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ABSTRACT

SINGLE AND TWO PHASE CONTINUUM MODELING
FOR LAMINAR FORCED CONVECTION OF
NANOFLUIDS

Macroscopic modeling of nanofluids is necessary for design and analysis of equip-
ment that rely on nanofluids. For the moment, there is no study that covers recent
state-of-the-art nanofluid models, and compares their accuracy and computational ef-
ficiency. Single and two phase models have been investigated for the characterization
of laminar forced convection of Al,Os-water nanofluid in a circular tube. Single-phase
thermal dispersion model that uses velocity gradient, is found to be the most accu-
rate single-phase model in prediction of convective heat transfer coefficient. Since,
single-phase models fail in predicting pressure drop and friction factor, a new disper-
sion viscosity model is introduced for a better representation of effective nanofluid
viscosity. In the study, Eulerian-Eulerian and Eulerian-Mixture models are also stud-
ied and it is found that they are under and over predicting heat transfer coefficient
at entry and fully developed regions, respectively. Considering its computational effi-
ciency, Eulerian-Eulerian model is recommended for applications without calibration
data, and if prediction of both heat transfer and pressure drop is important. For the
first time, it is shown that the computational cost of Eulerian-Fulerian model can be
reduced by the use of Full Multiphase Coupling algorithm. In the study, hexagonal
boron nitride-water nanofluid is also studied, and results are compared with AlyOs-
water nanofluid. Results indicate that non-granular assumption for two-phase models

is questionable for highly thermally conductive particles.
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OZET

NANOAKISKANLARIN KATMANLI ZORLANMIS
KONVEKSIYONU ICIN TEK VE IKI FAZLI SUREKLI
ORTAM MODELLEMESI

Nanoakigklanlarin makroskopik modellenmesi, nanoakigkanlara dayali ekipman-
larin tasarimi ve analizi i¢in gereklidir. Su an i¢in, yeni ve istiin nanoakigkan mod-
ellerinin ve bu modellerin hesaplama verimliliklerinin karsilastirildigi bir ¢aligma lit-
eratiirde bulunmamaktadir. Bu galigmada, tek ve iki fazli modeller ile Al,O3-su nano
akigkaninin boru i¢indeki katmanlh zorlanmig konveksiyonunun modellenmesi incelen-
mistir. Hiz gradyanm kullanilarak tanimlanan tek fazlh 1s11 dagilim modelinin, 1s1 iletim
katsayisini en dogru hesaplayan model oldugu gosterilmistir. Tek fazli modeller basing
diiglisiinii dogru olarak ongoremediklerinden dolayi, bu modellerin nanoakigkanlarin
hidrodinamik ¢oziimlerindeki dogruluklarini arttirmak i¢in, yeni bir dagilim viskozite
modeli 6nerilmigtir. Bunlara ek olarak bu calismada, Iki fazli Euleryen-Euleryen ve
Euleryen-Karigim modelleri incelenmig ve modellerinin 1s1l iletim katsayisini girig bol-
gesinde diigiik ve tam geligmis akig bolgesinde ise yiiksek ongordiigii gozlemlenmistir.
Mevcut deneysel verinin olmadigi, 1s1l iletim katsayisinin ve akigin modellemesinin
onemli oldugu durumlar ic¢in, hesaplama verimliligi de gbz oniinde bulundurularak
Euleryen-Euleryen model tavsiye edilmisgtir. Buna ek olarak, ilk kez Euleryen-Euleryen
modelin hesaplama verimliliginin Full Multiphase Coupled algoritmasi ile arttirilabili-
necegi gosterilmigtir. Son olarak ise, Hekzagonal Boron Nitrat—su nanoakigkani ince-
lenmig ve sonuglar1 AlyO3-su nanoakigkani ile kargilagtirilmigtir. Sonuglar gostermekte-
dir ki, iki fazli modeller i¢in graniiler olmayan akig varsayimminin gegerliligi yiiksek 1sil

iletkenlige sahip parcaciklar i¢in sorgulanabilir.
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1. INTRODUCTION

1.1. Motivation

Engineered fluids made of a base fluid and nano sized particles such as CuO,
Al O3, and TiO, [1] that form colloidal suspensions are referred as nanofluids [2]. The
most commonly used base fluids are water and ethylene glycol (EG) due to their exten-
sive use in conventional thermal systems. Measured thermal conductivities of nanoflu-
ids are found to be exceeding predictions based on the Maxwell’s effective medium
theory that led many researchers to consider nanofluids as next generation heat trans-
fer fluids [3]. Therefore, nanofluids are considered for many engineering applications
such as, cooling of electronics [4, 5], vehicle thermal management [6], and solar energy

systems [7,8].

Application of nanofluids can reduce industrial cost by enhancing thermal con-
ductivity of conventional heat transfer fluids. Studies suggest that addition of nanopar-
ticles by volume fraction of 0.3% in to base fluid, results in significant enhancement of
base fluid’s thermal conductivity. Furthermore, some nanofluids have interesting fu-
tures that can be used in different applications. For example, thermal and rheological
characteristics of magnetic nanofluids can be tuned instantaneously by application of
an external magnetic field [6]. In the following paragraphs, possible applications of

nanofluids to different engineering systems are exemplified.

Ethylene glycol is a commonly used heat transfer fluid in automotive industry as
an engine coolant that has poor heat transfer properties compared to that of water.
However, its thermal properties can be enhanced by addition of nanoparticles, thus
more compact engine cooling systems can be designed [4,6]. Moreover, manufacturing
time, material used, and engine weight can be reduced, leading to more fuel economic
and environmentally friendly cars, as a result. Furthermore, since higher heat removal
rates can be achieved as a result of enhanced thermal properties, higher horse power

engines can be designed. Nanofluids also show a high boiling point that is essential for



maintaining single phase coolant flow at high temperatures. Such characteristic allows
design of cooling systems that operate at high temperatures and can remove more heat
than existing cooling system [6]. As demonstrated by Tzeng et al. [9] nanofluids can
also be used in automatic transmission systems where removal of heat generated by
rotating parts is important. The study suggests that addition of nanoparticles in to

conventional transmission fluid provides cooler operation temperatures.

Thanks to their superior heat transfer characteristics, nanofluids can also be
used in cooling of electronics. Today’s rapidly developing information technologies
(IT) industry, increasing computational demand, and electric powered vehicles require
feasible, efficient, and high performance cooling of electronic circuitries, batteries, and
other components. Saidur et al. [7] pointed out that heat flux generated by processors
is expected to rise in the future, thus more effective cooling systems will be needed.
Nanofluids can be suggested as a working fluid for heat pipes or in heat spreaders that
are widely used in cooling of electronics. Studies suggest that significant improvement
in heat transfer rate can be achieved thanks to use of nanofluids in such components.
Chein et al. [10] reported that by addition of 2% volume fraction of Cu nanoparticles,
thermal resistance of a micro-channel heat sink can be reduced by 15%. Jang et
al. [11], and Chein et al. [12] also suggest that addition of nanoparticles enhances
cooling performance of micro-channel heat sinks. Application of nanofluids in heat
pipes was studied by Tsai et al. [13] and Chein et al. [14] by considering Au-water
and Ag-water nanofluids respectively. Their studies suggest that nanoparticles reduce
thermal resistance of heat pipe by 56% and this reduction is a function of particle size.
Another application area for the use of nanofluids can be the cooling of batteries of
electric powered vehicles by using immersion cooling method. The bottle neck in this
approach is that conventional di-electric fluids, such as Ethylene Glycol, have poor
thermal properties. However, it is possible to enhance their thermal characteristics by

addition of di-electric nanoparticles such as hexagonal boron nitride.

Nanofluids can also be used in medical industry. For example, for drug and
radiation delivery, iron based nanoparticles are used as targeting mechanisms of cancer

cells. Moreover, nanofluids might be suggested as an effective coolant for cooling



of patient body during critical surgeries to prevent organ damage. Cooling of high
power military laser systems can be given as an example for military applications of

nanofluids. [6]

One of the interesting property of nanofluids is that their thermal and rheolog-
ical properties can be adjusted by application of an external magnetic field without
changing physical composition of nanofluid. One of the recent topics on nanofluids
is the tuning/enhancement of heat transfer characteristic of nanofluids by an external
magnetic field. Shima et al. [15] reported that thermal conductivity and rheology of
magnetic FesOsz-water nanofluids can be tuned by an external magnetic field, and up
to 300% enhancement in thermal conductivity can be obtained. Studies of Lajvardi et
al. [16] and Hong et al. [17] reveal that thermal conductivity of magnetic nanoparticles

increases under presence of a magnetic field.

1.2. Literature Review

Design and analysis of engineering systems that rely on nanofluids, necessitate ac-
curate estimation of hydrodynamic and thermal characteristics of nanofluids. Many ex-
perimental studies have been carried out to quantify thermal characteristics of nanoflu-
ids for laminar and turbulent flow conditions [2,18-31]. However, there are only few
studies [32-34] on rheological characterization of nanofluids despite the fact that in-
crease in heat transfer coefficient and Nusselt number is also accompanied by increase

in friction factor and pressure drop.

In this section, experimental and numerical studies on laminar flow and forced
convection of an Al,Os-water nanofluid are discussed. The discussion is divided in to

two main headings which are Laminar Forced Convection of Nanofluids and Rheology

of Nanofluids.



1.2.1. Laminar Forced Convection of Nanofluids

Forced convection of AlyOs-water/EG nanofluids in a uniformly heated tube at
fully developed laminar and turbulent flow regimes using a homogeneous single-phase
model is studied by Maiga et al. [22]. While their predictions underestimate measured
heat transfer coefficients, results indicate that addition of nanoparticles enhances con-
vective heat transfer coefficient of Al,Oz-water nanofluid with 10% particle volume
fraction by 60% at a Reynolds number of 250 [22]. Experimental studies such as Zenali
et al. [18] reported that the increase in convective heat transfer coefficient exceeds that
of effective thermal conductivity. This indicates that there are other mechanisms in
heat transfer enhancement for forced convection other than the enhancement in thermal
conductivity. Single-phase thermal dispersion models are introduced by [21] and [27] to
account for energy transport by random movement of nanoparticles, that is also known
as thermal dispersion effects. Using thermal dispersion model presented in [21], Ozering
et al. [30] studied fully developed laminar forced convection of Al,Os-water nanofluid
by considering temperature dependent properties. The reported increase in convective
heat transfer coefficient of 2.5% Al,Os-water nanofluid is 36% at a Peclet number of
6500. The results are in good agreement with the experimental data in the literature,
suggesting that single-phase models considering thermal dispersion and temperature

dependent properties are capable of predicting heat transfer behavior more accurately.

Mirmasoumi et al. [31] investigated mixed convection of AlyOs-water nanofluid
in a horizontal tube using a two-phase Eulerian-Mixture model. They have shown
that particle volume fraction is higher near the wall and bottom of the tube, hence
uniform particle distribution is not valid for all cases. Nanofluid forced convection
in developing flow in a tube subjected to constant heat flux and temperature was
studied by Bianco et al. [25] by using single-phase and two-phase Volume of Fluid
(VOF), Eulerian-Eulerian (EEM), Eulerian-Mixture (EMM) models considering both
constant and temperature dependent properties. According to their results, difference
between homogeneous single-phase and two-phase models becomes significant at 11%
particle volume fraction. Moreover, it is observed that consideration of temperature

dependent properties gives a better estimation of convective heat transfer coefficient.



They observed that convective heat transfer coefficient for 2.5% Al,Os-water nanofluid

at a Reynolds number of 250 increases up to 17%.

Kalteh et al. [28] numerically studied CuO-water nanofluid laminar forced con-
vection in a micro-channel by two-phase EEM. Although velocity and temperature
differences between phases are negligible, EEM estimates convective heat transfer
coefficient more accurately with respect to single-phase models. They also showed
that particle-particle interactions have negligible effect on Nusselt number for laminar
flow. Lotfi et al. [35] evaluated homogeneous single-phase model, EMM, and EEM
for Al,Os-water nanofluid. The study neglected temperature dependency of proper-
ties and did not include thermal dispersion models. They reported that two-phase
models overestimate fully developed heat transfer coefficients, and EMM is the most
accurate model among three two-phase models (EEM/EMM /VOF). Akbari et al. [26]
compared single and two-phase models for mixed convection heat transfer of AlyOs-
water nanofluid. Their study covers homogeneous single-phase and two phase models
(VOF/EMM/EEM) with temperature dependent properties. It is reported that esti-
mated convective heat transfer coefficients by two-phase models are similar. Two-phase
models provide more accurate prediction of convective heat transfer coefficient with an
overestimation, whereas single-phase model under predicts convective heat transfer co-
efficient. Although single-phase models are found to be less accurate, it should be
noted that the study did not include thermal dispersion models. Single and two-phase
models for Al,Oj-water nanofluid are also studied by Fard et al. [23]. They showed
that two-phase models provide more accurate prediction of heat transfer of nanoflu-
ids for fully developed flow. Despite their computational accuracies, due to increased
number of equations to be solved, two-phase models are computationally expensive
compared to single-phase models [31,36]. However, there have not been any study that
compares prediction accuracies of single and two-phase models while considering their

computational costs.

In Section 1.1, it is stated that di-electric nanofluids can be engineered for use in
heat transfer applications. Due to being highly thermally conductive [37] and di-electric

[38] at the same time, hexagonal boron nitride (hBN) nanoparticles can be used in such



applications. However, due to their graphite like layered atomic structure [39], hBN
particles have anisotropic thermal conductivities that are needed to be considered for
accurate modeling of nanofluid heat transfer. Although their potential use in nanofluid
applications, there are only few studies on characterization of hBN nanofluids. Li et
al. [40] studied thermal conductivity of hBN and cubic boron nitride nano particles in
EG base fluid. The results suggest that, addition of nanoparticles increases thermal

conductivity of EG basefluid.

1.2.2. Rheology of Nanofluids

Thermal behavior in forced convection of nanofluids can be accurately modeled by
using two-phase models and advanced single-phase models such as thermal dispersion
model. However, although they are computationally efficient, single-phase models are
not accurate in prediction of nanofluid flow. As shown in [41], while single-phase
models predict no change in friction factor, two-phase Eulerian-Eulerian model (EEM)
estimates 3% increase for Al,Os-water nanofluid flow at a Reynolds number of 1050.
Therefore, more advanced and effective viscosity models are needed to increase the

accuracy of single-phase models.

Rheological studies [42-49] that have been carried on nanofluids suggest that
viscosity of nanofluids p, s is function of particle size d,, particle volume fraction ¢y,
and nanofluid temperature 7. Based on these studies, nanofluids exhibit either non-
Newtonian or Newtonian behavior depending on their content [43-46]. Wang et al. [44]
and Das et al. [45] reported that Al,Oz-water nanofluids for particle volume fractions
up to 4% exhibit Newtonian behavior. However, non-Newtonian behavior is observed
between shear rates of 0.1 and 1000 1/s for TiOg-water nanofluid with particle volume
fraction of 1.2% [47]. Tseng and Wu [50] studied Al,Os-water nanofluid for particle
volume fractions between 1 and 16% at different pH values. Non-Newtonian behavior
is observed for particle volume fractions of 3-16% for shear rates between 1 and 1000
1/s. In their review, Ding et al. [43] concluded that while viscosities of dilute nanofluids
are independent of shear rate, nanofluids with high particle volume fractions are more

likely to exhibit shear thinning behavior. The review also revealed that nanofluids



with low-viscosity base fluids are more likely to behave non-Newtonian compared to

nanofluids with high viscosity base fluids.

Namburu et al. [51], Chen et al. [46,52], and Nguyen et al. [53] investigated
temperature dependency of nanofluid viscosity and reported that nanofluid viscosity
strongly depends on temperature as well as particle volume fraction. Chen et al. [52]
observed that for low shear rates viscosity of nanofluid increases with temperature.
However, for high shear rates, viscosity of nanofluid exhibits same characteristics with
the base fluid. Nguyen et al. showed [53] that beyond a certain temperature, that is
referred as critical temperature, properties of nanofluids drastically vary and hysteresis
is observed. Such behavior raised questions about reliability of nanofluids in heat
transfer applications and indicates that temperature dependency of nanofluid viscosity

cannot be neglected.

Since nanofluids tend to agglomerate, they require electrostatical stabilization
by adjusting pH value for prolonged stability. Anoop et al. [34] investigated effect of
electro-viscous effects on effective nanofluid viscosity considering water and EG based
nanofluids with Al,O3 and CuO particles. The results suggest that viscosity of water
based nanofluids is more sensitive to changes in particle volume fraction compared to
that of EG based nanofluids, while temperature sensitivity is opposite. It is reported
that both nanofluids exhibit Newtonian behavior at shear rates of 10-1000 1/s for

particle volume fractions between 0.5 and 6%.

Studies discussed so far revealed that nanofluid viscosity is strongly affected by
temperature, and base fluid viscosity. Einstein formula presented in [54] is suggested for
dilute (¢, < 2%) nanofluids consisting of spherical particles. Brinkman [55] introduced
an extended version of Einstein formulation for moderately concentrated nanofluids up
to particle volume fraction of 4%. However, these models consider temperature de-
pendency only through the base fluid viscosity’s temperature dependency. To account
for temperature effect, Abu-Nada [56] presented a new correlation using experimental
data presented in [53]. Masoumi et al. [57] and Batchelor [58] proposed viscosity models

that include Brownian motion of nanoparticles for nanofluids consisting of rigid spher-



ical particles. Furthermore, Raisee and Moghaddami [33] numerically studied laminar
forced convection of Al,Os-water nanofluid in a circular pipe. They introduced a
Brownian viscosity model based on Brownian thermal conductivity model suggested

by Koo and Kleinstreuer [59].

1.3. Objective

Considering the literature, single-phase dispersion models can predict heat trans-
fer coefficient for the cases where data for calibration are available. However, single-
phase models fail in prediction of pressure drop. Two-phase models on the other hand,
can predict both pressure drop and heat transfer coefficient accurately. However, there
is no study that considers the prediction accuracy of recent state-of-the-art nanofluid
heat transfer and hydrodynamic models for laminar forced convection of nanofluids.
Moreover, present studies do not consider models’ computational efficiencies while com-
paring single and two phase models. Also, none of the studies have focused on numeri-
cal methods to increase computational efficiency of Eulerian-Eulerian two-phase model.
The literature review also suggests that although their promising physical properties,

there are only few studies on characterization of hexagonal boron nitride nanofluids.

Considering the literature, objectives of this study can be listed as follows. The
first major objective of this study is to evaluate state-of-the-art single and two phase
models in terms of prediction accuracy of convective heat transfer coefficient and pres-
sure drop. Moreover, it is also aimed to provide a comparison of computational efficien-
cies of single and two phase models, and two different coupling schemes that are used
in Eulerian-Eulerian Model. The second major objective of the study is to introduce
a dispersion viscosity model to increase single-phase models’ pressure drop prediction
accuracies. The last objective of the study is to investigate the hBN-water nanofluid’s
heat transfer performance with two-phase Eulerian-Eulerian and homogeneous single

phase models.



1.4. Outline of the Study

In Chapter 2, first mathematical models that are used in modeling of nanofluids
are introduced. Then, used numerical methods, domain discretization, and the model
validation study are presented in Chapter 3. In Chapter 4 results of the study are

presented and discussed.

The results Chapter, is divided into four sections. In Section 4.1 and 4.2, hydro-
dynamic and thermal results of the study for Al,Oz-water are presented, respectively.
Then in Section 4.3, single and two phase models are compared in terms of their com-
putational efficiencies, and the use of Full Multiphase Coupled scheme for Eulerian-
Eulerian model is introduced. In the last section of the chapter, Eulerian-Eulerian and
homogeneous single-phase model results for hexagonal boron nitride-water nanofluid

are presented.

In Chapter 5, the work that has been carried out is summarized; outcomes of the

study are underlined, and suggestions for future works are stated.
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2. MATHEMATICAL MODEL

Macroscopic models for nanofluid flow and heat transfer can be classified as single-
phase and two-phase models [23,25,26,31]. Single-phase models consider nanoparticles
and base fluid as a single homogeneous fluid with respect to its effective properties
[22]. On the other hand, two-phase models handle continuity, momentum, and energy
equations for particles and base fluid as different continua. This model is suggested
for flows where interactions between phases are not well defined [28,60]. Although
two-phase models provide a better understanding of both phases, single-phase models

are computationally more efficient, however provide less detail about each phase [28].

For all models presented in this study, effect of body forces and viscous dissipation
are neglected as suggested in [22,23,26,28]. For all cases, nanofluid and base fluid are

assumed to be incompressible fluids.

2.1. Single-phase Models

Single-phase models assume that base fluid and nanoparticles have the same tem-
perature and velocity field. Therefore, continuity, momentum, and energy equations
can be solved as if the fluid were a classical Newtonian fluid by using effective prop-
erties of nanofluid. Effective properties are functions of particles size d,, type, shape,

and particle volume fraction ¢, and temperature [2,21,22].

Incompressible, steady state continuity equation for single-phase models is given

as;

V- (pus®) = 0 (2.1)

where v is the velocity vector. Then, steady state momentum and energy equations for
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single-phase models [61] can be expressed as;

Png (U VV) = =V P + pies V20 (2.2)

V- (pnfﬁcpme) = V- (keffVT) (23)

where P is the pressure, T'is the temperature, ¢, is the nanofluid specific heat, ji.ss is

the effective nanofluid viscosity, and k. is the effective nanofluid thermal conductivity.

2.1.1. Homogeneous Single-phase Model

For the homogeneous single-phase model (HSPM) of Al,Os-water nanofluid, con-
stant nanofluid thermal conductivity k, s and viscosity j, s are considered. These prop-
erties are determined by the correlations reported by Hamilton-Crosser [62] and Ein-

stein [54], respectively.

kng  kp+(n—Dkyy — (n— 1) (ks — kp)op

ongo_ 2.4

kg kp + (n — Dkpy + (koy — kp)op (24)
Enf 149250, (2.5)
Hof

where ky; and k, are the base fluid and nanoparticle thermal conductivities, respec-
tively, and n = 3 is the shape factor for spherical particles. However, Hamilton-Crosser
equation does not account for temperature dependency of nanofluid thermal conduc-
tivity. Thus, correlation reported by Chon et al. [63] is also considered and the model
is referred as homogeneous single-phase model with temperature dependent properties
(HSPM-TD). Since effect of base fluid’s temperature dependency on nanofluid thermal
conductivity is limited [63], base fluid thermal conductivity is considered as constant.

The correlation proposed by Chon et al. [63] is given as;

L s dbf 0.3690 L 0.7476
—L = 1+ 64.7) T <—) (—”) 2.6
s @p 7, s (2.6)

0.9955 1> ,1.2321
Pr Redisp
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where djs is molecular diameter of base fluid (0.29 nm, for water). The Prandt] number

Pr and the dispersion Reynolds number Reg;s, in this correlation are defined as;

pr=t (2.7)
PufOpf
purksT
Regisy = ———— 2.8
disp 37T/~L[%f>\bf ( )

where \ys is the mean free path between base fluid molecules (0.17 nm, for water), a,f
is the thermal diffusivity of base fluid, and s(7) is the temperature dependent base
fluid viscosity (Pa.s) that is defined as follows;

pip (T) = 2.414 x 107° x 10%748/(T=140) (2.9)

Effective nanofluid properties for HSPM are defined as;

keps = kng (2.10)

Heff = Hnf (2.11)

Density p,f, and heat capacity of nanofluid ¢, ,; on the other hand, are estimated by

using classical mixture model [23,25] as follows;

1 —
ey — L= P0) Covibos + ool (2.12)
Pnf
Puns = (1= ©p) por + ©ppp (2.13)

Single-phase models that are presented in following sections are actually improved
homogeneous single-phase models in which non-homogeneous nature of nanofluids is
represented as additional term in nanofluid’s effective properties. For all single-phase
models in this study, classical mixture model is used for prediction of nanofluid specific

heat and density.



13

2.1.2. Single-phase Brownian Conductivity Model

Studies have been conducted so far suggest that Brownian motion of nanopar-
ticles is one of the dominant mechanisms that improve nanofluids’ energy transport.
Therefore, for increased accuracy of single-phase models, this effect should be accounted
for. Single-phase Brownian thermal conductivity model (SPBM) is suggested by Koo
and Kleinstreuer [59], where Brownian part of effective nanofluid thermal conductiv-
ity is defined as a function of particle size, particle volume fraction, and nanofluid

temperature as;

kgT
ko = 5 % 10" B(0p) sy /%Df(T, ) (2.14)

p

where kp is the Boltzmann constant, and 3(¢p,) is the fraction of fluid that travels with

nanoparticles. Functions f(7',¢,) and 5(¢,) are presented in [33] as;

F(T, 0,) =(—0.8467¢, + 0.0753)T (2.15)
+(237.67¢, — 21.998)

B(pp) = 0.0017(1004,) 084 (2.16)
then, the effective nanofluid thermal conductivity can be represented as;
k‘eff = k‘nf + Ky, (2.17)
Since the model calibration function f(7', ¢,) provided in [59] is used, nanofluid thermal
conductivity is predicted by Equation 2.4, and the effective nanofluid viscosity for
SPBM is defined by Equations 2.11 and 2.5.

2.1.3. Single-phase Brownian Viscosity Model

For single-phase Brownian viscosity model (BVM), it is assumed that energy and

momentum transports are enhanced due to Brownian motion of nanoparticles. Here,
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the major assumption is that Brownian motion of nanoparticles has an effect like the
mixing mechanism, therefore, the expected ratio of momentum and thermal diffusion
due to Brownian motion would be similar. Hence, the ratio of momentum diffusion to
thermal diffusion, that can be defined in terms of Brownian Prandtl number Pry,, can
be considered as unity [33]. Then, Brownian part of the viscosity can be estimated

through the nanofluid specific heat.
The effective thermal conductivity of Brownian viscosity model (BVM) is defined
by Raisee and Moghaddami [33] through the Hamilton-Crosser and Brownian thermal

conductivity models by Equations 2.4 and 2.14, respectively.

The Brownian part of the effective viscosity for BVM can be defined as;

Pry, (2.18)
Then, the effective nanofluid viscosity for BVM can be expressed as;
Heff = Hnf + Hor (2.19)
Here for BVM, p,,¢ is determined by Equation 2.5.
2.1.4. Single-phase Thermal Dispersion Model
To account for the effect of Brownian motions of nanoparticles on nanofluid forced
convection, Xuan and Roetzel [21] introduced small perturbations in the momentum

and energy equations. This effect is then represented as an additional term in nanofluid

effective conductivity, and referred as dispersion conductivity kg, that is defined in [21]

and [27].
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For dispersion models, effective nanofluid conductivity is given as;
keff - knf + kdisp (220)

The nanofluid thermal conductivity is determined by a correlation such as Equation

2.4. Formulation suggested by Xuan and Roetzel [21] (SPD1) can be given as;

kaisp = C1(pcp)nsppdyRu (2.21)

where (' is an empirical constant that calibrates model to experimental data, u is the
flow velocity in axial direction, and R is the pipe radius. A second formulation that is

suggested by Mokmeli and Saffar-Avval [27] (SPD2), can be given as;

ou R

kdisp = C2 (pcp)nfgopa d_
P

(2.22)
where (5 is an empirical constant that calibrates model to experimental data. When
C, and C} are set to zero, both models are reduced to the homogeneous single-phase

model.

Nanofluid thermal conductivity for dispersion models here, is predicted by Equa-
tion 2.6. The effective nanofluid viscosity for SPD1 and SPD2 is defined by Equation
2.5.

2.1.5. Single-phase Dispersion Viscosity Model

A new single-phase dispersion viscosity model (DVM) is proposed by this study.
In the Brownian model suggested by Raisee and Moghaddami [33], it is assumed that
effect of nanoparticles” Brownian motion is similar to the mixing mechanism. However,
as far as size of the nanoparticles is considered, Brownian motion of particles would
not cause any bulk fluid motion. Therefore, it is assumed that Brownian motion of

particles is like an additional diffusion mechanism, and Brownian Prandtl number is
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assumed to be equal to nanofluid’s Prandtl number. The model considers effect of
particles’” Brownian motion on nanofluid viscosity and thermal conductivity through

the thermal dispersion model suggested by Mokmeli and Saffar-Avval [27].

Effective nanofluid thermal conductivity for DVM is defined by using thermal
dispersion model that is defined by Equation 2.22. The effective nanofluid viscosity is
defined similarly to BVM as;

Heff = Hnf + Hdisp (223)
k 1S

Haisp = —F Pry, (2.24)
Cpnf

where Pry, is the Brownian Prandtl number, and p, is determined by Equation 2.5.

2.2. Two-phase Models

Two-phase models consider continuity, momentum, and energy equations for par-
ticles and base fluid as different continua. These models handle continuity, momentum,
and energy equations for particles and base fluid using three different methods. First
one is the Volume of Fluid (VOF) method, where momentum and energy equations
are solved for mixture phase coupled with continuity equation for each phase that
describes particle volume fraction [60]. The second method, Eulerian-Mixture model
(EMM) is similar to VOF and solves volume fraction equation for particle phase, then
relates phase velocities by empirical correlations [35,60,64]. The third method is the
Eulerian-Eulerian model (EEM) where separate continuity, momentum, and energy

equations for each phase are solved [26,28,60].
2.2.1. Eulerian-Mixture Model
In Eulerian-Mixture model (EMM), continuity, momentum, and energy equations

are solved for the mixture-phase, and the phase velocities are determined by empirical

correlations. Steady state, incompressible continuity equation for EMM is given by
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Manninen et al. [64] as;

where the mass-averaged velocity or mixture velocity v, for two-phase mixture is de-
fined as;

Um — ppsppvp + be%pbfvbf (226)

Pm

where particle and base fluid velocities are represented by , and @y, respectively. ¢,
and s are the particle and base fluid volume fractions, and p,, is the mixture density

for two-phase mixture that is defined as;

Pm = PpPp + Pt Py (2.27)

The steady state momentum equation for two-phase mixture is;

P (U * V) = — VP + fi (V,um + (V,um)T)

+ V- (@b Pos Uar b Var oy + PpPpVdrpVdrp) (2.28)

where P is the pressure, and u,, is the viscosity of mixture that is equal to base fluid’s
viscosity (pm = ptvr). Uarp and Ugpp ave the drift velocities of particles and base fluid,

respectively. Here, vy, and U3¢ for two-phase mixture are defined as;
) Y ) f 3

iy = Ty — T (2.29)

Ugrbf = Upy — Un (2.30)
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The slip velocity or relative velocity, represents velocity of the particles 7, relative

to base fluid 0j; and it is defined as;

The slip and drift velocities are related by following expression:

Udrp = Upbf — (p;% Ubﬁp) (2.32)

The relative velocity is given by Manninen et al. [64] through Schiller and Naumann [65]

drag formulation as follows;

d, p,—p
Upfp = a (2.33)
I Buprfa  pp
1+0.15Re)®™" if  Re, < 1000 (2.34)
Ja=
0.0183Re, if  Re, > 1000

where @ is the particle’s acceleration. The particle Reynolds number Re, for EMM is

defined as;

_ Undypm

Re
P L

(2.35)

Steady state volume fraction equation for particle phase is defined as;

V- (‘Ppppgm) ==V (Sppppgdr,p) (2.36)
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Steady state energy equation for two-phase mixture is given by Wang and Beck-

ermann [66] as;

V- (@pﬁpppip -+ Sobfﬁbfpbfibf) =V- (]{ZeffVT) (237)

where 4,; and 7, are the enthalpy of base fluid and particles, respectively. Effective

thermal conductivity for two-phase mixture model k. sy is defined as;

kerr = ppkp + wupkoy (2.38)

2.2.2. Eulerian-Eulerian Model

In EEM, momentum and energy equations are solved for each phase. Interactions
between phases are defined by additional terms that represent momentum and heat
exchange between phases [67]. Since the problem is axis symmetric, 2D steady state,

incompressible continuity equation for each phase can be given as;

Oevsporing) | 1O0rensporver) _ (2.39)
or r or .
A ppppup) | 10(ropppvp)
z = 2.4
5 + . o 0 (2.40)

where v and v are the velocity components in axial and radial directions, respectively.

For steady flow, axial-momentum equations for base fluid and particles can be

iven, r iv ;
en, respectively as;

a(<be,0bfubf)
U gy T T g T TP Ty

10 ou
oo (sobfubfr a:f) + (F)s + (Fom)a (2.41)

(s Purvss) or 0 Ouyy
Cofbf %
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I pppptip) I @pppvyp) . oP 0 Ou,,
W or T T e ey T\ ar
10 Ou,,
+;5 (Qpp:uprﬁ) - (Fd)x - (va)x + (Fcol)x (242)

Similarly, the radial-momentum equations can be written as;

O(Purpurung) O(PurPbrUbs) or 0 ov
Vb bfaxbf LR bfa:f bf = —pu g+ 5 @bfﬂbfa—;f
10 (%bf Uy
o <<beﬂbf7”w) —tp g+ (Fa)r + (Fom)r (2.43)
Nepppup) | Oepppr,) ~ OP D v,
R i or BT * ox Prlty ox
10 ov v
+;§ (@pﬂpra—:) o Npr_g - (Fd)r - (va)r + (Fcol)r (244)

where F,,, is the virtual mass force due to relative acceleration of phases [60]. Since it
has negligible effect on heat transfer as shown by Kalteh et al. [28], it is neglected in
this study. F s particle-particle collision force, and F is the drag force between the
fluid and solid phases defined by phase interaction equations. The drag force between

phases is defined as;
Fy= —((Thy — ) (2.45)

where ( is the friction factor which depends on particle size and particle volume fraction.

For dilute solutions, (ppr > 0.8) ¢ is defined by Syamlal and Gidaspow [67] as;

3, OofPp . L
¢ = ZCaZL2 iy — 5|0y % (2.46)
47 d,

where Cy is the drag coefficient and can be predicted as;

24
c R—6(1 +0.15ReY®™) if  Re, < 1000 (2.47)
d = P

0.44 if  Re, > 1000
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where particle Reynolds number Re, is defined as;

oy — T ld
Re, = PosPor| Uoy — Upldy (2.48)
g

Collision force of particles F,,; is defined by Bouillard et al. [68] as;

—

Feot = G(0pf) Vipuy (2.49)
where G(gpr) is the particle-particle interaction modulus and it is defined as;

G(ppr) = exp[—600(ppy — 0.376)] (2.50)

Once momentum equations for each phase and the related phase interaction equa-
tions are defined, steady state energy equation for each phase can be presented as

follows;

0 0
%(SObfpbebep,bfbe) + E(Spbfpbfvbfcpvbfbe) =

0 o1y 10 o1y
. (Spbfkeff,bfa—xf) + o5 <<bek‘eff7bf7° a—rf) — hy(Toy — T,) (2.51)

0 0
%(Qppppupcp,pr) + E(Sppppvpcpvap) =
0 oT, 10 oT,
—( pkerrp=2 | + == Opkesrpr—=L ) + ho(Thy — T, 2.52
Ee (% fip &6) +oa (wp 1107, ) + ho(Tyy — 1) (2.52)
where kcff, and kegppp are the effective thermal conductivity of base fluid and par-

ticles, and h, is volumetric interphase heat transfer coefficient between phases. The

temperature for particle and base fluid phases are T},, and Ty, respectively. Volumetric
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interphase heat transfer coefficient is defined as;

6(1 —
p, = S =eer)y (2.53)
dp
For mono dispersed particles, particle heat transfer coefficient h, is estimated by Wakao
and Kagei [69] through the particle Nusselt number Nu, as follows;
hpdy 0.6 p,.1/3
Nu, = —— =2+ 1.1Re,” Pr (2.54)
k‘bf
where Pr is the liquid phase Prandtl number. The particle Reynolds number is defined

by Equation 2.48. The effective conductivities for particle and base fluid phases can

be given as [70];

k
Feppog = —= (2.55)
Pbf
and
ky,
ke = 2P 2.56
e =g (2.56)

where k¢ and k;,, are defined as;

kopr = (1= /1= @up)key (2.57)
kop = (/1= o) WA+ [1 = w]D) ks (2.58)

with w = 7.26 x 1072 for spherical particles and I is defined as;

e ) e




where parameters A, and B for a spherical particle are given as;

_ R
]{be

1_ 10/9
B— 1.25( %f)

A

23

(2.60)

(2.61)
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3. PROBLEM STATEMENT AND NUMERICAL
METHOD

In this chapter, problem domain and numerical methods that are used in the
study are presented. Furthermore, domain discretization, used numerical methods,
and applied boundary conditions for single and two phase models are explained. In

last section, results of model validation and grid independency studies are discussed.

3.1. Problem Domain

The problem domain is selected by considering availability of experimental data
in literature. The experimental setup presented by Wen and Ding [24] is considered,
and dimensions of domain that is shown in Figure 3.1, are selected accordingly. Since
the problem is axisymmetric, the 3D problem domain that is shown in Figure 3.1
is reduced to a 2D domain in order to increase computational efficiency. A uniform
structured grid with quadrilateral elements is used for domain discretization. Detailed
information regarding the grid and the grid independency study is presented in Section
3.4. Since the all elements are same for the entire domain, only the actual grid at the

beginning of the domain is shown in Figure 3.2.

r=R constant heat flux

uly,, =0 T
p g
A = E
o x . 20
=F—» - -+ = . - symmetryaxi§ — . = . = 5 <«
= Co
_Q
uly,=20 l

< L=2m >

Figure 3.1. Problem domain.
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=0 =10m
' 0 0003 (m) &
W

Figure 3.2. Section of the grid that is used in discretization of the domain.

3.2. Numerical Methods

Finite Control Volume method is used to solve numerically the equations for
nanofluid flow and heat transfer. For single-phase model, momentum, energy, and
continuity equations are solved with effective nanofluid properties. For both single and
two phase models, third order power-law scheme are used discretization of momentum,
energy, and pressure equations, respectively. Semi Implicit Method for Pressure Linked
Equations (SIMPLE) algorithm is used for and velocity pressure coupling in single-
phase and two-phase Eulerian-Mixture models. For, EEM and EMM, the third order
Quadratic Upstream Interpolation for Convective Kinetics (QUICK) scheme is used to

solve volume fraction equation.

The Phase Coupled SIMPLE (PC-SIMPLE) algorithm is used for pressure and
velocity coupling in EEM and EMM. However, for EEM, in addition to PC-SIMPLE
algorithm that is widely used in literature, a different algorithm, namely Full Multi-
phase Coupled (FMC), is used for coupling scheme to assess its accuracy and efficiency.
PC-SIMPLE is a well-established, widely used, and robust algorithm, where phase ve-
locities are solved in a segregated manner with a pressure correction. Whereas in FMC
algorithm, velocity, shared pressure, and volume fraction corrections are coupled si-
multaneously. Although FMC algorithm is expected to be more efficient, divergence
may occur at high particle volume fractions due to volume fraction equation [60]. A

convergence criterion is used so that residuals for all equations are less than 1 x 1075,
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3.3. Boundary Conditions

3.3.1. Single-phase Models

Boundary conditions for governing equations of single-phase model are defined

considering the no-slip condition at the wall;

u(z, R) =v(x,R) =0 (3.1)

and uniform inlet velocity at the inlet

u(0,7)=U v(0,R) =0 (3.2)

i

" condition that is expressed as;

with constant wall heat flux ¢

Dispersion model empirical constants C; and C5 in Equations 2.21 and 2.22 are

determined accordingly to the experimental data presented by Wen and Ding [24].

3.3.2. Eulerian-Mixture Model

Boundary conditions for EMM are defined based on no-slip condition at wall for

mixture phase as;

U (z, R) = vpp(x, R) =0 (3.4)
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and uniform inlet velocity for base fluid and particle phases, respectively.

upp(0,7) = Upp vpp(0,7) =0 (3.5)

up(0,7) =U, v,(0,7) =0 (3.6)

where U, = Uy; are mean velocities of base fluid and particles. Uniform constant heat

flux at wall is applied as;

_keffﬁ_ = Gyl (37)

3.3.3. Eulerian-Eulerian Model

Similarly to EMM, the boundary conditions for EEM are defined with respect to

no-slip condition at wall boundaries for base fluid and particles phase as;

ubf(z, R) = Ubf(l’, R) =0 (38)
up(z, R) = v,(x, R) =0 (3.9)

with uniform inlet velocity for base fluid and particle phases as;

ubf((),r) = Ubf vbf(O,r) =0 (310)

uy(0,7) = U, v,(0,7)=0 (3.11)

and constant wall heat flux for particle fluid mixture as;

T,
+ @bfkeff,bfa—rf ) = Qopant (3.12)
wall

oT,
- (%lﬁeff,pa—:

wall
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3.4. Model Validation

A grid independence study is carried out in order to ensure grid independent
solutions. Three different grid resolutions are compared with correlation given by
Shah and London [71] and experimental data reported by Wen and Ding [24]. The
validation of the models and the grid independency of the solutions are presented in

Figure 3.3. The Shah correlation used in this study can be given as;

(3.13)

Nu, +1 7/(115.22*)\ /*1*/1°
L =1+ MO0-5 \3/5

3/10
L =5.364 {1 + [(220/W)x*]_10/9}

M =1+ (Pr/0.0207)%3

N =1+ [(220/7)2*]~10/°

where the local Nusselt number Nu, and dimensionless axial distance z* are defined

as;

_ h(z)D Gt D

Nu, = = 3.14
kbf kbf(Twall - Tmean) ( )
x
Y= 1
v DRePr (3.15)
DU
Re = P22 (3.16)
Mg
For nanofluids, Reynolds number is defined as;
nf DUy
Reyy = 20 =2nt (3.17)
Hnf

and for both two-phase and single-phase models, Nu, for nanofluid is defined as;

h(z)D Qv D
Nuys, = = R 3.18
5 knf knf(Twall - Tmean) ( )
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Figure 3.3. Comparison of different grid solutions with experiment and Equation 3.13

for laminar forced convection of pure water at entry region for Re=1050.

Grid independency analysis reveals that grid #2 (G2) and grid #3 (G3) show less
than 1% deviation from each other. Hence, solutions of G2 and G3 can be considered
as grid independent. Figure 3.3 indicates that for pure water, results of G2 and G3
agree well with Equation 3.13. On the other hand, single-phase model shows maximum
15% deviation from experimental results [24]. Variation of local Darcy friction factor
fo was also checked and presented in Figure 3.4 for different grids. Results indicate
that G3 has 0.7% error with respect to theoretical value of Darcy friction factor for the

fully developed region. Darcy friction factor used here is defined as;

_ 87y(x)
ﬂbe2

Ja (3.19)

where 7,,(x) is local wall shear stress, U is the mean axial velocity.
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Figure 3.4. Comparison of friction factor of different grid resolutions (G1, G2, G3) for

pure water.
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4. RESULTS

In this chapter, numerical results of convective heat transfer of nanofluid flow
in a circular duct are presented. The numerical analysis is performed using single
and two phase models that include homogeneous single-phase, single-phase dispersion,
single-phase Brownian, two-phase Eulerian-Eulerian, and two-phase Eulerian-Mixture
models. Details about each model such as, geometry definition, boundary conditions,
and numerical methods are presented in Chapters 2 and 3 in detail. Single-phase models
and their effective viscosity and thermal conductivity models are listed in Table 4.1 to

clarify any ambiguity regarding definition of single-phase models.

The results in this section are presented under four sections. These are, Hydrody-
namic Results, Thermal Results, Computational Efficiency of Models, and Hexagonal
Boron Nitride Study. In the first three sections, hydrodynamic and thermal predic-
tion accuracies, and numerical efficiencies of models are discussed for Al,Osz-water
nanofluid. Then, in the last section, results of single-homogeneous and two-phase
Eulerian-Eulerian models for hexagonal boron nitride-water nanofluid are presented.

Part of the results that are presented here are published in [41,72,73]. Unless otherwise

Table 4.1. Single-phase models and corresponding effective property models.

Thermal Conductivity Model(s) Viscosity Model(s)
Model Name
kg Egisp or Ky, Mo f Hdisp OT [

HSPM Equation 2.4 0 Equation 2.5 0
HSPM-TD | Equation 2.6 0 Equation 2.5 0

SPD1 Equation 2.6 Equation 2.21 Equation 2.5 0

SPD2 Equation 2.6 Equation 2.22 Equation 2.5 0

SPBM Equation 2.4 Equation 2.14 Equation 2.5 0

DVM Equation 2.6 Equation 2.22 Equation 2.5 Equation 2.24

BVM Equation 2.4 Equation 2.14 Equation 2.5 Equation 2.18
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is stated, all results presented in this study belong to author.

4.1. Hydrodynamic Results

In this section, solutions of homogeneous single-phase model (HSPM), single-
phase Brownian viscosity model (BVM), single-phase dispersion viscosity model (DVM)
that is proposed by this study, two-phase Eulerian-Eulerian model (EEM), and two-
phase Eulerian-Mixture model (EMM) are compared with experimental data presented

by Hwang et al. [32] for a Reynolds number range of 400-620.

Velocity profiles of HSPM, BVM, DVM, EMM, and EEM for 0.3% AlyOs-water
nanofluid at Reynolds number of 501 are compared with theoretical velocity profile of

water and it is observed that all models predict similar velocity profiles.

Results suggest that for 0.3% AlyOsz-water nanofluid, EEM is the most accurate
model in predicting pressure drop among models considered in this study. For the
Reynolds number range considered, the error between experimental data and EEM are

between 3.0% and 9.3%, respectively.

For the BVM model that has been proposed by Raisee and Moghaddami [33],
it is assumed that Brownian motion of nanoparticles inside a base fluid mimics the
mixing mechanism in turbulence, thus Brownian Prandtl number is assumed to be
unity. However, Brownian motion does not induce a bulk movement in the fluid.
Therefore, it is more suitable to interpret the Brownian motion or dispersion effects as
an additional diffusion mechanism than a mixing mechanism. This is demonstrated by
comparison of DVM with Brownian Prandtl number is equal to unity and nanofluid’s
Prandtl number (6.97). Comparison of DVM for Pry,. = 1 and Pry, = 6.97 with other
models can be found in Figures 4.1 and 4.2. A similar comparison for BVM is also done,
but since results indicated a negligible difference between Pry,. = 1 and Pry,. = 6.97,
results corresponding to BVM for Pry,. = 6.97 are not plotted. It is observed that
taking Brownian Prandtl number equal to nanofluid’s Prandtl number has negligible

effect on convective heat transfer prediction accuracy of the model. Overall, the results
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Figure 4.1. Comparison of apparent friction factors of models for 0.3% Al,Os-water.

suggest that interpretation of Brownian motion or dispersion effects as an additional

diffusion mechanism is a reasonable assumption.

The apparent friction factors f,,, predicted by models are compared in Figure
4.1. Similarly to the pressure drop results, predicted apparent friction factor by the
EEM is the most accurate with respect to experimental data. Error values for EEM
with respect to experimental data [32] are between 3.0-9.3%. As expected, the apparent
friction factor is underestimated by other models. The error values for these models
are 7.9-13.9%, 4.2-11.2%, 7.9-14.4%, and 8.2-14.1% for BVM, DVM with Pr,,=6.97,
HSPM, and EMM, respectively. It is also observed that all of the models considered
here follow the experimental trend with a slight deviation. The figure suggests that
models tend to be more accurate as the Reynolds number increases. Results also
suggest that DVM model accuracy increased by 2%, as a result of dispersion mechanism
assumption. Therefore, DVM is the most accurate single-phase model in prediction of

pressure drop and friction factor.
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Figure 4.2. Comparison of friction factors of models for 0.3% Al,Os-water at

Rﬁ’n = 501.
The apparent friction factor fq,, is defined as;

AP D
fow= 1= (4.1)

L
§/7nfU3f

In Figure 4.2 comparison of predicted friction factor versus axial distance is pre-
sented for a Reynolds number of 501 for 0.3% Al,Os-water. Since there are no ex-
perimental data for friction factor change in developing flow, single-phase models and
EMM are compared with EEM model. Although DVM can be further calibrated to
exactly match the experimental data, such calibration would have an effect on thermal
solution of DVM, since the model is calibrated accordingly to the experimentally ob-
tained heat transfer coefficient. The increase observed in friction coefficient is due to

the Brownian part of the nanofluid viscosity.
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4.2. Thermal Results

In this section, numerical results of homogeneous single-phase model (HSPM),
single-phase thermal dispersion models, single-phase Brownian model (SPBM), two-
phase Eulerian-Eulerian model (EEM), and two-phase Eulerian-Mixture model (EMM)
for forced convection of AlyOs-water nanofluid are discussed and compared with ex-
perimental and numerical data presented by Wen and Ding [24] and Akbari et al. [26],

respectively.

In Figure 4.3, Nusselt number predictions of each model are compared with ex-
perimental [24] and numerical [26] results from the literature. Results suggest that
single-phase models underestimate Nu, at the entry region, whereas both two-phase
models overestimate Nu,, as can be seen from Figure 4.3. Error with respect to exper-
imental values are -34.87% and -76.16% at x/D = 63 and x/D = 116, respectively for
HSPM. For EEM, error values are -0.9% and -7.7% at the same locations, respectively.
Nu, predictions of EMM and EMM reported by Akbari et al. [26] are very close to

18 T
® Exp.[24]
—pP— HSPM
16} -~/ SPD1
) —6— SPD2
14r K —v— EMM
| v EMM [26]
—=— EEM
x 127 —+— Pure Waterl|
:E
=z
10}
8 L
6 L
4 1 1
0 50 100 150

x/D

Figure 4.3. Comparison of predicted Nusselt numbers of single-phase and two-phase

models for 1.6% Al,Os-water at Re, s = 1050.
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Figure 4.4. Comparison of predicted convective heat transfer coefficients by single
and two phase models with experimental data at Re, =1050 for 1.6% Al,Oj-water

nanofluid.

each other. The slight difference between models might be due to variation of thermo-
physical properties of Al;O3 used. In this study thermophysical properties of AlyO3
are taken from National Institute for Standards and Technology [74]. An additional
comparison with experimental data presented by Wen and Ding [24] in terms of local
convective heat transfer coefficient h, versus x/D is also presented in Figures 4.4-4.5

to prevent any possible ambiguity due to definition of nanofluid thermal conductivity.

Figure 4.4 indicates that at the beginning of entry region, effect of temperature
dependency of properties on the solution is limited, since the flow is not fully affected
by the thermal boundary conditions. As it can be seen from comparison of HSPM
and HSPM-TD, the effect increases as the flow develops. Table 4.2 suggests that
use of temperature dependent nanofluid conductivity model results in 4% increase in
solution accuracy of single-phase models for particle volume fraction of 1.6%. The
other temperature dependent thermal conductivity model that is considered is SPBM.

The model is found to be 2% more accurate in prediction of convective heat transfer
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Table 4.2. Error in predicted convective heat transfer coefficient of 1.6% Al,Os-water

for Re,; = 1050.

x/D=22|x/D=63|x/D=116 | ©/D = 178
EEM -12.1% —7.7% 11.3% 25.6%
EMM —12.8% —8.1% 10.8% 25.0%
HSPM | —38.4% —37.6% —27.3% 21.3%
SPD1 —32.8% 28.0% —12.1% 0.0%
SPD2 —24.2% —23.1% -9.5% 0.1%
SPBM | —-36.4% —34.5% —23.2% —15.7%

coefficient compared to that of HSPM-TD. The comparison of dispersion models reveals
that SPD2, that uses dispersion conductivity formulation by Equation 2.22, is more
accurate in predicting heat transfer coefficient at entry region compared to SPDI1,
which uses formulation by Equation 2.21. As shown in Table 4.2, SPD2 model is
approximately 8% more accurate in predicting heat transfer coefficient at the entry
region compared to SPD1. In Table 4.2 and Figure 4.4, it is also shown that for
particle volume fraction of 1.6% at a Reynolds number of 1050, predictive accuracy of
EMM becomes superior to that of EEM as the flow develops. It is also observed that
both EEM and EMM start over-predicting convective heat transfer coefficient as flow
develops. Overall, EMM and EEM are found to be 12% more accurate than SPD2 at

the entry region for particle volume fraction of 1.6%.

Based on Figures 4.5 and 4.6, and Tables 4.2-4.4, it can be concluded that the
best single-phase model is SPD2. However, there is no clear indication on the best two-
phase model, since both EEM and EMM have similar accuracies at different particle
volume fractions as shown in Tables 4.2-4.4. The difference in error values of EEM and
EMM can be neglected as far as experimental uncertainties are considered. The results
indicate that EEM is the most accurate model up to axial distance of /D = 116.
After that point EMM model becomes the most accurate model. Tables 4.2-4.4 do not
indicate a distinct relation between model accuracies and particle volume fraction for

two-phase models at the entry region. However at the fully developed region, as particle
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Figure 4.5. Comparison of predicted convective heat transfer coefficients by SPD2 at
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Figure 4.6. Comparison of predicted convective heat transfer coefficients by EEM at

Re,r = 1050 for 0.6%, 1%, and 1.6% Al,Os-water nanofluid.



for Re,; = 1050.

x/D=22|x/D=63|x/D=116 | ©/D = 178
EEM —16.7% —5.7% 4.4% 15.5%
EMM —17.4% —6.2% 3.9% 14.9%
HSPM | —36.6% —29.5% —23.6% —17.3%
SPD1 —31.0% 21.0% —11.7% —1.7%
SPD2 —24.9% —17.0% -9.5% -1.3%
SPBM | -33.2% —25.6% —18.7% —11.7%
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Table 4.3. Error in predicted convective heat transfer coefficient of 1% Al,Osz-water

volume fraction decreases the error of both single and two phase models decrease.

The prediction accuracies of SPD2 and EEM are investigated at different particle
volume fractions in Figures 4.5 and 4.6 with Tables 4.2-4.4. Results indicate that,
EEM model underestimates convective heat transfer coefficient at the beginning of
entry region, where SPD2 under predicts until the calibration point (x/D = 176).
However as flow develops, EEM starts overestimating the convective heat transfer
coefficient. Results in Tables 4.2-4.4 also suggest that calibration constant for SPD2 is
independent of particle volume fraction, as far as uncertainties in experimental results

are concerned. It is also observed that the error of SPD2 and EEM at a given axial

Table 4.4. Error in predicted convective heat transfer coefficient of 0.6% AlyOs-water

for Re,; = 1050.

x/D=22|x/D=63|x/D=116 | ©/D = 178
EEM —14.4% —6.0% —0.6% 8.5%
EMM —19.2% —6.5% —-1.2% 7.8%
HSPM | -31.4% —22.0% —18.8% —-12.6%
SPD1 —27.8% —16.2% —10.9% 2.0%
SPD2 —23.8% —13.6% —9.6% 1.6%
SPBM | —29.0% —18.6% —14.9% —8.2%
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Figure 4.7. Comparison of models in predicting Nu, of 1.6% Al,Osz-water nanofluid
at /D = 116 for Reynolds numbers of 1050, 1320, 1600, 1810.

distance are at the same order of magnitude for all three particle volume fractions. It is
seen that the both models perform best near the calibration point as expected. Hence
if required, SPD2 model can be calibrated such that the model would be accurate at a

specified point.

Accuracy of models at different Reynolds numbers is also investigated in terms
of Nusselt number for particle volume fraction of 1.6%. In Figure 4.7, Nusselt number
predictions of models at different Reynolds numbers (1050, 1320, 1600, 1810) are shown
and the results are compared with experimental data [24]. Both dispersion models are
calibrated based on the experimental data [24] at axial location of x/D = 178 for

Reynolds number of 1050 and particle volume fraction of 1.6%.

Comparison of models in Figure 4.7 reveals that SPD2 is the most accurate model
in predicting Nusselt number for the Reynolds numbers range considered. Despite con-
sidering each phase individually, EMM and EMM underestimate the change in Nusselt
number with changing Reynolds numbers. Although SPD2 is calibrated for Reynolds
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number of 1050, the model can predict the experimental trend data accurately. Since
desired accuracy can be achieved with a single calibration for different particle volume
fractions and Reynolds numbers, SPD2, is suggested for applications where calibration
data is available. On the other hand, for nanofluids with no prior experimental studies,

one of the two-phase models is suggested.

4.3. Computational Efficiency of Models

Macroscopic models play a key role in both integration of nanofluids to existing
engineering systems, and design of devices or systems that rely on nanofluids. There-
fore, macroscopic models should be both robust and efficient. In this section, compu-
tational efficiencies of single and two phase models are compared, and application of
a more efficient algorithm, that is Full Multiphase Coupled, is demonstrated. The nu-
merical studies that are presented in this study have been performed on a workstation

operating with a Quad Core 2.4GHz CPU, and all four cores were used in calculations.

The major drawback of two-phase models is their computational expense due to
increased number of equations to be solved. As shown in Table 4.8, the required CPU
time is 163.79 seconds for EEM when PC-SIMPLE algorithm is used, 81.68 seconds
for single-phase models, and 566.50 seconds for EMM for 1.6% Al;Os-water nanofluid
flow at a Reynolds number of 1050. Although EMM and EEM models have similar
accuracies in prediction of convective heat transfer coefficient, required CPU time for

EMM model approximately three times greater than that is required for EEM.

Table 4.5. Computational time [s] comparison of FMC and PC-SIMPLE.

Eulerian-Eulerian | Single-phase | Eulerian-Mixture

opl%] | FMC | PC-SIMPLE SIMPLE SIMPLE
0.6 82.19 157.14 77.64 552.80
1 89.81 158.62 78.05 572.71
1.6 | 111.69 163.79 81.68 566.50
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Figure 4.8. Comparison of predicted h, by PC-SIMPLE and FMC algorithms for
1.6% AlyOs-water nanofluid at Re,,;=1050.

Although, PC-SIMPLE is a very robust method, it is computationally expensive,
since equations are solved in a segregated manner. A remedy might be the use of Full
Multiphase Coupled (FMC) scheme for dilute nanofluid systems where equations are
solved simultaneously. Figure 4.8 shows that the predicted h, distributions of FMC
and PC-SIMPLE are identical. The complete comparison of models in terms of compu-
tational time can be seen in Table 4.5. Overall, the results suggest that computational
cost of EEM model can be reduced approximately by 50% while preserving the solution

accuracy.
4.4. Hexagonal Boron Nitride Study

So far, single and two phase models have been investigated for modeling of Al,O3-
water nanofluid by considering their solution accuracies and computational efficiencies.
In this section, numerical analysis of laminar forced convection of hexagonal boron
nitride-water (hBN-water) nanofluids using, homogeneous single-phase, and two-phase

Eulerian-Eulerian models are presented in order to provide numerical data for design
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Graphite hexagonal Boron Nitride

Figure 4.9. Atomic structure of graphite and hexagonal boron nitride. Modified from

7).

of experimental setups for further analysis of hBN-water nanofluids. Since there are
no experimental data for calibration, it is not possible to use single phase dispersion

and Brownian models for modeling of hBN-water nanofluid.

As stated in previous sections, hBN particles have orthotropic nature due to
their atomic structure. As shown in Figure 4.9, they have honeycomb like layered
atomic structure [75-77| that is formed by strong covalent bonds. However, since
layers are hold together by a weaker Van der Waals bond (slightly ionic), thermal
conductivity of hBN differs in perpendicular (L) and parallel (||) directions with respect
to its basal plane [77]. The effective thermal conductivity of hBN particles can be
estimated by using geometric or arithmetic average of thermal conductivities in these
directions. Since there is no exact method presented in the literature, predicted thermal
conductivity enhancement for these methods and the directional averaged value given
by the manufacturer [37] are compared with experimental data given by Li et al. [40].
For specific heat value of hBN, data presented by Ioffe Physical Technical Institute [7§]
are used. Thermophysical properties of hBN nanoparticles that are used in here, are

presented in Table 4.6

In Figure 4.10, predicted thermal conductivity enhancements of hBN-EG nano-
fluid by Equation 2.4 and the experimental data given by Li et al. [40] are compared.
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Table 4.6. Physical properties of boron nitride.

Al,O3 hBN

Density [kg/m?] 3984 2300

Specific Heat [J/KgK] 755 800
Thermal Conductivity [W/mK] 33 | 600]; 30_L; 33.47(DA)

Since data given by Li et al. [40] are the only data in literature for hBN particles,
the comparison is based on an ethylene glycol based nanofluid rather than a water
based one. The comparison indicates that although the enhancement predicted for all
tree effective conductivity values are very close to each other, manufacturer’s data and
arithmetic average thermal conductivity yield maximum and minimum values, respec-
tively. Therefore, to consider the both extremes, directional averaged (DA) thermal
conductivity that is given by the particle’s manufacturer [37] and arithmetic average

thermal conductivity are used in this study.

35
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Figure 4.10. Comparison of predicted thermal conductivity enhancement with

experimental values.
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In Figures 4.11 and 4.12, comparison of convective heat transfer coefficients of
hBN-water nanofluid predicted by HSPM and EEM are presented, respectively. In the
comparison, particle volume fractions of 0.6%-1.6% are considered for a Reynolds num-
ber of 1050. Since no change is observed in thermal conductivity values in Figure 4.10,
effective thermal conductivity models are only compared for EEM. The results suggest
that the predicted increase in heat transfer coefficient by using the manufacturer’s data
is very similar to that of Al;O3, and the difference between HSPM and EEM is ap-
proximately 50%. On the other hand, there is approximately 400% difference between
both thermal conductivity models for EEM, and EEM with arithmetic average ther-
mal conductivity predicts 450% increase in heat transfer coefficient. Since there are
no available experimental data for comparison, no conclusion can be made on which

thermal conductivity method is the best.

However, since the predicted increase exceeds reported values of heat transfer
coefficient enhancement in the literature, it can be concluded that non granular EEM

might not yield accurate results when used with highly thermally conductive particles.
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Figure 4.11. Comparison of HSPM results of 0.6%, 1%, and 1.6% hBN-water
nanofluid at Re, s = 1050.
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Figure 4.12. Comparison of EEM results of 0.6%, 1%, and 1.6% hBN-water nanofluid
at Re,y = 1050.

Therefore, although it is a common assumption for two-phase models in literature, non-
granular assumption might fail when used with highly thermally conductive particles.
However, for a definitive conclusion, results should be compared with experimental

results, and EEM model with granular assumption should be investigated.

On the other hand, if data given by the manufacturer are accurate, it can be
concluded that since directional averaged thermal conductivity of hBN and Al,O3 are
very close to each other, experimental comparison of these two nanofluids can help

understanding effect of orthotropic nanoparticles on heat transfer of nanofluids.

The friction factor predicted by both models is also compared with Al,O3 study,
and both EEM and HSPM yields the same results as the Al;O3 study. The reason is
that in EEM, only physical particle-particle and particle-base fluid interactions such
as; collision of particles or drag between phases are taken in to account. Since these

interactions are independent of particle type, such a result is expected.
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Figure 4.13. Comparison of predicted pressure drop and heat transfer coefficient of

hBN and Al,O3 water nanofluids by EEM at Re, s = 1050.

For a better comparison of hBN and AlyO3 water nanofluids, both models are
compared in Figure 4.13 by considering predicted convective heat transfer coefficient
and pressure drop by EEM with manufacturer’s thermal conductivity value. The results
suggest that even for the worst case scenario hBN particles enhance heat transfer

coefficient better than Al;O3 particles at the same pressure drop.
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5. SUMMARY AND CONCLUSION

5.1. Summary

In this study, macroscopic modeling of nanofluid flow using single and two phase
models are investigated for water based nanofluids. Nanofluid is considered as a single
continuum with its effective properties by the single-phase models. Effective properties
are calculated by using correlations or theoretical models. Single-phase models that
are considered in this study include; homogeneous single-phase, single-phase Brownian,
and single-phase dispersion models. In addition to the single-phase models, two-phase
Eulerian-Eulerian and Eulerian Mixture models, that consider nanoparticles and base

fluids as different continua, are also considered.

First, an extensive literature survey has been carried out on studies that focus
on rheology and laminar forced convective of nanofluids. The literature study indi-
cates that there is no study that compares recent state-of-the-art nanofluid models,
and single-phase models cannot accurately predict the pressure drop and convective
heat transfer coefficient. Furthermore, none of these studies takes computational effi-
ciencies of models in to account while comparing them. Also there is no comparison
of computational efficiencies of coupling algorithms that are used in Eulerian-Eulerian
two-phase model. It is also observed that Al,O3 and other metal oxide particles are the
most commonly used nanoparticles in the literature. However, despite their promis-
ing physical properties, there are only few studies that focus on characterization of

hexagonal boron nitride nanofluids.

To fill these gaps in the literature, homogeneous and non-homogeneous single-
phase models together with two-phase Eulerian-Eulerian and Eulerian-Mixture models
have been investigated, and a new single-phase dispersion viscosity model is introduced
for the first time. Due to availability of data in the literature, Al,Os-water nanofluid
and the problem domain that is presented by Wen and Ding [24] have been chosen for

model validation and development purposes.
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First, the homogeneous single-phase model that is presented in Section 2.1 was
modeled and compared with experimental studies in the literature. Then, Al,Os-water
nanofluid have been studied using two-phase Eulerian-Eulerian model. Comparison of
both models, and findings in literature indicate that homogeneous single-phase models
are not accurate in prediction of heat transfer coefficient and pressure drop compared to
two-phase Eulerian-Eulerian model. However, despite being more accurate, two-phase

models are found to be computationally expensive compared to single-phase models.

Since a computationally efficient model is a must for design and analysis of com-
mercial products that rely on nanofluids, non-homogeneous single-phase models have
been further investigated to increase their prediction accuracies. During the study,
single-phase Brownian and dispersion models have been investigated, and a new dis-
persion viscosity model was proposed for increased solution accuracy of single-phase
models. Results suggest that single-phase dispersion model presented by Mokmeli and
Saffar-Avval [27], and the dispersion viscosity model that is presented by this study
are the most accurate single-phase models in prediction of convective heat transfer co-
efficient and pressure drop, respectively. However, it is also observed that these models

cannot be used, if there are no experimental data for calibration.

To provide a comparison of recent state-of-the-art single and two phase nanofluid
models, homogeneous and non-homogeneous single-phase models presented in Section
2.1, and two-phase models presented in Section 2.2 are compared in terms of their com-
putational efficiency and solution accuracy. Furthermore for Eulerian-Eulerian model,
solution accuracy and computational efficiency of two different coupling algorithms are
compared. The results of these studies are discussed in Chapter 4. Overall, results
suggest that the most effective single and two phase models are single-phase dispersion
viscosity and two-phase Eulerian-Eulerian models, respectively. Results also show that
computational efficiency of Eulerian-Eulerian model can be increased up to 50%, by

use of Full Multiphase Coupled scheme as a coupling algorithm.

Finally, to provide numerical data for design of experimental setups, hBN-water

nanofluids have been investigated using homogeneous single-phase and Eulerian-Eu-
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lerian two-phase models. Since there have not been any experimental data regarding
the forced convection and effective thermal conductivity of hBN-water nanofluid, the

results only compared between single and two phase models.

5.2. Conclusion

Single and two-phase models have been investigated for the characterization of
laminar forced convection of AlyOs-water nanofluid with various particle volume frac-
tions in a circular tube. Single-phase thermal dispersion model suggested by Mokmeli
and Saffar-Avval [27] is found to be the most accurate single-phase model in prediction
of convective heat transfer coefficient. This model is recommended for applications,
when calibration data is available, thermal analysis is the objective, and computa-
tional efficiency is important. Furthermore, it is shown that for Reynolds numbers
and particle volume fractions considered in this study, calibration constant used in the
definition of dispersion conductivity model is independent of Reynolds number and
volume fraction of particles. Therefore, the model can be used at varying Reynolds
numbers and particle volume fractions without any re-calibration. It is also observed
that Eulerian-Eulerian and Eulerian-Mixture models under predict heat transfer coef-
ficient at the beginning of the entry region then, as the flow develops both models start
to over predict the heat transfer coefficient. Considering its computational efficiency,
Eulerian-Eulerian two-phase model is recommended for applications, when no prior ex-
perimental data are available, and prediction of both heat transfer and pressure drop
is important. It is also showed that for the Eulerian-Eulerian two phase model, com-
putational cost can be reduced approximately 50% by using Full Multiphase Coupled

algorithm without sacrificing solution accuracy.

Comparison of Al,Os-water results with hexagonal boron nitride results, it is
evident that single phase models have limited capacity, if there are no experimental
data available for model calibration. Furthermore, it is observed that non-granular
assumption might not be valid for highly thermally conductive particles, and granular
models should be investigated. Results also suggest that at a fixed pressure drop, hBN

particles enhance heat transfer coefficient more compared to Al,O3 particles.
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5.3. Suggestions for Future Studies

At the moment, many of the studies in literature consider steady state analysis of
nanofluids using macroscopic models. The results suggest that there is no significant
difference between two-phase models in terms of prediction accuracy of convective
heat transfer coefficient at steady state. Therefore, unsteady analysis of models may
shed light on differences between single and two phase models and help to understand

interactions between particles and base fluid.

Results suggest that single-phase dispersion model is the most accurate single-
phase model. However in literature, it is observed that there is a lack of data for
calibration constants of different nanofluids. An extensive study that includes disper-
sion model calibration constants for different nanoparticles and base fluids would be a
great asset for single-phase models. Existence of such data would ease use of dispersion

models in design and analysis of equipment that use nanofluids.

Considering results of the hexagonal boron nitride (hBN) study, there are few
experimental data about forced convection and thermal conductivity of hBN nanofluids.
Although orthotropy of hBN participles can be seen as a major drawback at first
glance, if such particles can be manipulated by an external force field, properties of
the nanofluid can be altered without changing its composition. Moreover, micro or
nanoscale heat valves can be designed using an isotropic nanoparticles. Therefore,
experimental studies that would help understanding effect of anisotropy on nanofluid

properties would be a great asset for the nanofluid literature.

Literature review on two-phase models revealed that, all of the two-phase models
that are used in nanofluid modeling, are based on macroscopic models. Therefore,
studies that focus on modeling and understanding of phase interactions for nanofluids

would enhance prediction accuracies of two-phase models.
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APPENDIX A: USER DEFINED FUNCTIONS

Codes for User Defined Functions (UDF) that are used in definition of models

and material properties in FLUENT are presented here.

A.1. Single-phase Dispersion Model #1

/*This UDF calculates temperature dependent thermal conductivity of
A1203-water nanofluid using thermal dispersion model.x*/

/*model: SPD1

/*Code by: Sinan GOKTEPE

/*Ver:2.1

/*Last modif: 02.05.2012

/*¥Units: ALL IS [m, K, kg, s]x/

[* S i/

/* ALL UNITS ARE I.S. USE KELVIN FOR TEMPERATURE*/

[* S/
#include "udf.h"

#define Cp_bf 4182 /+Cp of Waterx/

#define k_bf 0.6 /*BaseFluid Conductivityx*/

#define rho_bf 998 /*Basefluid densityx*/

#define alpha 0.143E-6 /*Thermal Diffusivity of Waterx/
#define d_bf 0.29E-9 /+Diameter of water moleculex/

#define 1_bf 0.17E-9 /*Mean free path of water molecules*/

#define d_p 45E-9 /*Nanoparticle Sizex/

#define vof 0.006 /*Volume fraction of A1203x/
#define k_p 33 /#Conductivity of A1203x*/

#define rho_al203 3984 /*Density of A1203x%/
#define Cp_al203 755 /*Cp of A1203%/



#define pi 3.14159265359 /*Pi Number*/
#define CC 2.1BE+5 /*Thermal dispersion constant*/

#define r 0.00225 /*Radius of Pipe [m] */

/* Definition of Temperature Dependent Conductivity*/

DEFINE_PROPERTY (k_dispersion,cell,thread)

{
real ktc;
real Re;
real Pr;
real mu;
real kd;
real ux;
real ktc_eff;
real rho_nf = rho_bf*(1-vof)+rho_al203*vof;
real Cp_nf = Cp_bf*(1-vof)+Cp_al203*vof;
real temp = C_T(cell,thread); /*Read cell temperaturex/
mu = Axpow(10,B/(temp-C));
Pr = mu/(rho_bf*alpha);
Re = rho_bfxk_b*temp/(3*pi*pow(mu,2)*1_bf);
ktc = k_bf*(1+64.7xpow(vof,0.7460)*pow((d_bf/d_p),0.3690). ..
.. .*¥pow ((k_p/k_bf),0.7476)*pow (Pr,0.9955) *pow(Re,1.2321)) ;...
.../*conductivity functionx*/
[Hmmm Dispersion ——---—--—--—-——--—- x/
ux = C_U(cell,thread); /*Read velocity*/
kd = CCxrho_nf*Cp_nf*ux*vof*d_p*r;

ktc_eff = kd+ktc;

return (ktc_eff);
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/*End of Conductiviy*/

A.2. Single-phase Dispersion Model #2

/*This UDF calculates temperature dependent thermal conductivity
of Al203-water nanofluid using thermal dispersion model.x*/
/*model: SPD2

/*Code by: Sinan GOKTEPE

/*Ver:2.4

/*Last modif: 02.05.2012

/*Units: ALL IS [m, K, kg, s]*/

[ R U /
/* ALL UNITS ARE I.S. USE KELVIN FOR TEMPERATUREx/
[ xS /

#include "udf.h"

#define Cp_bf 4182 /+Cp of Waterx/

#define k_bf 0.6 /*BaseFluid Conductivity*/

#define rho_bf 998 /+Basefluid densityx*/

#define alpha 0.143E-6 /*Thermal Diffusivity of Waterx/
#define d_bf 0.29E-9 /+Diameter of water moleculex/

#define 1_bf 0.17E-9 /*Mean free path of water molecules*/

#define d_p 45E-9 /*Nanoparticle Sizex/

#define vof 0.006 /*Volume fraction of A1203x/
#define k_p 33 /#Conductivity of A1203x*/

#define rho_al203 3984 /*Density of A1203x%/
#define Cp_al203 755 /*Cp of A1203%/



#define CC -2E-13 /*Thermal dispersion constant for al203-di-water*/

#define r 0.00225 /*Radius of Pipe [m] */

/* Definition of Temperature Depentdent Conductivity*/
DEFINE_PROPERTY (k_dispersion,cell,thread)
{
real ktc;
real Re;
real Pr;
real mu;
real kd;
real dr_ux;
real ktc_eff;
real rho_nf = rho_bf*(1-vof)+rho_al203*vof;
real Cp_nf = Cp_bf*(1-vof)+Cp_al203*vof;

real temp = C_T(cell,thread); /*Read cell temperature*/

mu = Axpow(10,B/(temp-C));
Pr = mu/(rho_bf*alpha);
Re = rho_bf*k_b*temp/ (3*pi*pow(mu,2)*1_bf);

ktc = k_bf*(1+64.7*pow(vof,0.7460)*pow((d_bf/d_p),0.3690)*...
...pow((k_p/k_bf),0.7476)*pow (Pr,0.9955) *pow(Re,1.2321)) ;. ..
... /*conductivity function*/

[ K Dispersion -——--—--—--—--——--—- x/

dr_ux = C_U_G(cell,thread) [1];
kd = CC*rho_nf*Cp_nf*dr_ux*vof*r/d_p;
ktc_eff = kd+ktc;
return (ktc_eff);
}
/*End of Conductiviy*/
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A.3. Single-phase Brownian Viscosity Model

/*This UDF calculates temperature dependent thermal conductivity

of A1203-water nanofluid using Brownian thermal conductivity model.*/
/*model: SPBM

/*Code by: Sinan GOKTEPE

/*Ver:2.4

/*Last modif: 02.05.2012

/*¥Units: ALL IS [m, K, kg, s]x/

[ R

/* ALL UNITS ARE I.S. USE KELVIN FOR TEMPERATURE

W i e

#include "udf.h"

#define phi 0.006 /*Volume fraction of A1203x/
#define k_p 33  /*Conductivity of A1203%/

#define rho_p 3984 /*Density of A1203x%/
#define Cp_p 755 /*Cp of A1203*/
#define rho_bf 998 /*Density of H20x%/

#define Cp_bf 4181 /*at 250C */
#define k_bf 0.6096 /*at 300K from NISTx*/
#define mu_bf 0.7978E-3 /*at 300K from NISTx/

#define boltzmann 1.3807E-23 /*Boltzamn constantx*/
#define pi 3.14159265359 /*Pi Numberx*/
#define D 4.5E-3 /*Diameter of Pipe [m] */

/*Definition of Brownian Visocsityx*/
DEFINE_PROPERTY (k_brownian,cell,thread)
{
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real k_static=k_bfx*(1+(3*(k_p/k_bf-1)*phi)/(k_p/k_bf+2...
...~ (k_p/k_bf-1)*phi));/*Maxwell Formualation*/
real Cp_nf=((1-phi)*rho_bf*Cp_bf+phi*rho_p*Cp_p)/...
... ((1-phi)*rho_bf+phi*rho_p);

real T = C_T(cell,thread);

real beta=0.0017*pow((100*phi),-0.0841);

real f=(-0.8467*phi+0.0753)*T+(237.67*phi-21,998);
real k_brownian=b5E4x*beta*phi*rho_p*Cp_p*...

.. .sqrt(boltzmann*T/(rho_p*D)) *f;

real k_app=k_static+k_brownian;

return(k_app) ;

}

/*end of definition*/

A.4. Single-phase Brownian Viscosity Model

/*This UDF calculates brownian viscosity of alo3-water nanofluid
/*model: BVM

/*Code by: Sinan GOKTEPE

/*Ver:2.1

/*Last modif: 02.05.2012

/*Units: ALL IS [m, K, kg, s]*/

Y o s e

/* ALL UNITS ARE I.S. USE KELVIN FOR TEMPERATURE */

[ R R/

#include "udf.h"

#define phi 0.003 /*Volume fraction of A1203%/

#define k_p 33  /*Conductivity of A1203%/



#define rho_p 3984 /*Density of A1203x%/
#define Cp_p 755 /*Cp of A1203*/
#define rho_bf 998 /*Density of H203x/

#define Cp_bf 4181 /*at 250C */
#define k_bf 0.6096 /*at 300K from NIST*/

#define boltzmann 1.3807E-23 /*Boltzamn constant*/

#define pi 3.14159265359 /*Pi Number*/

#define D 4.5E-3 /*Diameter of Pipe [m] */
#define mu_bf 0.001003 /*Basefluid visco

/*Definition of Brownian Visocsityx*/
DEFINE_PROPERTY (mu_brownian,cell,thread)

{

real Cp_nf=((1-phi)*rho_bf*Cp_bf+phi*rho_p*Cp_p)/...
... ((1-phi)*rho_bf+phi*rho_p) ;

real T = C_T(cell,thread);

real beta=0.0017*pow((100*phi),-0.0841);

real f=(-0.8467*phi+0.0753)*T+(237.67*phi-21.998);

real k_brownian=5E4x*beta*phi*rho_p*Cp_p*sqrt(boltzmann*T/. ..

... (rho_p#*D))*f;

real mu_static=(1+2.5%phi)*mu_bf;
real mu_brownian=k_brownian/Cp_nf;
real mu_nf=mu_static+mu_brownian;

return (mu_nf);

}

/*Thermal COndx*/
DEFINE_PROPERTY (k_brownian,cell,thread)

58



59

{

real k_static=k_bf*(1+(3*(k_p/k_bf-1)*phi)/(k_p/k_bf+2-...
... (k_p/k_bf-1)*phi)) ;/*Maxwell Formualation*/

real Cp_nf=((1-phi)*rho_bf*Cp_bf+phi*rho_p*Cp_p)/...

... ((1-phi)*rho_bf+phi*rho_p);

real T = C_T(cell,thread);

real beta=0.0017*pow((100*phi),-0.0841);

real f=(-0.8467*phi+0.0753)*T+(237.67*phi-21.998);

real k_brownian=5E4xbeta*phi*rho_p*Cp_p*sqrt(boltzmann*T/(rho_p*D))*f;
real k_app=k_static + k_brownian;

return(k_app) ;

}

A.5. Single-phase Dispersion Viscosity Model

/*This UDF calculates dispersion viscosity and conductivity

of Al1203-water nanofluid based on Mokmeli et al.

/*model: DVM

/*Code by: Sinan GOKTEPE

/*xVer:2.4

/*Last modif: 02.05.2012

/*Units: ALL IS [m, K, kg, s]*/

/*BEFORE EXECUTE, YOU MUST ENABLE STORAGE OF GRADIENTS IN FLUENT BY */

/*solve/expert/keep cell residuals from being freedx*/
[ xS S /
/* ALL UNITS ARE IS USE KELVIN FOR TEMPERATURE*/

[ xS /

#include "udf.h"



#define Cp_bf 4182 /*Cp of Water*/

#define k_bf 0.6 /*BaseFluid Conductivityx*/

#define rho_bf 998 /*Basefluid density*/

#define alpha 0.143E-6 /*Thermal Diffusivity of Waterx/
#define d_bf 0.29E-9 /+Diameter of water moleculex/

#define 1_bf 0.17E-9 /#Mean free path of water moleculesx*/

#define d_p 45E-9 /*Nanoparticle Sizex/

#define vof 0.003 /*Volume fraction of A1203x/
#define k_p 33 /*Conductivity of A1203%/

#define rho_al203 3984 /*Density of A1203x%/
#define Cp_al203 755 /*Cp of A1203%/

#define k_b 1.3807E-23 /*Boltzamn constant*/
#define pi 3.14159265359 /*Pi Numberx*/
#define A 2.414E-5 /*Correlation Constant*/
#define B 247.8 /*Correlation Constantx*/
#define C 140 /*Correlation Constantx/

#define CC -2E-13 /*Thermal dispersion constant for al203-di-water*/

#define r 0.00225 /*Radius of Pipe [m] */

/* Definition of Temperature Dependent Conductivity*/
DEFINE_PROPERTY (k_dispersion,cell,thread)
{

real ktc;

real Re;

real Pr;

real mu;

real kd;

real dr_ux;
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real ktc_eff;
real rho_nf = rho_bf*(1-vof)+rho_al203*vof;
real Cp_nf = Cp_bf*(1-vof)+Cp_al203*vof;

real temp = C_T(cell,thread); /*Read cell temperaturex/

mu = Axpow(10,B/(temp-C));
Pr = mu/(rho_bf*alpha);
Re = rho_bfxk_b*temp/(3*pi*pow(mu,2)*1_bf);

ktc = k_bf*(1+64.7*pow(vof,0.7460)*pow((d_bf/d_p),0.3690)
*xpow ((k_p/k_bf),0.7476) *pow (Pr,0.9955) *pow(Re,1.2321)) ;...
/*conductivity function*/

[Hmmm Dispersion ——--—--—-——-——--—- x/

dr_ux = C_U_G(cell,thread)[1];
kd = CCxrho_nf*Cp_nf*dr_ux*vof*r/d_p;
ktc_eff = kd+ktc;
return (ktc_eff);
}
/*End of Conductiviyx*/

/* Definition of Brownian Viscosit*/
DEFINE_PROPERTY (mu_dispersion,cell,thread)
{

real rho_nf = rho_bf*(1-vof)+rho_al203*vof; /*Define rho_nf*/

real Cp_nf = Cp_bf*(1-vof)+Cp_al203*vof; /*Define Cp_nfx/
real temp = C_T(cell,thread); /*Read cell temperaturex/
real dr_ux = C_U_G(cell,thread)[1]; /*Read cell gradientx*/

real kd = CCxrho_nf*Cp_nf*dr_ux*vof*r/d_p; /*define dispersion...

...conductivity, ref: Mokmelix/
real mu_d=kd/Cp_nf; /*define dispersion viscosityx*/

real mu_static=(1+2.5%vof)*0.001003;
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real mu_eff=mu_static+mu_d;

return (mu_eff);
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APPENDIX B: USER GUIDE

The purpose of this user guide is to provide users a guidance to under stand the
model and file structure used in the study. Some additional helpful tips about setting
up and running the ANSYS 13.0 Workbench and FLUENT are also provided.

B.1. System Configuration

This model is created under a 64bit machine operating on Microsoft Windows 7.
If not done before, some required changes must be done by the user in order to use
UDFs in FLUENT. Following steps are required, if FLUENT gives 'missing nmake’

error message. This setup process is summarized from the CFD online.

(i) Install Visual C++ 2008 Express Edition or a newer version.
(ii) Set the correct environment variables in ’System variables” section as;
C:\...\Microsoft Visual Studio 10.0\Common7\Tools;
C:\...\Microsoft Visual Studio 10.0\VC\bin;
C:\...\ANSYS Inc\v120\fluent\ntbin\win64.
(iii) Install a Software Development Kit (SKD) for 64bit systems.
(iv) Launch FLUENT from the SDK command prompt (not from the Windows com-

mand prompt).

B.2. Job Scheduling

Scheduling jobs can save great deal of time, if it is done properly. Depending on
size and requirements of the study this process should be carefully evaluated by the
user since, an improper setup may lead to increased computational time. Here, basics

of job scheduling by using ANSYS Remote Solve Manger (RSM) is outlined.

First, user must set up and install prerequisites and RSM as described in ANSY'S

User Manual. Then, frequently varying variables should be selected, and parameters



Table B.1. File names and corresponding models.

Model name Model File name Nanofluid
HSPM Single-phase | SP_Hamilton_Circ2D_Wen.wbpj AlyOs-water
HSPM-TD | Single-phase | SP_Hamilton_Circ2D_Wen.wbpj Al,Os-water
SPBM Single-phase brownian_mod.wbpj AlyOs-water
SPDM Single-phase | SP_Hamilton_Circ2D_Wen.wbpj AlyOs-water
EEM Two-phase | Circular_Eulerian-eulerian_2.wbpj AlsOs-water
EMM Two-phase Circular_Mixture_2.wbpj Al,Og-water
EEM Two-phase EEM-CBN.wbpj CBN/hBN-water
HSPM Single-phase cbn-sp.wbpj CBN/hBN-water
DVM Single-phase Visco_Sub.wbpj CBN/hBN-water
BVM Single-phase Visco_Sub.wbpj CBN/hBN-water
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should be assigned to those variables in corresponding environment (FLUENT, Design
Modeler, etc.). Now, in the Workbench environment, range of variables can be submit-
ted into one FLUENT case to be solved conservatively. Such approach is suggested for
simple systems that does not contain many components. For the large systems, each
case should be considered in a different cell. After setting up a single cell, other cells
can be easily set by duplicating the mother cell and changing its parameters from the
parameters window in Workbench. Now one can click “Update Project” and let the

Workbench get each case solved to FLUENT via RSM.

In Table B.1 models and corresponding file names are provided. Files ending
with *dp*.wbpj should be neglected and all models must be run from the file name
described in the table. If a UDF required for the model, it is included in the model
folder, and no action required by the user. For more detailed explanation about file

structure, one should refer to ANSYS User Guide.
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