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ABSTRACT

FORCED CONVECTION FLOW AND HEAT TRANSFER

OF NON-NEWTONIAN NANOFLUIDS THROUGH A

CIRCULAR TUBE

Non-Newtonian nanofluids due to either non-Newtonian base fluid or high nano-

particle concentration flow cases have been numerically investigated through a circular

tube under laminar flow condition. Governing equations have been solved in Fluent

by utilizing Newtonian and non-Newtonian single-phase and two-phase models. Novel

non-Newtonian two-phase modeling methods have been firstly applied in the current

thesis. It can be said that two-phase modeling method with Granular model is better

than two-phase model without solid phase viscosity from predictive power point of

view because it requires less experiments on rheological characteristics. Heat trans-

fer and pressure drop simulations have been compared with proposed correlations and

experimental data in the literature. Heat transfer investigation results revealed that

non-Newtonian Eulerian model without solid phase viscosity predicts the heat transfer

coefficient better than the other single and two-phase models. Pressure drop simulation

results show that non-Newtonian models are better than Newtonian models at pres-

sure drop prediction of non-Newtonian nanofluids. Error rate decreases with increasing

Reynolds number for all numerical modeling methods and single-phase non-Newtonian

model gives the most accurate results. Finally, thermal performance of Newtonian and

non-Newtonian nanofluids have been investigated in terms of convective heat trans-

fer coefficient enhancement to pressure drop increment ratio. Thermal performance

increases with increasing Reynolds number and decreasing nanoparticle concentration

for both Newtonian and non-Newtonian nanofluids. It can be concluded that using a

non-Newtonian nanofluid as a working fluid is more efficient than using a Newtonian

nanofluid due to high pressure drop rate of Newtonian fluid flow.
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ÖZET

NEWTONYEN OLMAYAN NANOAKIŞKANLARIN

DAİRESEL BİR BORU BOYUNCA ZORLANMIŞ

KONVEKSİYON AKIŞI VE ISI TRANSFERİ

Newtonyen olmayan baz akışkan ya da yüksek nanopartikül konsantrasyonu

nedeni ile Newtonyen olmayan nanoakışkan durumları nümerik olarak laminer akış

şartında dairesel bir boru boyunca incelenmiştir. Genel denklemler Newtonyen ve

Newtonyen olmayan tek ve çift fazlı modeller kullanılarak Fluent’te çözülmüştür. Yeni

Newtonyen olmayan iki fazlı modelleme metodları ilk olarak bu tezde uygulanmıştır.

Granül modelli iki fazlı modelleme metodunun öngürü gücü açısından katı faz viskozitesi

olmayan iki fazlı modelden daha iyi olduğu söylenebilir, çünkü bu model reolojik

özellikler üzerine daha az deney gerektirmektedir. Isı transferi ve basınç kaybı simülas-

yonları literatürdeki önerilen korelasyonlar ve deneysel veriler ile karşılaştırılmıştır. Isı

transferi inceleme sonuçları, katı faz viskozitesi olmayan Newtonyen olmayan Eule-

rian modelin ısı transferi katsayısını diğer tek ve iki fazlı modellerden daha iyi tahmin

ettiğini ortaya koymuştur. Basınç kaybı sonuçları ise Newtonyen olmayan modellerin

Newtonyen olmayan nanoakışkanların basınç kaybı tahmininde Newtonyen modellerden

daha iyi olduğunu göstermektedir. Tüm nümerik modelleme yöntemlerinde Reynolds

sayısı arttıkça hata oranı azalmakta ve tek fazlı Newtonyen olmayan model en doğru

sonuçları vermektedir. Son olarak, Newtonyen ve Newtonyen olmayan nanoakışkanların

termal performansı basınç kaybı artışı ve ısı transferi artışlarının oranı açısından in-

celenmiştir. Termal performans, hem Newtonyen hem de Newtonyen olmayan nano-

akışkanlarda Reynolds sayısı arttırıldığında ve nanopartikül konsantrasyonu azaltıldı-

ğında artmaktadır. Newtonyen olmayan bir nanoakışkanın çalışma sıvısı olarak kul-

lanılması, Newtonyen akıştaki yüksek basınç kayıp oranı nedeniyle Newtonyen nanoakış-

kan kullanılmasından daha verimli olduğu sonucuna varılabilir.
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1. INTRODUCTION

1.1. Literature Survey

Heat transfer rate can be increased by increasing heat transfer coefficient or in-

creasing heat transfer surface area. Increasing heat transfer surface will lead bigger

size of heat exchanger which requires more space and contradicts need for smaller size

heat exchangers. Scientists who have these concerns have tried to increase thermal

conductivity of conventional liquids by adding nanosized solid particles with higher

thermal conductivities. Pioneering works have been done by Maxwell [2] and Masuda

et al. [3] on this subject. After Choi and Eastman’s study [4], these solutions have

been named as nanofluids.

Nanofluids are prepared by using two main approaches. These are one-step

method and two-step method. One-step method indicates that preparation of nanofluid

is completed in one step and additional steps are not needed. For instance, nanoparti-

cles and the base fluid chemically react with each other and nanofluid is produced as a

result of this reaction. Two-step method is the other preparation method of nanofluids

which is widely used because of its applicability to various base fluid and nanoparticle

combinations. This method is applied by directly mixing the nanoparticle and the

base fluid. However, nanoparticle aggregation is observed after a while and additional

steps are required. To obtain a stable nanoparticle and base fluid solution, researchers

apply ultrasonication or add surfactants such as Gum Arabic (GA) or Carboxymethyl

Cellulose (CMC) [5].

To evaluate the flow behavior and heat transfer effects of nanofluids, thermo-

physical properties have to be known. Kakaç and Pramuanjaroenkij’s review paper [6]

shows that many researchers have experimentally measured thermal conductivity and

viscosity of nanofluids. Instead of conducting experiments for every single nanofluid,

many correlations have been proposed to evaluate thermophysical properties such as

thermal conductivity and viscosity based on experimental data [6, 7]. These correla-
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tions differ from each other in terms of including nanoparticle concentration, diameter

and shape effects, temperature dependency, Brownian motion effect, etc. For example,

thermal conductivity model of Hamilton and Crosser [8] includes shape and nanoparti-

cle concentration effects. Heyhat et al.’s model [9] shows temperature and nanoparticle

concentration effects on thermal conductivity and Chon et al.’s model [10] considers

the Brownian motion. Lastly, Kamali and Binesh [11] obtained a temperature depen-

dent correlation by curve-fitting the experimental results. Additionally, Newtonian

viscosity of nanofluids have been described by many correlations. Maiga et al. [12] and

Heyhat et al. [9] introduced nanoparticle concentration and temperature dependent

viscosity models, respectively. Many other correlations have been proposed for differ-

ent nanoparticle-nanofluid combination and nanoparticle concentration cases. They

can be found in the literature.

After evaluating thermophysical properties of nanofluids, researchers have focused

on flow behaviors of Newtonian and non-Newtonian nanofluids. In scope of Newtonian

nanofluid flow, Suresh et al. [13], Wen and Ding [14], Akhavan-Zanjani et al. [15],

Yang et al. [16], Cabaleiro et al. [17], Pourfayaz et al. [18], İlhan and Ertürk [19]

and Noghrehabadi et al. [20] experimentally studied forced convection of nanofluids

under laminar flow and constant heat flux boundary condition. Their experiments on

various combination of base fluids and nanoparticles reveal that thermal conductivity

and viscosity values increase as nanoparticle concentration increases. Additionally,

heat transfer coefficient and pressure drop raise with increasing Reynolds number and

nanoparticle concentration.

Furthermore, many scientists have numerically studied Newtonian nanofluid flow.

To mention a few, Utomo et al. [21], Maiga et al. [12, 22], Purohit et al. [23], Colla

et al. [24] and Elahmer et al. [25] have used single-phase model to investigate con-

vective heat transfer increment of nanofluids. Purohit et al.’s [23] single-phase nu-

merical model showed that nanofluid’s performance factor decreases with increasing

nanoparticle concentration. Ho et al. [26] also experimentally and numerically studied

forced convection and pressure drop of Newtonian Al2O3/water flow under laminar

flow range. Their study showed heat transfer and pressure drop increment with ad-
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dition of nanoparticles and more accurate numerical results with using temperature

dependent properties. Usage of two-phase modeling methods can be seen at numerical

studies of Goktepe et al. [27], Moghadassi et al. [28], Ambreen and Kim [29], Sekrani

and Poncet [30] and Behroyan et al. [31] on laminar forced convection of nanofluids.

Their results reveal increment of heat transfer coefficient and pressure drop by adding

nanoparticles. Additionally, it can be seen from their studies that two-phase models

give more accurate results compared to single-phase models.

Newtonian behavior of base fluids can be converted to non-Newtonian due to

nanoparticle loading [32]. High concentration causes aggregation of nanoparticles,

change in cluster structure and internal shear stress. In this case, Newtonian viscosity

models cannot describe the rheological behavior of the fluid. Thus, non-Newtonian

viscosity models have been proposed such as power law, Carrew-Bird, Cross viscosity,

Bingham plastic, Herchel-Bulkey and Casson [33]. Thermal conductivity models are

used as they are in the Newtonian nanofluid case.

Phuoc and Massoudi [34] examined rheological behavior of Fe2O3/deionized wa-

ter nanofluids. They observed shear-thinning non-Newtonian viscosity after exceeding

0.02 nanoparticle volume fraction. Kole and Dey’s [35] CuO/gear oil nanofluid showed

non-Newtonian behavior after 0.5 volume% nanoparticle loading. Minakov et al. [36]

experimentally studied water based CuO nanofluid flow under constant wall heat flux

boundary condition. Their study showed that Newtonian behavior of the nanofluid be-

came non-Newtonian after 0.25% CuO nanoparticle loading. Heat transfer increment

has been observed with increasing nanoparticle concentration. For 2% CuO nanofluid

flow and fixed Reynolds number, heat transfer coefficient is almost doubled compared

to base fluid. Chen et al. [37] conducted experiments on laminar convection of water

based titanate nanotubes. Their shear thinning non-Newtonian nanofluid suspension

exhibits higher convective heat transfer coefficient enhancement than thermal conduc-

tivity increment. They also observed that heat transfer coefficient increases with in-

creasing Reynolds number, reaches its maximum at the inlet region and decreases with

increasing axial distance. Paul et al.’s experiments [38] on Al2O3 added ionic water

showed that nanoparticle addition changes fluid’s rheological behavior from Newtonian
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to non-Newtonian. They investigated heat transfer properties of the nanofluid through

a circular pipe under constant heat flux boundary condition. They concluded their

study with stating heat transfer increment with increasing nanoparticle concentration

and Reynolds number.

Numerical studies have also carried out to study non-Newtonian fluids due to

high nanoparticle concentration. Single-phase non-Newtonian model is mostly used for

simulating this kind of nanofluids. After conducting experiments, Minakov et al. [39]

numerically examined CuO/water nanofluids with up to 2 volume% by utilizing power

law model. Their numerical model gave satisfactory results compared to experimental

study. They claim that deviations between numerical results and experimental results

might be caused by incorrect thermopyhsical correlations. Furthermore, He et al. [40]

numerically studied on forced convective heat transfer of non-Newtonian nanofluids

by comparing Newtonian and non-Newtonian viscosity models. Their results for 2.5

weight% TNT/water case showed that there was not a significant difference between

using Newtonian or non-Newtonian model because they gave similar error rates com-

pared to experimental results.

Nanofluids can also have their non-Newtonian characteristics by non-Newtonian

nature of base fluids or addition of surfactants to stabilization. Hojjat et al. [41–

43] prepared 0.5 volume% carboxymethyl cellulose (CMC)/water based nanofluids to

examine their heat transfer and pressure drop properties. Their forced convection

analysis under constant wall temperature and constant heat flux boundary condition

revealed that nanoparticle addition into the non-Newtonian base fluid significantly

increases the convective heat transfer coefficient. Additionally, their pressure drop

experiments showed that there is not a drastic increase in pressure loss with addition

of nanoparticles. They concluded their study with proposing a correlation to predict

pressure drop of non-Newtonian nanofluids in laminar and turbulent flow regime. Garg

et al. [44] also experimentally studied 0.25 weight% Gum Arabic (GA)/water based

multi-walled carbon nanotubes (MWCNT ) added nanofluids. They observed 32% heat

transfer increment at around Re=600 which was higher than maximum 20% thermal

conductivity increase. Ding et al. [45] conducted experiments on heat transfer of carbon
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nanotubes (CNT ) added nanofluids. Their base fluid was non-Newtonian 0.25 weight%

GA/water. They observed heat transfer increase with reaching its maximum at the

entrance region. Mahrood et al. [46] experimentally studied natural convection of

Al2O3 − CMC and TiO2 − CMC nanofluids. Their experiments showed that there is

an optimum point of nanoparticle loading. 0.2% and 0.1% concentrations were found

to be the best nanoparticle loadings for Al2O3 − CMC and TiO2 − CMC nanofluids,

respectively. Increasing nanoparticle concentration worsened heat transfer performance

of their non-Newtonian nanofluids. Javadpour’s et al. [47] experimental study on 0.2

weight% CMC/water based CuO nanofluid with up to 1.5% nanoparticle concentration

showed that lowered thermal boundary layer thickness, raised thermal entry length

caused by shear-thinning viscosity and enhanced thermal conductivity are main causes

of increased heat transfer coefficient. Their study also revealed highest average heat

transfer increment of 25.3% for 1.5% nanoparticle concentration at Re=1280.

Non-Newtonian based nanofluids have been numerically investigated by many

researchers. Computational fluid dynamics (CFD) has been used for forced convection

of Al2O3 and Xanthan aqueous solution by Moraveji et al. [48]. Single-phase non-

Newtonian modeling method has been used in their study through a circular pipe under

constant wall heat flux boundary condition. Rheological behavior was described by Her-

schel–Bulkley model. Their results reveal that convective heat transfer increases with

increasing nanoparticle concentration and Reynolds number. They also observed that

increasing particle diameter and decreasing concentration of Xanthan aqueous solution

had positive effect on heat transfer. Moreover, Kamali and Binesh [11] numerically

investigated heat transfer increment of non-Newtonian MWCNT nanofluids through

a tube under constant heat flux condition. They used single-phase non-Newtonian

modeling method and power law model to describe non-Newtonian viscosity. Thermal

conductivity of nanofluids was explained by third degree polynomial equation in their

study. Forced convection simulation results at different Reynolds number in laminar

flow case revealed that their numerical study is in good agreement with experimental

data. He et al. [40] also numerically studied forced convection 0.25 weight% GA/water

based CNT nanofluids through a circular pipe under laminar flow condition. Their

results reveal that non-Newtonian single-phase model shows better agreement with
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experimental results than that of Newtonian single-phase model. Labib et al. [49]

simulated forced convection of non-Newtonian based Al2O3 added nanofluid by using

mixture model. They utilized non-Newtonian 0.1% CNT-water nanofluid as a base

fluid and combined it with Al2O3 nanoparticles. They observed significant increase in

the heat transfer coefficient due to lowered thermal boundary layer thickness caused

by shear thinning base fluid.

1.2. Objective and Scope

In scope of the current study, forced convection and pressure drop of non-Newto-

nian nanofluids will be numerically investigated under laminar flow condition. Due to

lack of non-Newtonian two-phase model simulations, novel non-Newtonian two-phase

modeling methods are proposed and utilized in this thesis. Comparison of proposed

models and classical single-phase and two-phase models have been done on experimen-

tal studies. First of all, heat transfer comparisons have been conducted on experimental

studies of Hojjat et al. [41] and Chen et al. [37]. Secondly, pressure drop simulation

results have been checked against a proposed correlation by Hojjat et al. [42] in their

experimental study on pressure drop of non-Newtonian nanofluids. Finally, thermal

performance of Newtonian and non-Newtonian nanofluids has been evaluated in terms

of convective heat transfer and pressure drop increment ratio.

To this end, literature survey has been compiled in the introduction chapter and

numerical details behind the simulations have been given in the following mathematical

formulation chapter. Mesh independency tests have been done and numerical simu-

lation accuracy has been checked in the chapter 3. Additionally, proposed models

and existing models have been compared with experimental studies in the results and

discussion chapter. Conclusion has been summarized in the last chapter.
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2. MATHEMATICAL FORMULATION

2.1. Thermophysical Properties

Thermophysical properties can be measured experimentally. However, it is expen-

sive and time-consuming. To overcome these obstacles, researchers have been proposed

many correlations to calculate effective thermophysical properties of nanofluids.

Density of nanoparticle and base fluid mixture can be calculated as follows [22],

ρnf = (1− φp)ρbf + φpρp (2.1)

where ρnf , ρbf , ρp are nanofluid density, base fluid density, nanoparticle density and φp

nanoparticle volume concentration, respectively.

To calculate specific heat of nanofluids, below classical model can be used [50],

ρnfcp,nf = (1− φp)ρbfcp,bf + φpρpcp,p (2.2)

where cp,nf , cp,bf , cp,p are nanofluid specific heat, base fluid specific heat and nanopar-

ticle specific heat, respectively.

Effective thermal conductivity of the nanofluid has been calculated according to

Chon et al.’s [10] proposed model which includes the Brownian motion effect, tempera-

ture dependency, nanoparticle diameter and concentration dependency. Below correla-

tion can be used for 11 to 150 nm nanoparticle diameter and 21 to 71 0C temperature
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range [10].

knf = kbf

(
1 + 64.7(φ0.764

p )(
dbf
dp

)0.369(
kbf
kp

)0.7476Pr0.9955Renp
1.2321

)
(2.3)

where knf , kbf , kp are nanofluid thermal conductivity, base fluid thermal conductiv-

ity and nanoparticle thermal conductivity, respectively. Additionally, nanoparticle

Reynolds number equals to;

Renp =
ρbfKBT

3πµ2
bfλ

(2.4)

where λ = 0.17 nm is the mean free path for water and KB = 1.3807 × 10−23J/K is

the Boltzmann constant.

Based on nanoparticle concentration and base fluid viscosity, Pak and Cho [51]

have proposed a model to calculate viscosity of nanofluids. Effective viscosity of New-

tonian nanofluids,

µnf = (1 + 39.11φp + 533.9φ2
p)µbf (2.5)

where µnf , µbf are nanofluid viscosity and base fluid viscosity, respectively. Base fluid

viscosity is described as,

µbf = A10( B
T−C

) (2.6)

where A = 2.414× 10−5, B = 247.8, C = 140.
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Effective viscosity calculation method can vary for the two-phase models. Two

different two-phase viscosity modeling methods have been applied in scope of this

study. The value obtained by Equation 2.5 has been utilized as a reference value for

the single-phase and two-phase 1 (TP1) cases. For the two-phase 2 (TP2) case, base

fluid has its own viscosity (Equation 2.6) and solid phase viscosity is determined by

Miller and Gidaspow equation [52]. Which is given as,

µp = −0.188 + 537.4φp (2.7)

For a non-Newtonian fluid that can be expressed by the power law model, the apparent

viscosity is described as,

η = Kγ̇n−1 (2.8)

where K is the consistency index and n is the power law index. Unless otherwise stated,

K and n values are obtained from Hojjat et al.’s experimental study [1] on rheological

characteristics of non-Newtonian nanofluids.

In the two-phase non-Newtonian cases, viscosity of nanoparticle and base fluid

have been determined according to below two cases. In the first case (TP1), non-

Newtonian viscosity of nanofluid is assigned to the base fluid and nanoparticle viscosity

is chosen zero. In the second case (TP2), base fluid has its own non-Newtonian viscosity.

Nanoparticle viscosity is determined by Miller and Gidaspow equation (Equation 2.7)

[52].

To illustrate how viscosities are chosen for the base fluid and the solid phase,

below tables have been prepared. Power law index and consistency index for the base

fluid (0.5% CMC/water) and 0.1% Al2O3 nanofluid can be seen in Table 2.1.
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Table 2.1. Power law (n) and consistency index (K) values for 0.5% CMC/water

base fluid and Al2O3 nanofluid [1].

n K

Base fluid 0.5739 0.1005

0.1% Al2O3 0.5417 0.1241

0.2% Al2O3 0.5417 0.1537

0.5% Al2O3 0.5154 0.1655

1.0% Al2O3 0.5534 0.1271

1.5% Al2O3 0.5202 0.1685

Table 2.2. Base fluid and solid phase viscosities for 0.1% Al2O3-0.5% CMC/water

nanofluid.

Model Base fluid Solid phase

TP1 Equation 2.8
n=0.5417

-
K=0.1241

TP2 Equation 2.8
n=0.5739

Equation 2.7
K=0.1005

Base fluid and solid phase viscosities for 0.1% Al2O3 nanofluid according to TP1

and TP2 modeling methods can be seen in Table 2.2.

Dimensionless Nusselt, Prandtl, Reynolds and Peclet numbers can be described

as,

Nusselt number is basically defined as the ratio of convection to conduction.

Nu =
hD

k
(2.9)

where h is the convective heat transfer coefficient and D is the tube diameter.
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Prandtl number is the ratio of momentum diffusion to thermal diffusion.

Pr =
cpK(V

D
)n−1

k
(2.10)

Reynolds number is the ratio of inertial force to viscous force. For a Newtonian fluid,

it can be described as,

Re =
ρV D

µ
(2.11)

Reynolds number definition is changed for non-Newtonian fluids. For a non-Newtonian

fluid, it can be expressed as,

Re =
ρV 2−nDn

K
(2.12)

Peclet number can be obtained by multiplying Prandtl and Reynolds numbers. It

expresses the ratio of energy conducted to the fluid to energy conducted within the

fluid.

Pe =
ρcpV D

k
(2.13)
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2.2. Governing Equations

2.2.1. Single-Phase Model

In the single-phase model consideration, nano-sized solid particles and base fluid

are thought to be thermally and hydrodynamically in equilibrium and slip velocity

between the phases is zero. These phases are treated as one single homogeneous fluid

with having shared effective thermophysical properties [53]. Examples of theoretical

models to calculate effective properties can be seen in the aforementioned equations.

For a steady state conventional fluid, governing equations can be described as,

Continuity,

5.(ρnf
−→
V ) = 0 (2.14)

where
−→
V is the velocity vector.

Momentum conservation,

5.(ρnf
−→
V
−→
V ) = −5 P + µnf 52 −→V (2.15)

where P is the pressure.

Energy conservation,

5.(ρnfcp,nf
−→
V T ) = 5.(knf 5 T ) (2.16)

where T is the temperature.
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2.2.2. Two-Phase Models

Newtonian and non-Newtonian Eulerian and mixture model will be applied in

scope of this study.

2.2.2.1. Eulerian Model. Continuity equation, momentum equation and energy equa-

tion are solved separately for each phase in the Eulerian model consideration even if

solid and liquid phases share one single pressure. Velocity and temperature differences

are taken into account and governing equations are solved by using the finite volume

method [7].

Mass conservation is described as,

5.(φqρq
−→
V q) = 0 (2.17)

where
−→
V q =

∫
V
φqdV ,

∑n
q=1 φq = 1 and q shows the phases.

Momentum conservation can be stated as,

5.(φqρq
−→
V q

−→
V q) = −φq 5 P + φqµq 52 −→V +

n∑
p=1

−→
R pq (2.18)

where
∑2

p=1

−→
R pq =

∑2
p Spq(

−→
V p −

−→
V q) is the interaction drag forces from base fluid

phase to nanoparticle phase, Spq = (φqφpρqf)/τp, τp = (ρpd
2
p)/(18µ2) and f expresses

the drag friction. It is found according to Schiller [54] as,

f =
CDRep

24
(2.19)
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CD =


24(1+0.15Rep0.687)

Rep
, Rep ≤ 1000

0.44, Rep > 1000

(2.20)

Rep =
ρq|
−→
V p −

−→
V q|dp

µq
(2.21)

Energy conservation,

5.(φqρqcp,q
−→
V qTq) = 5.(φqkeff,q5Tq) +

n∑
p=1

Qpq (2.22)

where Qpq = h(Tp − Tq) and the heat transfer coefficient is h = 6kdφqφpNup
d2p

. Nup is

evaluated from the Ranz et al.’s proposed model [55],

Nup = 2 + 0.6Re0.5
p Pr0.333

q (2.23)

where Prq = (cp,qµq)/kd.

2.2.2.2. Mixture Model. Mixture model assumes one single fluid which has two sepa-

rate phases. These phases have their own velocity and volume concentration. Conti-

nuity, momentum and energy equations are not solved separately, but they are solved

for the mixture [7].

The mass conservation equation is written as,

5.(ρm
−→
V m) = 0 (2.24)
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where
−→
V m is the mass average velocity and described as,

−→
V m =

∑n
k=1 φkρk

−→
V k

ρm
(2.25)

The momentum conservation is obtained as,

5.(ρm
−→
V m
−→
V m) = −5 Pm + µm52 −→V +5.(

n∑
k=1

φkρk
−→
V dr,k

−→
V dr,k) (2.26)

where
−→
V dr,k is the drift velocity of the kth phase and expressed as,

−→
V dr,k =

−→
V k −

−→
V m (2.27)

The relative (slip) velocity is described as the velocity of secondary phase (p) relative

to the velocity of the primary phase (f) and given with the below equation.

−→
V pf =

−→
V p −

−→
V f (2.28)

The relation between drift velocity and relative velocity is,

−→
V dr,p =

−→
V pf −

n∑
k=1

φkρk
ρm

−→
V fk (2.29)

Manninen et al. [56] have proposed a correlation to find the relative velocity,

−→
V pf =

τpdp
2

18µffdrag

(ρp − ρm)

ρp

−→a (2.30)
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The acceleration vector ‘−→a ’ is found as,

−→a = −→g − (
−→
V m.5)

−→
V m (2.31)

Volume fraction of secondary phase,

5.(φpρp
−→
V m) = −5 .(φpρp

−→
V dr,p) (2.32)

Energy conservation is written as,

5.
( n∑
k=1

ρkφkcp,kTk
−→
V k

)
= 5.(keff 5 T ) (2.33)

Mathematical formulations behind the numerical simulations have been summa-

rized in the current chapter. Single-phase and two-phase models (Eulerian and mixture)

will be used by applying Newtonian and non-Newtonian viscosity models.
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3. NUMERICAL METHOD AND VALIDATION

3.1. Mesh Independency Tests for Water Flow

The numerical methods accessible in the CFD simulation software of Ansys Flu-

ent have been used for the current study. Fluent uses a finite volume technique to

transform the governing partial differential equations into a system of discrete alge-

braic equations. As discretization methods, a second-order upwind scheme is preferred

for the momentum and energy solutions. All these conditions are the same for solving

governing equations of both single and two-phase models. Thermophysical properties

of the fluid, inlet velocity, inlet temperature and wall heat flux are given as the input

parameters.

Figure 3.1. Computational Domain.

Due to axisymmetry and computational cost reduction, one-half of the test sec-

tion will be simulated by using a 2 dimensional computational domain. Figure 3.1

shows computational domain and boundary conditions. Constant heat flux and no-slip

boundary condition will be applied through the tube wall and zero gauge pressure is

assumed at the tube outlet. The flow is thought to be thermally developing, hydrody-

namically fully developed, steady, incompressible and laminar internal flow.

After proving mesh independency, current numerical models will be checked

against well-known empirical equations in scope of validation. In the results and

discussion session, two experimental studies which have different geometries will be

simulated. Thus, mesh independency tests will be conducted for two pipe geometries.
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Firstly, water flow through a circular pipe which has 2.11 m length and 10 mm inner

diameter case has been simulated. 1500 W/m2 constant heat flux has been applied

through the pipe wall.

Figure 3.2. Mesh Views a)38511 Nodes b)73521 Nodes c)93031 Nodes d)117026 Nodes

By using various node sizes, water flow case simulations have been done. Figure

3.2 illustrates the mesh views. Finer grid is attained at the near vicinity of the tube

wall because of more dominant inconsistencies at this area. Water flow cases have been
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Figure 3.3. Mesh Independency Test for Water Flow at Re=1600 (D=10 mm, L=2.11

m).

compared with Shah equation [57]. Shah equation [57] is described as,

Nu =

1.953
(

RePr D
X

)1/3 (
RePr D

X

)
≥ 33.3

4.364 + 0.0722RePr D
X

(
RePr D

X

)
< 33.3

(3.1)

Simulation results can be seen in Figure 3.3 and Table 3.1. Error rate of numerical

single-phase water flow results converges to 9.05% average error rate compared to Shah

equation [57]. 93031 node number is the best mesh size for this case.

Current single-phase Newtonian model shows good agreement with Shah equation

[57] in terms of water flow simulation. Deviation from the correlation decreases as node

number increases.

Additionally, another mesh independency test has been done for a pipe which has

2 m length and 3.97 mm diameter. 1500 W/m2 constant heat flux has been applied

and tests have been conducted at Re=1700. Results can be seen in Figure 3.4 and

Table 3.2.
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Table 3.1. Error rates (%) of local Nusselt number comparison for water by using

various node numbers (D=10 mm, L=2.11 m).

X/D 38511 nodes 73521 nodes 93031 nodes 117026 nodes

63 8.81 8.72 8.63 8.63

116 9.67 9.56 9.56 9.56

146 9.35 9.35 9.23 9.23

173 9.05 8.92 8.79 8.79

Average Error (%) 9.22 9.14 9.05 9.05

Figure 3.4. Mesh Independency Test for Water Flow at Re=1700 (D=3.97 mm, L=2

m).

Table 3.2 shows that average error rate converges to 9.34%. 76508 node size is

chosen for this geometry.

3.2. Validation for Newtonian Nanofluid Flow

In scope of numerical model validation, 1.6% Al2O3/water nanofluid flow cases

have been studied by using Newtonian/ non-Newtonian single-phase models and mix-

ture, and Eulerian two-phase models. Geometry of simulation domain consists of 2.11

m length and 10 mm diameter. For this geometry, 93031 node size is applied as it is
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Table 3.2. Error rates (%) of local Nusselt number comparison for water by using

various node numbers (D=3.97 mm and L=2 m).

X/D 33011 nodes 56016 nodes 76508 nodes 91026 nodes

108 11.49 11.42 11.39 11.39

216 10.84 10.61 10.58 10.58

324 9.20 8.90 8.89 8.89

432 7.02 6.68 6.51 6.51

Average Error (%) 9.64 9.40 9.34 9.34

stated at mesh independency tests.

Figure 3.5. Local Nusselt Number Comparison for 1.6% Al2O3-Water Nanofluid at

Re=1600.

Velagapudi et al.’s correlation [58] comparison with the current numerical study

can be seen in Figure 3.5 and Table 3.3 for 1.6% Al2O3/water. Results show that

current numerical study has minimum average error rate of 7.94%. Velagapudi et al.’s

correlation [58] is,

Nunf = 1.98
(
RenfPrnf

D

X

)0.333

(3.2)
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Table 3.3. Error rates (%) of single-phase and two-phase models for 1.6%

Al2O3-water nanofluid at Re=1600.

X/D SP Newt. SP Non-Newt. TP Mixture TP Eulerian

63 10.55 14.55 9.24 6.40

116 12.08 15.94 10.75 8.32

146 12.12 15.99 10.79 8.44

173 11.96 15.84 10.67 8.59

Average Error (%) 11.68 15.58 10.36 7.94

Results revealed that two-phase Newtonian models are in good agreement with Velaga-

pudi equation [58]. Mixture and Eulerian models gave 10.36% and 7.94% average error

rate compared to Velagapudi et al.’s equation [58]. According to simulation results,

Eulerian model gives the least error rate.

Consistency index and power law index values for single-phase non-Newtonian

simulations have been obtained from Santra et al.’s study [59]. However, Al2O3/water

nanofluids up to 4% show Newtonian behavior as Putra et al. [60] state in their study

on natural convection of nanofluids. Thus, non-Newtonian model shows the highest

error rate.

3.3. Pressure Drop Simulations for Water Flow

Pressure drop performance of the current single-phase model has also been checked

with analytical correlations. Water flow case has been simulated by using 93031 node

size through a circular pipe which has length of 2.11 m and inner diameter of 10 mm

at Re=500, 1000, 1500. Results can be seen in Table 3.4. Analytical correlations to

determine pressure drop for fully developed laminar flow in a circular pipe is described

as;

∆P = f
X

D

ρV 2

2
(3.3)
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where f is the friction factor and explained as;

f =
64

Re
(3.4)

Table 3.4 shows that simulation results give 0.89%, 3.85% and 6.55% compared to

analytical results at Reynolds 500, 1000 and 1500, respectively. Error rate increases

with increasing Reynolds number, but it reaches maximum deviation of 6.55% which

is acceptable.

Table 3.4. Error rates (%) of pressure drop simulations at different Reynolds numbers.

Reynolds Number 500 1000 1500

Analytical Pressure Drop (Pa) 34.06 68.06 102.13

Numerical Pressure Drop (Pa) 34.36 70.68 108.82

Error Rate (%) 0.89 3.85 6.55
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4. RESULTS AND DISCUSSION

4.1. Heat Transfer Analysis

Forced convection of a Newtonian fluid under laminar flow condition has been

simulated. Newtonian water flow case has been studied under constant heat flux bound-

ary condition at various Reynolds numbers. Single-phase model has been applied and

93031 nodes have been used to simulate water flow through a pipe with 2110 mm

length and 10 mm inner diameter. Results have been compared with Hojjat et al.’s

experimental study [41] and the Shah equation [57].

Figure 4.1. Convective Heat Transfer Coefficient Comparison of Water Flow at

Various Reynolds Number.

As it can be seen in Figure 4.1, convective heat transfer coefficient increases

with increasing Reynolds number and the same trend is observed among the Shah

equation [57], Hojjat et al.’s experimental results [41] and the current numerical results.

Results also revealed that numerical simulations have shown maximum deviation of

4.25% compared to experimental results [41] and error rate decreases as Reynolds
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Table 4.1. Average convective heat transfer coefficient comparison for water flow.

Reynolds Hojjat [41] (W/m2K) Current Numeric (W/m2K) Error(%)

584 306 319 4.25

806 331 341 3.02

1306 376 383 1.86

1862 418 423 1.20

number increases. These results can be seen in Table 4.1.

Secondly, forced convection of non-Newtonian 0.5% CMC/water based Al2O3

nanofluid with volume concentration up to 1.5% cases have been simulated and simula-

tion results have been compared with Hojjat et al.’s experimental results [41]. CFD sim-

ulations have been done by applying Newtonian and non-Newtonian single-phase and

two-phase models. Novel non-Newtonian two-phase modeling methods have been ap-

plied in this thesis. Mixture and Eulerian models have been utilized as non-Newtonian

two-phase models. The same geometry and node number have been used as it was in

the previous case.

Newtonian simulation results can be seen in Table 4.2 and results show that

error rates of single and two-phase models increase as Peclet number and nanoparticle

volume concentration increase. TP1 shows better agreement than TP2 models. Finally,

we can conclude that TP1 Eulerian model shows the least average error rate of 7.90%

compared to other single and two-phase models. Single-phase model gives higher error

rates especially at high nanoparticle concentrations.

The same cases have been repeated by utilizing non-Newtonian models including

single-phase and two-phase. When we compare Newtonian and non-Newtonian models,

we can say that non-Newtonian models are better at all nanoparticle concentrations

and Peclet numbers. Table 4.3 clearly shows that non-Newtonian TP1 Eulerian model

gives the minimum average error rate among the other Newtonian and non-Newtonian

models.
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Table 4.2. Error rates (%) of Al2O3-0.5% CMC/water experimental results and

Newtonian single-phase and two-phase numerical models comparison.

φp Pe SP
TP1

Mixture

TP1

Eulerian

TP2

Mixture

TP2

Eulerian

0.10%
51200 5.71 5.58 3.11 6.18 4.38

87600 7.53 6.49 3.76 9.02 6.09

0.20%
50400 5.85 6.15 4.94 8.25 6.03

86600 6.85 8.18 5.88 10.36 7.06

0.50%
50000 8.72 9.20 7.36 10.85 9.11

86400 7.98 9.31 8.11 11.13 10.12

1.00%
50400 11.17 10.11 9.48 12.21 11.10

86400 11.42 9.58 9.29 13.30 12.05

1.50%
49634 15.62 14.16 13.37 14.94 13.02

85200 16.33 14.36 13.67 14.60 13.58

Average Error (%) 9.72 9.31 7.90 11.08 9.25

Non-Newtonian single-phase model shows average error rate of 5.78% and it de-

creases with decreasing Reynolds number and nanoparticle concentration.

Furthermore, another non-Newtonian fluid flow case has been studied to exam-

ine non-Newtonian two-phase models. In this case, non-Newtonian characteristic of

the nanofluid is caused by the high concentration of the nanoparticles. Chen et al.’s

experimental study [37] has been repeated. 2.5% TNT/water nanofluid flow case has

been simulated at 1700 Reynolds number by using 76508 nodes. Experimental setup

has 3.97 mm diameter and 2 m length.

As it can be seen from Figure 4.2 and Table 4.4, single-phase Newtonian model

shows better agreement with experimental results than that of two-phase Newtonian

models.
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Table 4.3. Error rates (%) of Al2O3-0.5% CMC/water experimental results and

non-Newtonian single-phase and two-phase numerical models comparison.

φp Peclet SP
TP1

Mixture

TP1

Eulerian

TP2

Mixture

TP2

Eulerian

0.10%
51200 0.17 0.10 0.15 1.21 1.34

87600 0.71 0.71 0.68 2.06 2.09

0.20%
50400 1.22 1.48 1.13 2.36 1.38

86600 3.12 3.09 2.68 3.20 3.05

0.50%
50000 4.82 4.81 2.81 5.01 4.16

86400 4.59 4.50 3.62 6.27 4.11

1.00%
50400 8.61 8.60 6.37 8.65 6.69

86400 10.22 10.05 8.80 10.52 9.85

1.50%
49634 11.97 11.95 10.25 12.82 12.12

85200 12.40 12.37 11.36 13.07 12.61

Average Error(%) 5.78 5.77 4.79 6.52 5.74

Table 4.4. Error rates (%) of 2.5% TNT-water flow (Newtonian/non-Newtonian

single-phase and two-phase models comparison).

X/D
SP

Newt.

SP Non-

Newt.

TP1 Mix.

Newt.

TP1 Euler.

Newt.

TP1 Mixt.

Non-Newt.

TP1 Euler.

Non-Newt.

50 19.66 0.68 22.38 22.78 1.64 2.15

100 13.73 5.66 14.84 15.34 4.58 3.85

150 13.01 6.04 13.58 14.28 5.40 4.47

200 17.81 1.63 18.16 19.01 1.21 0.07

250 9.20 8.36 9.42 10.33 8.09 6.86

300 0.20 15.80 0.06 0.90 15.63 14.30

350 7.16 9.09 7.28 8.47 8.95 7.50

400 3.14 12.04 3.22 4.51 11.94 10.35

450 0.21 14.46 0.14 8.29 14.37 12.72

Average

Error(%)
9.35 8.20 9.90 11.55 7.98 6.92
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Figure 4.2. Convective Heat Transfer Coefficient Comparison of 2.5% TNT-Water

Flow at Re=1700.

Among non-Newtonian models, TP1 Eulerian model gives the minimum average

error rate. When we compare Newtonian and non-Newtonian models, it is obvious

that non-Newtonian models are better than Newtonian models.

Overall heat transfer analysis results show that both TP1 and TP2 models are

capable of simulating forced convection of nanofluids. Indeed, TP1 models gives more

accurate results compared to TP2. However, one drawback of TP1 modeling method

is that it requires more experimental data on rheological characteristics of nanofluids.

This situation makes its application tougher than that of TP2 model. To apply TP2

method, rheological behavior of the base fluid must be experimentally determined and

nanoparticle added rheology can be found by utilizing formulations that have been

explained in the chapter 2. On the other hand, TP1 can be applied only if rheological

behavior of nanofluid is experimentally known for all nanoparticle loading cases.
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4.2. Pressure Drop Analysis

Pressure drop of non-Newtonian nanofluids is the other main concern of this

study. Based on experimental results, Hojjat et al. [42] proposed a correlation to

predict pressure drop of non-Newtonian nanofluids. Correlation can be seen as,

∆P

ρV 2
=

1585

Re
+ 0.92 (4.1)

In the current study, CFD results compared with their proposed correlation. Hojjat et

al. [42] claim that the correlation can be used for different non-Newtonian nanofluids

at various nanoparticle concentrations.

Non-Newtonian single-phase and two-phase models have been compared with the

proposed model (Equation 4.1). Non-Newtonian Al2O3-%0.5 CMC/water flow through

a pipe with 2110 mm length and 10 mm diameter case has been simulated by using

93031 nodes. Power law index and consistency index values have been obtained from

Hojjat et al.’s experimental study [1].

Newtonian nanofluid flow comparison with the proposed model showed that cor-

relation is not good at prediction of Newtonian nanofluid’s pressure drop. As it can be

seen from Table 4.5, error rates reach more than 200%. Results also show that increas-

ing Reynolds number decreases the error rate and nanoparticle volume concentration

does not have a strong effect on simulation results.

To check accuracy of Newtonian simulation and understand high error rates of

non-Newtonian correlation and Newtonian simulation comparison, another pressure

drop comparison has been done for Newtonian nanofluids. This time Equation 3.3

which is valid for Newtonian fluids compared with Newtonian nanofluid flow simulation

results. Table 4.6 shows that all single and two-phase models give approximately the

same results as it was found by Ambreen and Kim [29].
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Table 4.5. Error rates (%) of Newtonian Al2O3-water nanofluid pressure drop

simulation comparison with proposed correlation for non-Newtonian nanofluids

(Equation 4.1).

Concentration Re SP
TP1

Mixture

TP1

Eulerian

TP2

Mixture

TP2

Eulerian

0.10%

500 241.81 224.94 224.94 241.56 253.30

1000 191.20 178.40 179.80 192.00 201.20

1500 155.56 144.44 144.44 156.06 164.14

0.50%

500 241.56 225.43 225.43 240.34 251.10

1000 191.20 178.00 178.00 190.80 199.60

1500 155.56 144.44 144.44 155.56 162.63

1.00%

500 241.32 225.18 225.18 239.12 249.14

1000 191.20 178.00 178.00 189.60 198.00

1500 155.56 144.44 144.44 154.04 161.11

1.50%

500 241.08 224.69 224.69 236.92 246.70

1000 191.20 178.00 178.00 188.40 196.40

1500 155.56 144.44 143.94 153.03 160.10

Furthermore, non-Newtonian nanofluid flow simulation results have been com-

pared with Equation 4.1. As it can be seen from Table 4.7, error rates decreases

with increasing Reynolds number and nanoparticle concentration. Single-phase non-

Newtonian model shows the least deviation from correlation’s results.

Results reveal that error rate decreases with increasing Reynolds number. This

may be due to wide usage range of the proposed correlation. As a future work recom-

mendation, experimental test condition can be limited in the laminar flow regime and

the correlation should be revised according to these experimental results.

On the other hand, single-phase Non-Newtonian model showed the least error

rate. Among the two-phase models, two-phase 1 modeling method is better than two-

phase 2 modeling. There is a significant difference at lower Reynolds numbers for all
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Table 4.6. Error rates (%) of Newtonian Al2O3-water nanofluid pressure drop

simulation comparison with the analytical correlation for Newtonian fluids (Equation

3.3).

Concentration Re SP
TP1

Mixture

TP1

Eulerian

TP2

Mixture

TP2

Eulerian

0.10%

500 4.83 4.77 4.74 7.36 7.28

1000 4.59 4.52 4.49 7.35 7.21

1500 4.35 4.29 4.26 7.15 7.12

0.50%

500 4.74 4.75 4.72 7.32 7.29

1000 4.52 4.53 4.50 7.25 7.24

1500 4.28 4.29 4.26 7.13 7.11

1.00%

500 1.44 1.43 1.40 2.29 2.26

1000 3.02 3.04 3.07 4.27 4.23

1500 7.56 7.57 7.61 8.45 8.39

1.50%

500 4.77 4.81 4.78 5.37 5.33

1000 4.53 4.57 4.54 5.23 5.22

1500 4.29 4.32 4.30 5.06 5.03

numerical models.
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Table 4.7. Error rates (%) of non-Newtonian Al2O3-0.5% CMC/water nanofluid

pressure drop simulation comparison with the proposed correlation for

non-Newtonian nanofluids (Equation 4.1).

Concentration Re SP
TP1

Mixture

TP1

Eulerian

TP2

Mixture

TP2

Eulerian

0.10%

500 34.72 34.72 34.96 40.59 40.83

1000 18.00 18.00 18.40 32.80 33.20

1500 6.57 6.57 6.57 20.71 20.71

0.50%

500 23.23 27.63 27.87 38.14 38.14

1000 9.20 12.40 12.40 28.40 28.80

1500 1.52 0.51 0.51 18.69 18.69

1.00%

500 24.45 27.87 28.12 38.39 38.39

1000 10.00 12.40 12.40 29.20 29.60

1500 1.01 1.01 1.01 19.19 19.19

1.50%

500 25.43 28.85 29.10 39.12 39.36

1000 11.20 13.20 13.20 30.40 30.40

1500 0.00 1.52 1.52 20.71 20.71

4.3. Thermal Performance Analysis

To evaluate thermal performance of non-Newtonian nanofluids, heat transfer co-

efficient and pressure drop increment tests have been conducted in scope of the current

study. Pipe geometry consists of 2 m length and 10 mm diameter. According to mesh

independency tests, 93031 node size has been utilized. First of all, heat transfer incre-

ment was measured. Al2O3-0.5% CMC/water nanofluid flow case has been repeated

by using non-Newtonian TP1 Eulerian model.

Heat transfer coefficient increment ratio of 0.5% CMC/water basedAl2O3 nanofluid

to base fluid can be seen in Figure 4.3. As it can be observed in Table 4.8, results reveal

that heat transfer increment rate gets bigger at higher nanoparticle concentrations and
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Figure 4.3. Heat Transfer Coefficient Increment Ratio of 0.5% CMC/Water Based

Al2O3 Nanofluid to Base Fluid.

increasing Reynolds number slightly decreases the heat transfer increment rate. Similar

results have also been observed by Minakov et al. [39], Hojjat et al. [41] and Javadpour

et al. [47]. However, the heat transfer coefficient increases with increasing Reynolds

number. Thus, rate of heat transfer increment can decrease with increasing Reynolds

number even if the heat transfer coefficient increases with increasing Reynolds number.

Maximum heat transfer coefficient increment ratio compared to base fluid is 9.88% at

Re=500 and 1.5% nanoparticle concentration.

In scope of assessing heat transfer performance, pressure drop increment rate has

also been checked. Al2O3-0.5% CMC/water nanofluid flow case has been repeated by

using non-Newtonian single-phase model at Re=500, 1000 and 1500.

Figure 4.4 and Table 4.9 clearly shows that increasing nanoparticle concentration

increases pressure drop values. This situation causes more pumping power and less

efficiency. On the other hand, increasing Reynolds number decreases the pressure

drop increment rate. Therefore, we need to find the optimum point of heat transfer

coefficient rate increment and pressure drop increment.
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Table 4.8. Heat transfer coefficient increment rate (%) of 0.5% CMC/water based

Al2O3 nanofluid.

Reynolds 0.1% Al2O3 0.5% Al2O3 1.5% Al2O3

500 2.42 7.64 9.88

1000 2.24 7.27 9.47

1500 2.15 7.10 9.32

Table 4.9. Pressure drop increment rate (%) of 0.5% CMC/water based Al2O3

nanofluid compared to base fluid.

Reynolds 0.1% Al2O3 0.5% Al2O3 1.5% Al2O3

500 3.78 24.11 30.96

1000 1.64 19.73 26.61

1500 0.49 17.28 24.25

Table 4.10 shows the ratio of convective heat transfer coefficient enhancement to

pressure drop increase of non-Newtonian Al2O3-0.5% CMC/water nanofluid flow. This

table has been obtained from comparing data of Table 4.8 and Table 4.9. If the ratio

is higher than 1, it means that heat transfer coefficient increment rate is higher than

pressure drop increment rate.

Table 4.10 illustrates that it is more efficient to use non-Newtonian nanofluids at

lower nanoparticle concentrations and higher Reynolds number. For instance, this ratio

reaches its maximum of 1.02 at 0.1% nanoparticle concentration and 1500 Reynolds

number.

Table 4.10. The ratio of convective heat transfer coefficient enhancement to pressure

drop increase comparison of non-Newtonian Al2O3-0.5% CMC/water nanofluid flow.

Nanofluid Al2O3

Concentration 0.10% 0.50% 1.50%

Reynolds 500 1000 1500 500 1000 1500 500 1000 1500

(hnf/hbf )

(∆Pnf/∆Pbf )
0.99 1.01 1.02 0.87 0.90 0.91 0.84 0.86 0.88
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Figure 4.4. Pressure Drop Increment Ratio of 0.5% CMC/Water Based Al2O3

Nanofluid to Base Fluid.

Table 4.11. Heat transfer coefficient increment rate (%) of water based Al2O3

nanofluid compared to base fluid.

Reynolds 0.1% Al2O3 0.5% Al2O3 1.5% Al2O3

500 0.69 3.57 11.47

1000 0.95 4.84 15.16

1500 1.02 5.45 16.85

Finally, thermal performance of non-Newtonian nanofluids have been compared

with that of Newtonian nanofluids. Water based Al2O3 nanofluid flow has been sim-

ulated to obtain Newtonian case under the same flow condition as it was in the non-

Newtonian case.

As it can be seen in Figure 4.5 and Table 4.11, heat transfer increment rate

increases as nanoparticle concentration and Reynolds number increases. It reaches

maximum increment rate of 16.85% at 1.5% nanoparticle concentration and Reynolds

number 1500.
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Figure 4.5. Heat Transfer Coefficient Increment Ratio of Water Based Al2O3

Nanofluid to Base Fluid.

Table 4.12. Pressure drop increment rate (%) of water based Al2O3 nanofluid

compared to base fluid.

Reynolds 0.1% Al2O3 0.5% Al2O3 1.5% Al2O3

500 7.76 43.98 180.01

1000 7.84 43.99 179.77

1500 7.82 44.11 179.89

Pressure drop analysis shows that increasing nanoparticle concentration signifi-

cantly increases the pressure drop and causes an inefficiency. In this case, more pump-

ing power is needed. However, Reynolds number does not have a significant effect

on pressure drop of Newtonian nanofluids. Figure 4.6 and Table 4.12 show that the

pressure drop increment rate reaches 180.01% at 1.5% nanoparticle concentration and

Re=500.

Table 4.13 shows the ratio of convective heat transfer coefficient enhancement to

pressure drop increase of Newtonian Al2O3-water nanofluid flow. This ratio is at its

maximum at lower nanoparticle concentration and higher Reynolds number. However,
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Figure 4.6. Pressure Drop Increment Ratio of Water Based Al2O3 Nanofluid to Base

Fluid.

results reveal that using Newtonian nanofluid is not efficient. Heat transfer increment

ratio is not higher than pressure drop for any concentration and at any Reynolds

number. As Santra et al. [59] state in their study, more pumping power is needed for

Newtonian fluids than non-Newtonian fluids. Tumuluri et al. [61] also show in their

experimental study that shear thinning behavior causes a decrease in the pressure loss.

Eventually, decreased pressure drop increases the thermal performance of the working

fluid.

It can be concluded that Newtonian and non-Newtonian nanofluids show better

thermal performance at lower nanoparticle concentration and higher Reynolds number

as it was found by Purohit et al. [23].
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Table 4.13. The ratio of convective heat transfer coefficient enhancement to pressure

drop increase comparison of Newtonian Al2O3-water nanofluid flow.

Nanofluid Al2O3

Concentration 0.10% 0.50% 1.50%

Reynolds 500 1000 1500 500 1000 1500 500 1000 1500

(hnf/hbf )

(∆Pnf/∆Pbf )
0.93 0.94 0.94 0.72 0.73 0.73 0.40 0.41 0.42
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5. CONCLUSION

In the current paper, non-Newtonian 0.5% CMC/water based Al2O3 nanofluid

flow under laminar flow condition and constant wall heat flux boundary condition

has been numerically studied in terms of heat transfer coefficient and pressure drop.

Additionally, Newtonian water based 2.5% TNT nanofluid flow under laminar flow

condition and constant wall heat flux boundary condition has been simulated. Finally,

thermal performance analysis of Newtonian and non-Newtonian nanofluids has been

investigated. These simulations have been conducted by using novel non-Newtonian

two-phase models.

When we compare the proposed TP1 and TP2 methods, it needs to be kept

in mind that base fluids change their rheological behavior after nanoparticle loading.

TP1 and TP2 models have been proposed to define this changing rheology. As it was

explained in the chapter 2, TP2 model does not require conducting experiments to

evaluate viscosity of nanofluids for every nanoparticle concentration. To utilize TP2

model, viscosity of the base fluid needs to be measured experimentally. Nanoparticle

added viscosity of nanofluid can be found by stated equations in the chapter 2. On

the other hand, TP1 model requires experiments to evaluate nanofluid viscosity for

every single nanoparticle loading case. In brief, TP2 method requires less experimental

studies to find rheological behavior after nanoparticle loading.

Non-Newtonian 0.5% CMC/water based Al2O3 nanofluid flow is firstly inves-

tigated. Newtonian simulation results revealed that TP1 Eulerian model gives the

minimum average error of 7.90%. Error rates increase with increasing Reynolds num-

ber and nanoparticle volume concentration. Non-Newtonian simulations show that

TP1 Eulerian model is the best model because of the minimum deviation from the

experimental results. It also can be said that non-Newtonian models are better than

Newtonian models at all nanoparticle concentrations and Reynolds numbers at simu-

lating non-Newtonian nanofluid flow.
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2.5% TNT/water nanofluid is another non-Newtonian nanofluid case. In this

case, nanofluid has its non-Newtonian characteristic because of high nanoparticle con-

centration. Among non-Newtonian models, TP1 Eulerian model gives the minimum

average error rate. If Newtonian and non-Newtonian models are compared, it can be

said that non-Newtonian models are better than Newtonian models.

Pressure drop analysis of non-Newtonian nanofluids showed that single-phase

non-Newtonian model gives better results compared to non-Newtonian two-phase mod-

els and error rates decreases as Reynolds number increases. This may be due to wide

usage range (laminar and turbulent) of the Hojjat et al.’s [42] proposed correlation. Ad-

ditionally, it can be said that Hojjat et al.’s [42] proposed correlation cannot accurately

predict the pressure drop of Newtonian fluids.

Pressure drop simulations of Newtonian nanofluids have also been compared with

a correlation to predict pressure drop of Newtonian fluids. Results of this comparison

showed that all Newtonian single-phase and two-phase models are good at predicting

pressure drop of Newtonian fluids as it was also confirmed by Ambreen and Kim [29].

It is also shown that increasing nanoparticle concentration causes high pressure loss

and inefficiency.

Heat transfer performance tests based on convective heat transfer increment and

pressure drop increment rates showed that utilizing a shear thinning non-Newtonian

nanofluid as a working fluid is more efficient than utilizing a Newtonian nanofluid. This

is due to significant increase in pressure drop when we use a Newtonian nanofluid as

it was stated at Santra et al.’s study [59]. It also should be known that shear thinning

behavior causes lower pressure loss [61]. On the other hand, decreasing nanoparticle

concentration and increasing Reynolds number increase thermal performance of both

Newtonian and non-Newtonian nanofluids.

As a future work, a new correlation to predict the pressure drop of non-Newtonian

nanofluids only in laminar flow regime should be proposed to give more accurate re-

sults. Additionally, two phase non-Newtonian models can be tested with many other
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nanoparticle and base fluid combinations in turbulent flow and various boundary con-

ditions. In terms of non-Newtonian nanofluids’ thermal performance, numerical and

experimental studies need to be conducted in turbulent flow regime.

Non-Newtonian nanofluids show promising heat transfer increment characteris-

tics. Thus, they also need to be utilized as a working fluid of heat exchangers, air

conditioning systems, nuclear reactors, radiators, etc. and their application should be

investigated in terms of cost-effective aspect.
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