o f
Dynamic Particle Interactions
and Fluid Turbulence

0.95 < 0 < 3.9

(F o r W a te r - y A IjO j)
^
Malga et al.
(2004)

= 1 + 7.3® + 123®2

Hr

Curve Fitting on the
Experimental Data

( F o r E th y len e G lycol-yA l20 3)
= 1 - 0 . 1 9 ® + 306®2

Hr

Pb = 5 x lQ *fiP v<pCpj ^ - f ( T , <
Kooand
Kleinstreuer
(2005)

f (T,<p) =

H .rr

= H statu + H t

(—6.04<p +

p)

0.4705)T
+ (1722.3rp - 1 3 4 .6 3 )

(f o r 1 < p < 4% 300 < T < 325 K )
P - A Function of Volume Fraction
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Spherical Particles
Brownian Motion
Particles Size
Temperature Dependency
Micro-Convection

« • - —

*

- e s i £

K

=

: z s

= -(2 .8 7 5 1 + 53.548?> - 107.12?)2)
, 1078.3 + 15857?>+ 20587?!1

Kulkami et al.
(2006)

Temperature Dependency

T
(For 47 nm A120 3 - Water)
0.904 exp(0.148?i)

Nguyen et al.
(2007)

Curve Fitting on the
Experimental Data

(For 36 nm A120 j - Water)
^

= 1 + 0.025?i + 0.015?i2

(For CuO - Water)
^

= 1.475 - 0.319?! + 0.051?!1 + 0.009?!3

Mr

Masoumi et
al.(2009)

P’t r

**/

rcx -0 .0 0 0 0 0 1 1 3 3

72CS

(cxd„ + c2)<p + c3d„ + c4 | c 2 -0 .0 0 0 0 0 2 7 7 1
C~

Z haoetal.
(2009)

iif

0.00000009
-0 .0 0 0 0 0 0 3 9 3
da = Aggregates D iam eter (Calculates Experimentally)
df = Fractal Diam eter (From 1.8 to 2.5)
p = Depends on the Electrical State a t the Solid
—Liquid Interface
r= 2.5

^ I > 2.5
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fo r Spherical Particles
fo r Other Shapes

Spherical Particles
Brownian Motion
Particles Size
Temperature Dependency

Spherical-Nonspherical
Particles
particle size
Particles Aggregation
Fractal Theory

