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ABSTRACT

M. Sc. Thesis

NUMERICAL ANALYSIS OF CONVECTIVE HEAT
TRANSFER AND FLOW CHARACTERISTICS WITH NANOFLUIDS
FLOWING OVER A MICROSCALE BACKWARD-FACING STEP

Recep EKICILER

Karabiik University
Graduate School of Natural and Applied Sciences

Department of Mechanical Engineering

Thesis Advisor:
Assoc. Prof. Dr. Kamil ARSLAN
June 2016, 83 pages

In this thesis, the forced convective heat transfer and fluid flow of ZnO/water,
CuO/water, TiO,/water, SiO,/water and Al,Os/water nanofluids over the microscale
backward-facing step were numerically investigated. The diameters of nanoparticles
were changed between 45 nm and 80 nm. The flow was considered as three-
dimensional, steady-state and laminar flow condition (100<Re<1000). The
downward stepped wall was applied for constant heat flux and the other walls were
insulated. The length of downstream and upstream wall was taken 0.15 m and 0.1 m,
respectively. The total duct height was 1000 pm and width of duct was 1200 pm.
Numerical analyses were performed for different nanoparticle volume concentrations

(¢ =1.0- 4.0%) of each nanofluid and different expansion ratios (ER=1.25, 1.67 and

2.50). The Nusselt number and the Darcy friction factor values were obtained from

numerical calculations. Moreover, the velocity and temperature profiles were also
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analysed. Finally, it was observed that the Nusselt number increases with increasing
Reynolds number and nanoparticle volume concentration. 4.0% volume fraction of
Al,Os/water nanofluid has the highest Nusselt number for all expansion ratios. The

Nusselt number increases with decreasing expansion ratios. The Darcy friction factor

decreases with increasing expansion ratios. However, the Darcy friction factor does
. not affected by the increasing in nanoparticles volume concentration and the types of

nanofluids.

Key Word :Laminar flow, ZnO/water, CuO/water, TiO,/water, SiO,/water,
Al Os/water, nanofluids, microscale backward-facing step, forced

convection, expansion ratio, heat transfer.

Science Code : 914.1.065




OZET
Yiiksek Lisans Tezi
BiR MIiKRO BOYUTTAKI GERi BASAMAK UZERINDEN
NANOAKISKANLARIN AKISININ TASINIM ISI TRANSFER VE AKIS

KARAKTERISTIKLIRININ SAYISAL iINCELENMESI

Recep EKICILER

Karabiik Universitesi
Fen Bilimleri Enstitiisii

Makine Miihendisligi Anabilim Dah

Tez Danismani:
Dog¢. Dr. Kamil ARSLAN
Haziran 2016, 83 sayfa

Bu tezde, mikro boyutta geri basamak tizerinden ZnO/su, CuO/su, TiO,/su, SiO,/su
ve AlyOs/su nanoakigkanlarinin akigimnin zorlanmig tasimim 1s1 transfer ve akis
karakteristikleri sayisal olarak incelenmistir. Nanopartikiillerin ¢ap1 45 nm ile 80 nm
arasinda degistirilmistir. Akisin, ii¢ boyutlu, kararli ve laminer sartlarda oldugu
gbzoniine alinmigtir (100<Re<1000). Kanalin basamaktan sonraki alt duvarina sabit
1s1 akist uygulanmig ve diger duvarlar1 yalitilmigtir. Kanalin basamaktan sonraki ve
onceki uzunluklari sirastyla 0.15 m ve 0.10 m olarak ele alinmistir. Toplam kanal

yiiksekligi 1000 pm ve genigligi ise 1200 pm’dir. Sayisal analizler, her bir

nanoakigkanin farkli nanopartikiil hacimsel orant (¢ = 1.0- 4.0%) ve farkli genisleme

oranlan1 (ER=1.25, 1.67 ve 2.50) i¢in uygulanmigtir. Sayisal hesaplamalardan,
Nusselt sayis1 ve Darcy siirtiinme faktorii degerleri elde edilmistir. Bunlara ek olarak,

hiz ve sicaklik profilleri analiz edilmistir. Sonug¢ olarak, Nusselt sayisimin artan
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nanopartikiil hacimsel oran1 ve Reynolds sayisi ile arttigi gozlenmigtir. Biitiin
genisleme oranlarinda, %4.0 nanopartikill hacimsel oranina sahip Al,Os/su
nanoakigkanin en yiiksek Nusselt sayisina sahip oldugu tespit edilmistir. Nusselt
sayisinin, azalan genisleme oram ile birlikte arttigi goriilmiistiir. Darcy siirtiinme
faktoriiniin, artan genisleme orani ile beraber diistiigi goriilmiistiir. Bununla birlikte,
Darcy siirtinme faktoriiniin  artan nanopartikiil hacimsel oranindan ve

nanoakigkanlarin ¢esidinden etkilenmedigi anlagilmigtir.

Anahtar Sozciikler : Laminer akis, ZnO/su, TiOy/su, CuO/su, SiO,/su, Al,Os/su,
nanoakigkanlar, mikro boyutta geri basamak, zorlanmig

taginin, genisleme orani, 1s1 transferi.

Bilim Kodu : 914.1.065
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PART 1

INTRODUCTION

1.1. CONVECTIVE HEAT TRANSFER

The process involved when energy is transferred from a surface to a fluid which
flows over it as a result of a temperature difference between the surface and the fluid
as shown Figure 1.1 is named heat convection. In convection heat transfer, there
must be always a surface, a moving fluid and a temperature difference between
the fluid and the surface and the attention is with the rate of heat transfer between the

fluid and the surface [1].

Convective Heat
Transfer From Surface
o Fluid or From Fluid
fo Surface

Fiuid flow- Ti#Tw

Fiuid at \——?
Temperature

Tt

Surface at
Temperature
Tw

Figure 1.1. Schematic view of convective heat transfer [1].

In practice, convective heat transfer takes place broadly. The cutting tool’s cooling
during a machining, the electronic components’ cooling in a computer, the
generation and condensation of steam in thermal power plant, the heating and
buildings’ cooling, cooking, and the thermal control of re-entering spacecraft. Some
examples of situations in which convective heat transfer is substantial are presented

in Figure 1.2 [1].
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Heat Transfer in an Automobile Radiater

Figure 1.2. Some examples including convective heat transfer [1].

The fluid flow on the heated surface is shown in Figure 1.3. Close to the surface of a

wall in contact with a moving fluid that the flow velocity changes from zero at the

wall (where the flow “sticks” to the surface due to its viscosity) up to free stream

velocity us, at the region defined as velocity boundary layer. Also, the effect of

thermal interaction is confined to a thin region near the surface called the thermal

boundary layer and it can be smaller, greater and equal as compared to velocity

boundary layer.
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Figure 1.3. Developing of boundary layer due to convective heat transfer.



Convection heat transfer is stated by Newton’s law of colling as [1]:

q,=h(T, -T,) (1.1)

Flow conditions changes at the every point of the surface, so values of convection
heat transfer coefficient and heat flux change along the surface of the wall. If average
convection heat transfer coefficient is defined for the whole surface, total heat

transfer may be stated as:

thangsmv‘Tw) (1.2)

Average convection heat transfer coefficient is stated as:

(1.3)

In order to give the right desicion if the flow is turbulent or laminar, the Reynolds
number must be calculated. For internal flow in ducts Reynolds number can be

expressed as:

_PVD,
U

Re (1.4)

where Dy, (m) is hydraulic diameter of duct.

The critical Reynolds number for flow in duct:

Re.,=2300 (1.5)

For laminar flow Reynolds number can be expressed as:

Re<2300 (1.6)



For turbulent flow [2] :
Re>10000 (1.7)
1.1.1. Mean Velocity

The velocity of fluid in a duct varies from zero at the surface due to the no-slip
condition, to the highest value at the center of the duct. Therefore, it is suitable to
utilize using an average or mean velocity V,, which remains stable for
incompressible fluid flow when considered the cross sectional area of the duct is
fixed. The value of the mean velocity V,, in a duct is determined from conservation

of mass principle, as follows:
m=pV, A, (1.8)

where 7 is the mass flow rate. The mean velocity for incompressible fluid flow in a

duct of can be expressed as,

V=" (1.9)

1.1.2. Mean Temperature

Since free stream velocity is unknown, mean or average velocity is needed to
describe the internal flow and since the free stream temperature is unknown, mean
temperature is needed. The value of mean temperature 7, is determined from the

conservation of energy equation. This may be stated mathematically as, [3]

E g =CpT,, = | pV, CpTdA,
A

c

(1.10)
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where Eﬂu,'d is at any cross section throughout the duct represents the energy flow
with the fluid at the cross section. Finally, the mean temperature of a fluid with

constant specific heat and density flowing in a duct can be expressed as:

I pV,CpTdA,
T, =%
® C (1.11)
p
1.1.3. Pressure Drop

A quantity of concern in the study of duct flow is the pressure drop because it is
directly relevant to the power requirements of the pump or fan to continue fluid flow.
So, viscous slip on the surface of the duct and pressure loss occuring along the duct

is equalized. This equation is expressed as:

AP 4t 1 5
2 T =fZ oV 1.12
dx D, (TW f2,0 ” ) ( )

where 7, (N/m?) is wall shear stress and fis Darcy friction factor.

Pressure loss in duct having lenght of L (m) is expressed as,

L pV,2
AP=f=m 1.13
th 7 (1.13)
44,
D, = - (1.14)

1.2. DIMENSIONLESS NUMBERS AND THEIR PHYSICAL MEANINGS

Dimensionless numbers are often correlated with some performance parameters and

greatly assist engineering analysis and design. Some of the dimensionless numbers



operated in forced convective heat transfer are the Reynolds number (Re), the

Nusselt number (Nu) and Darcy friction factor (f).
1.2.1. Reynolds Number (Re)
The Reynolds number is defined as the ratio of inertia forces to viscous forces.

_PVuDy _ VD,
U 0]

Re

(1.15)

where v (m%/s) is kinematic viscosity.
1.2.2. Nusselt Number (Nu)

The Nusselt number (Nu) is the ratio of convective to conductive heat transfer across

surface.

Nu — ?canvection - hAT — th
9 conduction kAT / Lc k

(1.16)

where L. is the characteristic length and L. = D, for fluid flow in ducts.
1.2.3. Darcy Friction Factor

Darcy friction factor associates with either the head or the pressure loss depending on
friction along a stated length of duct to the mean velocity of the fluid flow for an

incompressible fluid. It is stated as,

_AP(D,/L)

/ (pV,>/2)

(1.17)



1.3. BACKGROUND OF NANOFLUIDS

Nowadays, more and more energy is needed to supply energy of the World due to the
developing technologies. Therefore, diversified heat transfer technologies have been
set out to be developed. One of them is initiated by using nanofluids that are used for
increasing heat transfer. Nanofluids have become top of the topic for researchers

because of the following advantages [4]:

1. Reduced pumping power when considered compared to pure liquid to achieve
equivalent heat transfer intensification.

2. Adjustable properties.

3. High dispersion stability with predominant Brownian motion of particles.

4. High specific surface area and thus more heat transfer surface between fluids
and particles.

5. Reduced particle clogging as compared to conventional slurries, thus

promoting system miniaturization.

Nanofluids are novel heat transfer fluids having nanoparticles whose sizes change
from 1 nm to 100 nm suspended in the base fluids. In recent years nanofluids have
been progressively studied. The studies have generally proved that nanofluids
enhance heat transfer but there are some studies claming opposite state. Namely, it is
contradictory issue whether heat transfer is enhanced by nanofluids. Many years ago,
Maxwell [5] presented his theoretical model by predicting increased thermal
conductivity of fluids by composing particles in liquids. After Maxwell, scientists
have striven to enhance heat transfer adding solid particles in liquid. However, their
efforts have not provided useful results due to particle size. Particle size was in
micrometer or milimeter. So, settling problem was occured in liquids. Currently,
modern nanotechnology is suitable for the production of nanoparticles havig sizes
under 100 nm. Thus, existing problems have been achieved with modern

nanotechnology. The first scientist who used nanofluid was Choi [4].

Nanofluids include broadly one kind of base fluid and one kind of nanoparticle.

Nanofluids are used for increasing thermal conductivity to enchance heat transfer.
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Due to this, nanoparticles are chosen as either metalic or metal oxide materials which
have high thermal conductivity [6-10] as illustrated in Figure 1.4. Nanoparticles are
not restricted only as metalic or metal oxide. They also include carbon, diamond and

graphite materials [11-16].
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Figure 1.4. Comparison of thermal conductivities of conventional fluids, metal oxide
and metalic materials [17].

Nanaofluids are used for various fields from engineering to medical applications

since they are admitted as new generation fluids. Some of the applications of using

nanofluids are represented in Figure 1.5 [18].

14. GENERAL INFORMATION FOR FLOW SEPARATION AND
GENERAL STRUCTURE OF BACKWARD-FACING STEP (BFS)

Flow separation is crucial for engineering devices. It is one of the troublous forms of
a viscous flow. It is significant for both science and engineering applications. Since
flow separation occurs, energy losses and pressure drops occur. If energy losses can
be gone over for fluid flow, flow separation will be controlled. This may be coped

with perceiving effects, physical mechanisms and characteristics of flow separation.
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Figure 1.5. Nanofluids applications in some fields.

As Chang depicted, there are two basic flow separation categories [19]:

a- Flow separation over a smooth surface

b- Flow separation over discontinous surfaces

Figure 1.6. Flow separation over smooth surface [19].



Figure 1.7. Flow separation over discontinuous surfaces [19].

Flow separation generally occurs under adverse pressure gradient and viscosity. If
one of these two factors is missing, then the flow does not separate [19]. On the
surface of the body, velocity is zero for viscous flow due to the friction. This is
defined as no-slip condition. Above the surface of the body, velocity increases but it
is restricted as seen in Figure 1.8 by insert (a). Assuming # stands for normal to the

surface of the body, velocity increases with increasing n.

nsert (b}
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Figure 1.8. Effect of viscosity on a body in a moving fluid; shear stress and separated
flow [20].

As shown in Figure 1.9, the fluid element is rﬁoving near surface of a body. At the
point s;, fluid element velocity is V. Pressure distribution increases through the flow
direction. With increasing pressure, adverse pressure gradient is occured. Adverse
pressure gradient reduces the velocity of the flow. For instance as given in Figure 1.9

at point s, ¥, is smaller than V. At a definite point in the flow, velocity of fluid
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element is zero. Then velocity of fluid element is reversed its flow direction.

‘Reversed flow’ is sketched at the point of s3. Separation point takes place where

velocity gradient (% ) is zero as illustrated in insert (b) of Figure 1.8.

Fluid
Elem:

Vi 82 Reversed
Flow

$1 =

Figure 1.9. Separated flow caused by adverse pressure gradient [20].

A flow separation phenomenon is useful in many various engineering discipline.

Some examples of advantages of flow separation are given below:

1.

At combustors, the presence of the turbulence and recirculation depending on

separation may assist enhance the mixing of fuel and air.

A thin airfoil which is suitable for high-speed flight may be made suitable for
low speeds by separation of the flow. If the flow is allowed to separate over a
portion of the upper surface and then reattaches and remains attached, a very
thick pseudo-airfoil results. This thick airfoil is better éuited for low speed
flight [19].

For external flow at subsonic speeds such as airborn vehicles, the streamline
deviates, the drag increases, the lift decreases, and reverse flow and stalling
take place. In the transonic speed range, control and structure problems occur
by flow separations. For cases of internal flow, separation can cause
reduction in efficiencies of fluid handling devices such as engines, turbines

and compressors [19].

Backward-facing step is a simple geometry in terms of separating and reattaching

flow, but its flowfield is still entangeled. As shown in Figure 1.10, the flow separates
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: as of the step and then develops as a shear layer. After the shear layer, the flow

reattaches to the wall.
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zone
Figure 1.10. Flowfield of backward-facing step [21].

Flow characteristics of the BFS originate with upsteam boundary layer which

separates at the edge of step because of the increasing pressure distribution that is

| called adverse pressure gradient. Due to the adverse pressure gradient and viscosity,
velocity of flow reduces with time, and eventually stops. Conclusion of that case,
secondary vortices and separation bubbles occur. This region composes of secondary
vortices and separation bubble and it is called recirculation zone. Depending on
adverse pressure gradient, the shear layer curves downward to the wall and finally
impinges on the wall. This is defined as reattachment point. The length between
reattachment point and the step is known as reattachment length. The flow
characteristic in the reattachment region, which occurs separating and reattachment

|

:‘3 ‘ flow, influences the heat transfer characteristics.
| 1.5. LITERATURE SURVEY

1.5.1. Literature Survey on BFS

Using backward-facing step geomerty, which is simpler in terms of understanding
the flow separation and reattachment, has been extensively researched with

numerically and experimentally since 1950s.
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Goldstein et al. [22] performed an experimental study to investigate the reattacment
point under laminar and subsonic flow conditions over a step. They noticed that the
reattachment point and boundary displacement thickness change with Reynolds

number.

Denham and Patrick [23] investigated 2D laminar flow over the BFS. Water was
used as working fluid. The channel’s expansion and aspect ratios are equal to 3 and
20, respectively. The Reynolds number was varied between 50-250. They observed
that flow characteristics of BFS approximates to other 2D geometries having sudden
expansion. Yet, both recirculation length and mass flow rate circulating were
smaller. At Re=229, they noticed a fluctation, which shows the beginning of

transition to turbulent separated boundary layer.

Armaly et al. [24] analysed the effect of Reynolds number on velocity distributions
and length of reattachment. The work was numerically done as two-dimensional
under laminar, transitional and turbulent flow conditions. Air was flowed in the
channel having aspect ratio of AR=36. They observed that length of reattachment
strongly depends on Reynolds number. Reattachment length increases to Re=1200
and then velocity fluctations occur. At higher Reynolds numbers 3D effects was
dominant near the sidewalls. Numerical predictions were compared with the
experimental results. They realized that numerical and experimental results were in

good agreement.

Chen et al. [25] investigated the influence of the step height on flow and heat transfer
characteristics in 2D BFS channel under turbulent forced convection flow conditions,
with the Reynolds number was 28000. Constant and uniform heat flux (q""w=270
W/m®) was exposed to the stepped wall downstream from the step and the other
walls were adiabatic. Step heights were 0.019, 0.038 and 0.076 m. They observed
that bulk temperature, maximum turbulent kinetic energy, primary and secondary

recirculation regions increase while the step height increases.

Pulat and Diner [26] researched numerically effects of Reynolds number and

expansion ratio on reattachment point in a 2D channel. Working fluid was air to be
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assumed incompressible. Flow was under steady state and laminar conditions. The
numerical results were obtained for Re=50 and Re=150. Expansion ratios were 1.5
and 2. They concluded that reattachment length increases with increasing Reynolds

number and decreases with increasing channel expansion ratio.

Mahdi et al. [27] studied to explore heat transfer mechanism and flow behavior due

to expansion ratio and Reynolds number over 2D BFS. The study was conducted on

- laminar incompressible flow conditions. They found that separation zone size and

reattachment length increases with increasing expansion ratio and Reynolds number.

As long as Reynolds number increases, Nusselt number increases, also.

As known, engineering practical applications are mostly on three-dimensional. 3D
backward-facing step studies have been accelarated to clarify heat and fluid flow

charactarictics and obtain more realistic results.

Rinoie et al. [28] experimentally investigated turbulent flow over the backward-
facing step to clarify behaviour of turbulent flow inside the reattachment shear layer
using turbulent energy balance assisting in understanding of turbulent flow of BFS.
Step height and aspect ratio were 0.02 m and 10, respectively. They observed that
turbulent structures can be classified in three categories (the dead air, reversed flow
and separated shear layer zone). In the turbulent energy balance, transverse diffusion

assisting to balance the dissipation term was positive.

Iwai et al. [29] conducted a three dimensional numerical simulation in a channel for

laminar mixed convection to examine the influence of duct inclination angle (8, and
0, ). As shown Figure 1.11, ¢,, pitch angle was define between the vertical upward
direction and stream-wise direction. 6,, rolling angle was between the vertical

upward direction and normal direction.Values of Reynolds number, aspect ratios and
expansion ratios were constant at Re=125, AR=16 and ER=2, respectively. Uniform
and constant heat flux was applied to downstream of the step but other walls were

insulated. They noticed that pitch and rolling angle influence flow and heat transfer.

14



Figure 1.11. Definition of pitch angle (e;) and rolling angle (e3).

Nie and Armally [30] examined numerically the effects of step height on heat
transfer and flow characteristics in a three dimensional BFS channel. Flow was
thought as laminar and forced convection éonditions. Air was passed through the
channel as working fluid. Thermophysical properties of air was assumed constant
along the channel. The study was performed at constant Reynold number (Re=343).
Constant and uniform heat flux (q""w=50 W/m®) was subjected to downward of the
step wall while the other walls were insulated. Three different step height was
performed in this study. They observed at the end of the study that Nusselt number,
general three dimensional flow characteristic features, gradient locating in
recirculation region increases with increasing step height. Also, they noticed that step

height effects the friction coefficient distribution.

Chen et al. [31] aimed to explore the effects of step inclination on heat transfer and
flow features in a BSF duct using numerical prediction. The study was performed as
three dimensional and laminar forced convection conditions. Range of angle of the
step was changed from 15° to 90°. Air was the working fluid and its physical
properties were assumed to be constant. Constant heat flux was applied to downward
bottom wall and the rest of walls were adiabatic. The Nusselt number, temperature,
velocity and friction coefficient distribution with changing step inclination were
examined. They realized that maximum Nusselt number is placed near the sidewall
when inclination angle is grater than 30°. Friction coefficient occuring in
recirculation zone increases with increasing step inclination angle increases. They
additionally observed that velocity and tempetature distributions change with

inclination angle.

15



Lan et al. [32] conducted numerical simulation of 3D turbulent forced convection
flow in backward-facing step channel. Range of Reynolds number was at 20000-
50000. The channel’s step height and expansion ratio was 4.8 and 1.48 mm,
respectively. This study was done to understand the effects of Reynolds number and
aspect ratio on heat transfer and fluid flow features. The Nusselt number,
temperature, and general flow features distributions were presented. They concluded
that Reynolds number and aspect ratio influence slightly flow separation and

reattachment point but heat transfer is substantially influenced.

1.5.2. Literature Survey on BFS Using Nanofluids

As mentioned in the literature survey, studies carried out regarding heat transfer
represent minority. In ducts with backward-facing step, heat transfer applications
have been increased by using nanofluids. However, studies should be enhanced

regarding flow and heat transfer characteristics in BFS using nanofluids

Abu-Nada [33] is the first researcher who conducted a numerical study concerning
heat tranfer by using nanofluids in ducts with backward-facing step. In this study,
five different nanoparticles (CuO, Cu, TiO;  Ag, and Al,03) were used with volume
fractions between 0.05% to 2.0%. Water was the base fluid. Duct was thougth 2D
and its expansion ratio was 2. The range of Reynolds number was 200-600. He

reported that Nusselt number increases with increasing volume fractions.

Al-aswadi et al. [34] studied numerically 2D laminar forced convection flow of
nanofluids in channel with BFS. The base fluid was water. They conducted this study
by using Al,O3, Au, Ag, CuO, TiO,, Cu, , SiO, and diamond nanoparticles with 0.05
volume fraction. The study was performed for Re=50, 100 and 175. Expansion ratio
and step height and of the devised channel were 2 mm and 4.8 mm, respectively. All
the walls were insulated. They presented the effects of Reynolds number and
nanotluids types on pressure drop, velocity distribution and friction coetfficient. They
noticed that the highest wall shear stress is observed for SiO,/water nanofluid. They
found that nanofluids prepared nanoparticle with low density increase velocity much

more compared to nanofluids prepared nanoparticle with high density. Also, they
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obtained that Reynolds number and skin friction coeffcient are inversely

proportional.

Heshmati et al. [35] investigated a numerical simulation of a two dimensional duct
having backward-facing step devised slotted baffles on the top wall. Flow was
performed for laminar mixed convection condition. Working fluids were SiO,/water,
Al,Os/water, CuO/water and ZnO/water nanofluids. Nanoparticles were added

obvious volume fraction (¢ =1.0-4.0%) and their diameters range were at 20—50 nm.

Also, constant and uniform heat flux (q""w=10000 W/m?) was applied to downward
of the step wall while the other walls and slotted baffle were insulated. The main
goal of the study was to investigate the effects of the slotted baffle’s positions (with a
vertical solid baffle, with a solid inclined baffle, with two inclined slotted baffle),
nanofluid’s volume fractions and diameters on heat transfer. They observed that
SiOy/water nanofluid having 4.0% nanoparticle volume fraction and 20 nm
nanoparticle diameter enhances heat transfer much more amoung the other
nanofluids. In addition, they found that maximum Nusselt number is obtained in duct

with inclined slotted baffle.

Togun et al. [36] numerically investigated a study of heat transfer characterictics in
laminar and turbulent flow conditions by using two dimensional duct having BFS.
Working fluid was Cuw/water nanofluid whose volume fractions were 0%, 2.0% and
4.0%. Reynolds number were changed from 50 to 200 for laminar flow condition and
5000 to 20000 for turbulent flow condition. The duct was only heated at downstream
of stepped wall with constant heat flux at 4000 W/m? and its expansion ratio was 2.
They obtained that Nusselt number increases with increasing volume fraction of
nanoparticle for laminar and turbulent conditions. They presented that maximum
Nusselt number occurs at 4.0% volume fractions and Reynolds number of 20000. In
additon, they observed that turbulent flow enchances the Nusselt number amount of

10% compared to laminar flow.

Kherbeet et al. [37] conducted a numerical simulation for flow and heat transfer
characteristics in 2D duct with microscale backward-facing step (MBFS). Flow was

considered at laminar mixed convection condition. Four different nanoparticles types
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which were ZnO, Al,Os, Si0, and CuO with volume fraction of 1.0%, 2.0%, 3.0%,
and 4.0% were dispersed in ethylene glycol. The range of Reynolds number and
diameter of nanoparticles were at 0.05-0.5 and 25-75 nm, respectively. Duct having
expansion ratio of 2 and step height of 96 um was heated downstream of stepped
wall with uniform heat flux. Main aim of the study was the effect of nanofluids on
heat transfer. They noticed that the increase of Reynolds number causes increase the
skin friction coefficient and Nusselt number. They also revealed that the smallest

diameter of nanoparticles have the highest Nusselt number.

Kherbeet et al. [38] carried out numerical and experimental studies under laminar
forced convection nanofluids flow over MBFS to observe the effects of nanofluid on
heat transfer. The duct’s step height was 600 um and its downstream of wall was
exposed uniform heat flux. The experiment was studied at Reynolds number was
changed from 280 to 470. In the experimental studies, SiO,/water and Al,Os/water
nanofluids were used as working fluids. Diameter of nanoparticles was 30 nm and
volume fractions were varied from 0 to 0.01. They compared the experimental results
with numerical simulation. They obtained that the numerical and experiment results
were in good agreement. They also found that maximum Nusselt number is obtained

by using SiO,/water nanofluid.

Kherbeet et al. [39] aimed to clarify the effect of step height on heat and flow
characteristics in three dimensional duct having microscale backward-facing step.
The flow was considered as laminar mixed convection condition. Reynolds number
was 35. While downstream stepped wall was heated with constant heat flux of 12
W/m?, straight wall temperature was 323 K. The base fluid was ethylene glycol. SiO,
nanoparticle with volume fraction of 4.0% was added to base fluid. Step heights were
350, 450 and 550 pum. They found that the increasing step height of duct increases

both Nusselt number and skin friction coefficient.

1.6. OBJECTIVES

In light of relatively literature survey of fluid flow and heat transfer in a duct having

microscale backward-facing step summarized above and the studies regarding flow
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over microscale backward-facing step are not adequate to understand the flow and
heat transfer characteristics in ducts having MBFS. The present study attempts to
develop the knowledge of nanofluid flow and heat transfer characteristics of flow

over microscale backward-facing step.
The objectives of the study are:

1. To conduct laminar forced convection flow of nanofluids in a 3D duct
having microscale backward-facing step.

2. To investigate the effects of expansion ratio (ER) on heat and fluid flow
characteristics by designing three different expansion ratios of ER=1.25, 1.67
and 2.50.

3. To investigate the effects of nanofluids on heat and fluid flow characteristics
by using five different nanoparticles (Al;O3, SiO,, CuO, ZnO and Ti0;).

4. To investigate the effects of volume fraction
(9=1.0%, 2.0%, 3.0% and 4.0%) of nanofluids on heat and fluid
flow characteristics.

5. To investigate the effects of the Reynolds number on heat and fluid flow
characteristics by changing from 100 to 1000.

6. To investigate the effects of velocity and temparature distributions to
understand the structure of flow separation in ducts having microscale
backward-facing step. |

7. The most efficient expansion ratio and nanofluid are proposed at the end of

the study.
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PART 2
METHODOLOGY
2.1. THERMOPHYSICAL PROPERTIES OF NANOFLUIDS

The necessary thermophysical properties of nanofluids in this study are thermal

conductivity, viscosity, density, and specific heat.

The effective thermal conductivity of nanofluid was present as [40]:
keﬁ' = kstaric Kl kbrownian (2 1)

The kg1 was presented as [41]:

(ks +2kf)_2¢(kf _ks)
static — f (22)
(ky+2k;)+o(k,—k;)
Thermal conductivity resulting from Brownian motion is offered as [40]:
4 T
kbrownian =5x10 IB¢prpf P d f(T: (/’) (23)
s%p

where
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(T, 0)=(2.8217x10"p+3.917x107 £l
4 T

) +(—3.0669x1029—3.91123x107 )
0

where K is the Boltzman constant.

Corcione [42] presented viscosity of nanofluid equation as:

lueff _ 1
gy 1-3487(d,[d, )¢

413
anfo

The effective density of nanofluid was presented as [42]:

(2.4)

Peg =(1—0)p; +op; 2.5)

The effective specific heat of nanofluid was presented as [42]:

(1-9)(pCp); +9(pCp);
(1-9)p,+op,

(Cp)oyy = (2.6)

The effective thermal expansion of nanoﬂilid was presented as [42]:

_(1=9)(pB)s +o(pB);
(1-9)p; +op;

By 2.7)
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B values of different nanoparticles are given in Table 2.1.

Table 2.1. # values of different nanoparticles and their boundary conditions.

Type of particles p Concentration Temperature

ALO,  B.4407(1000)" % [40]  1%<o <10%

CuO 9.881(1000) *°**¢  [40]  1%<¢ <6%

S0, 1926010091 [40] 1%ses

ZnO 8.4407(1009) % [40] 1%<@<7% 298 K<T<363 K

2.2. PROBLEM DESCRIPTION AND GOVERNING EQUATIONS

Laminar forced heat transfer and flow of nanofluids in a 3D duct having microscale
backward-facing step is numerically investigated. Since the flow field is symmetric,
only one half of the duct is considered in the numerical calculations for reducing the
computational time. The shematic diagram and the geometrical dimensions of duct

for different expansion ratios are presented in Figure 2.1 and Table 2.2, respectively.

Figure 2.1. Schematic view of three-dimensional microscale backward-facing step
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Table 2.2. Geometrical dimensions of duct having microscale backward-facing step.

Expansion Ratio () L (m) Ls (m) H (umy) W (umy)
s (um m s (m m, m
[ER= H/(H-s)] i . a
1.25 200
1.67 400 0.15 0.10 1000 1200
2.50 600

The length of downstream and upstream wall was 0.15 m and 0.1 m, respectively.
Total duct height was 1000 um and width of duct was 1200 pm. While downstream
stepped wall was heated with uniform and constant heat flux of 10000 W/m?, other
walls were insulated. Solid particles with size under 100 nm were considered to be
able to use single phase approach, thus single phase approach was practiced for
nanofluid modeling and the phase of nanofluid was assumed to be as a continuous.
The following assumptions were adopted for this numerical study: (i) Both heat
transfer and fluid flow in duct were in three dimensional and steady-state; (ii) fluid
flow was incompressible and laminar flow; (iii) the physical properties of nanofluid,
such as specific heat, density, thermal conductivity were taken as temperature
independent; (iv) negligible viscous dissipation and radiation heat transfer; and (v)
the base fluid and the nanoparticles were in thermal equilibrium. The thermophysical

properties of nanoparticles and pure water are presented in Table 2.3.

Table 2.3. Thermophysical properties of nanoparticles and pure water.

Property Water ALOs;[44] CuO [44] SiO,[44] ZnO [44] TiO,[45]

u(N/ms)  0.000855 - : ; . )

Cp(kJ/kgK) 4179 765 535.6 703 495.2 692
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With mentioned above assumptions, governing equations; continuity, momentum

and energy were given, respectively:

V.V=0 (2.8)
D—I/-'v 257
—=-Vp+uVVv
p Dr pru 2.9)
DT 2
Cp—=kV°T
pLp Dr | (2.10)

2.3. BOUNDARY CONDITIONS

The boundary conditions are used for solving the continuity, momentum and energy
equations. They are treated as no slip conditions and thermally adiabatic at all the
walls with the exception of the downstream stepped wall which is heated with
uniform and constant at 10000 W/m?* as shown Figure 2.2. Fluid enters the duct at
uniform temperature and velocity. Velocity inlet and pressure outlet boundary

conditions are used at the inlet and exit of the duct, respectively.

Insulated Wall

Velocity
Inlet Presure

Qutlet
Tnsulated Wall Insulated Wall

Heated Wall

Figure 2.2. Boundary conditions of 2D duct having MBFS.

2.4. NUMERICAL PROCEDURES

In the computations, the finite-volume method based commercial CFD software
Ansys Fluent 15.0 is used to perform the numerical calculations by solving the
governing equations along with the boundary conditions. The convection terms in
mass, momentum and energy equations are discretized using a second order upwind
scheme, respectively. The standard scheme is employed for discretization of pressure

and the SIMPLEC algorithm, which gives more accurate results, is used to resolve
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the coupling between velocity and pressure. The Green-Gauss cell based method is
applied for discretization of the momentum and energy equations. To obtain
convergence, each equation for mass, momentum, and energy is iterated until the
residual falls below 1x10°. No convergence problems are observed during the

calculations.
2.5. MESH DEPENDENCY ANALYSIS

Mesh is used to discretize the geometry of the model for numerical simulations.
Meshing can be generated either in 2-D or in 3-D, depending on the dimensions of
the analyses. The hexahedral mesh distribution is used for the duct having microscale
backward-facing step. The numbers of mesh points or control volumes are increased
close to wall of the duct and near to the backward-facing step to enhance the

resolution and accuracy as given in Figure 2.3.

The mesh independence study is performed for the duct having expansion ratio of 2.5
by refining the mesh number until the variation in both average heat transfer
coefficient and average Darcy friction factor are less than 0.06%. To obtain the
optimum mesh number, a grid independence study is conducted using twenty
different mesh numbers changing from 5x10*to 8.5 x10° for Re=1000. Changing the
average heat transfer coefficient and average Darcy friction factor values with mesh
number for pure water flow is given in Figure 2.4 as an illustration. It is observed
that a further refinement of mesh number from 4x10° to 8.5x10°, the changing of
average heat transfer coefficient and average Darcy friction is negligible. If Figure
2.4 is observed, optimum mesh number with minimum computational time and
maximum accuracy approximately can be séen at 3.2x10°. To obtain optimum mesh
number, same procedure is used for other expansion ratios of 1.25 and 1.67 for pure

water.
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Figure 2.3. Sample mesh distribution of the duct having MBFS geometry.
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Figure 2.4. Changing of average heat transfer coefficient and average Darcy friction

factor with mesh number for pure water at Re=1000.

2.6. COMPARISON WITH EXPERIMENTAL RESULTS

At the beginning of the study, the numerical code is validated by comparing the

present result of average Darcy friction factor with the experimental result of average
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Darcy friction factor of Kherbeet et al. [38] for the duct having MBFS as shown in

Figure 2.5. The results obtained by present study are good agreement with the

correlation proposed by Kherbeet et al. [38]. Error of numerical simulation results

compared to experimental results is nearly below 5%.
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Figure 2.5. Comparison of average Darcy friction factor of the present result for pure
water with the result of Kherbeet et al. [38].
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PART 3

RESULTS AND DISCUSSIONS

Laminar forced convection flow and heat transfer characteristics of nanofluids over a
three-dimensional horizontal microscale backward-facing step located in a
rectangular cross-sectional duct is numerically investigated. Four different volume

fractions (@ =1.0%—4.0%) of nanoparticles are dispersed in pure water and five

different nanoparticles (Al,O3, SiO,, CuO, ZnO and TiO,) are used. The Reynolds
number is in the range of100 <Re <1000. The duct has three different expansion
ratio (ER=1.25, 1.67 and 2.50). Numerical results are presented in nondimensional

average and local Nusselt number and Darcy friction factor.

3.1. HEAT TRANSFER CHARACTERISTICS

Predictions of the Nusselt number from the numerical simulation are presented for
different nanoparticle volume fractions and different nanofluids in this section.
Figure 3.1 is presented to obtain the effects of different nanoparticle volume fractions
on average Nusselt number for expansion ratio of 1.25. The numerical results show
that the average Nusselt number increases with increasing all volume fractions for
Al,Os/water, SiO,/water and TiO,/water nanofluids due to increase of thermal
conductivity of fluid by dispersed nanoparticles. That is because while the
nanoparticles volume fraction increases, random and irregular movements of
nanoparticles increase the rates of the energy change in the fluid with penalty on the
wall shear stress and eventually improve the thermal dispersion of the fluid flow
[46]. Pure water has higher value of Nusselt number than 1.0% and 2.0% volume
fractions of ZnO/water and CuO/water nanotluids. This occurs due to the effect of
dynamic viscosity and density on the specific weight gravity [34]. The variation of
average Nusselt number with nanoparticles volume fractions for ZnO/water and

CuO/water nanofluids is very low. In addition, average Nusselt number increases
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with increasing Reynolds number. Maximum Nusselt number is obtained at 4.0%

nanoparticle volume fraction for all types of nanofluids.
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Figure 3.1. The average Nusselt number variation with Reynolds number for
different nanoparticle volume fractions of different nanofluids at
ER=1.25.
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Figure 3.2 presents to evaluate the effects of different Reynolds numbers and
nanoparticle volume fractions for expansion ratio of 1.67 on average Nusselt number.
As seen in Figure 3.2, the numerical results of ER=1.67 have the same trend with
numerical results of ER=1.25.
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| Figure 3.2. The average Nusselt number variation with Reynolds number for
different nanoparticle volume fractions of different nanofluids at
ER=1.67.
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Effects of changing Reynolds numbers and nanoparticle volume fractions for
expansion ratio of 2.50 on average Nusselt number is given in Figure 3.3. As can be
seen in Figure 3.3, average Nusselt number increases with Reynolds number and

nanoparticle volume fraction. The highest Nusselt number is obtained at ER=1.25.
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Figure 3.3. The average Nusselt number variation with Reynolds number for
different nanoparticle volume fractions of different nanofluids at
ER=2.50.

31



As seen above, the average Nusselt number of nanofluids is generally higher than the
pure water. This may be related that the nanofluids with a high Prandtl number

having a higher Nusselt number [38]. The maximum average Nusselt number is

obtained at volume fraction of 4.0% for all types of nanofluid.

I

E Figure 3.4, Figure 3.5 and Figure 3.6 are given to obtain the effect of nanofluid types
t on heat transfer for ER=1.25, ER=1.67 and ER=2.50, respectively. As can be seen
from these figures, the average Nusselt number increases gradually with increasing
Reynolds number for all cases. It was revealed that Al,Os/water nanofluid has the
highest average Nusselt number at maximum Reynolds number and ZnO/water
nanofluid has the lowest average Nusselt number for all expansion ratios. As

expransion ratio increases, the average Nusselt number decreases.
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Figure 3.4. The average Nusselt number variation with Reynolds number for 4.0%
nanoparticle volume fractions and different types of nanofluids at
ER=1.25.
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Figure 3.5. The average Nusselt number variation with Reynolds number for 4.0%
nanoparticle volume fractions and different types of nanofluids at

ER=1.67.
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Figure 3.6. The average Nusselt number variation with Reynolds number for 4.0%
nanoparticle volume fractions and different types of nanofluids at
ER=2.50.
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Figure 3.7 shows the effect of expansion ratios on average Nusselt number for

Al Os/water nanofluid having 4.0% nanoparticles volume fraction. It can be obtained

| that the average Nusselt number increases with decreasing expansion ratio of MBFS.

|
: 6
| | | —e— ER=1.25,40% ALO,
: g ER=1.67,4.0% AlO;
st —a— ER=250,40% ALO,
e Y
4= g
Nu
— -8
3 E__’__B__-a—
v 43—”‘9’”
v e
1 -8
2+ _
| =7
L
1 1 ] 1 1 1
200 400 600 800 1000
Re

Figure 3.7. The average Nusselt number distributions for different expansion ratios
and Al,Os/water nanofluid with 4.0% volume fraction.

Figure 3.8 illustrates the change of local Nusselt number along the downstream
stepped wall (heated wall). The local Nusselt number is considered to increase
uprightly to its maximum value at the separation point and then decreases with
moving away from the step of the duct having MBFS until the reattachment point
and then it takes a stable form when the nanofluid flow is being fully developed
condition. This is due to the fluid flow separation which leads to heat transfer
enhancement [47]. It is noticed that the local Nusselt number increases with

decreasing the expansion ratio.
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Figure 3.8. The local Nusselt number distributions along the dimensionless length for
different expansion ratios and Al,Os/water nanofluid with 4.0% volume
fraction.

The effects of the Reynolds number on the local Nusselt number for Al,Os/water
nanofluid with 4.0% volume fraction rate is given in Figure 3.9. It is noticed that the
Reynolds number affects the local Nusselt number and the highest Reynolds number

has the highest local Nusselt number.

The effect of nanoparticle type dispersed in pure water on the local Nusselt number
distribution is shown in Figure 3.10. Five different nanoparticles were used at
constant Reynolds number of 500. It is noticed that Al,Os; nanoparticle has the
highest local Nusselt number while the pure water has the lowest local Nusselt

number.
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Figure 3.9. The local Nusselt number distributions along the dimensionless length for
different Reynolds number and Al,Os/water nanofluid with 4.0% volume
fraction at ER=1.25.
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Figure 3.11 is drawn to understand effects of nanoparticle volume fraction on
temperature distribution of duct outlet. It was revealed that temperature distributions
have same distributions for all nanoparticle volume fractions. It is obtained that
nanoparticle volume fraction does not significantly affect duct’s the outlet

temperature.

Figure 3.12 explains the effects of Reynolds number on temperature distributions at
the duct outlet. It can be seen that Reynolds number significantly affects the
temperature distribution. As Reynolds number increases, temperature value at the

duct outlet decreases.

Figure 3.13 is drawn to understand effects of expansion ratio on temperature
distributions at duct outlet. It can be obtained that temperature distribution of duct

outlet is not affected by changing of expansion ratio.

Figure 3.14 is drawn to show the changing of local temperature distributions from
stepped wall to outlet of the duct. It was revealed that the temperature distribution
repeats itself at the exit of the duct outlet. This means that the flow reaches thermally

fully developed condition.
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Figure 3.12. Isothermal contours of temperature at the duct outlet for different
Reynolds number using Al,Os/water nanofluid with 4.0% volume
fraction at ER=1.25 a) 100, b) 500, ¢) 1000.
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Figure 3.14. Isothermal contours of temperature at the duct outlet for different
distances from the step wall using Al,Os/water nanofluid with 4.0%
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Figure 3.15 - Figure 3.18 are presented to show temperature distribution in
recirculation zone due to changing of expansion ratio, nanoparticles volume fraction,
Reynolds number and types of nanofluids, respectively. It is revealed that
temperature distribution in recirculation zone is proportional to expansion ratio but it

is inversely proportional to nanoparticle volume fraction and Reynolds number. In

addition, Al,Os/water nanofluid has lower temperature in recirculation zone.
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Figure 3.15. Contours of temperature for different expansion ratios using
AlLOs/water nanofluid with 4.0% volume fraction at Re=500
a) ER=1.25, b) ER=1.67, c¢) ER=2.50.
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Figure 3.16. Contours of temperature for different nanoparticle volume fractions
using Al,Os/water nanofluid at ER=1.25 and Re=500 a) 1.0%, b) 2.0%,
c) 3.0%, d) 4.0%.
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Figure 3.17. Contours of temperature for different Reynolds numbers using
Al Os/water nanofluid with 4.0% volume fraction at ER=2.50
a) Re=100, b) Re=500, c) Re=1000.
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Figure 3.18. Contours of temperature for different nanofluids with 4.0% volume
fraction at ER=2.50 and Re=500 a) Al,Os/water, b) SiO,/water,
¢) TiOy/water, d) CuO/water, e) ZnO/water.
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3.2. FLOW CHARACTERISTICS

In this section, predictions of numerical simulation predictions of the Darcy friction
factor are presented for different Reynolds numbers, nanoparticles volume fractions

and nanofluids.

Figure 3.19 is presented to obtain effects of different nanoparticles volume fractions
and Reynolds numbers on average Darcy friction factor for expansion ratio of 1.25. It
is revealed that while the Reynolds number increases the average Darcy friction
factor decreases. The graph of average Darcy friction factor of pure water and
tdifferent nanofluid types coincides. Namely, the average Darcy friction factor is

independent from nanoparticles volume fractions and types of nanofluids.

Figure 3.20 and Figure 3.21 are presented to obtain effects of Reynolds numbers,
nanofluid types and volume fractions on average Darcy friction factor for expansion
ratio of 1.67 and 2.50. It is noticed that the average Darcy friction factor influences
from the changing of expansion ratio. It is observed that the average Darcy friction

factor decreases with increasing expansion ratio.
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Figure 3.19. Average Darcy friction factor variation with Reynolds number for
different nanoparticle volume fractions of different nanofluids at
ER=1.25.

48

r



0.16
[ —_—b— 1.0%
ouE o e AR 2.0%
; —— 0O —— 30%
o2 . === A0%
—_— - — PureWater
0.10 -
f 0.08 |-
0.06 -
004 -
002 |
0.00 [ N N 1 " " 1 1 1 |
200 400 600 800 1000
Re

Figure 3.20. Average Darcy friction factor variation with Reynolds number for
different types of nanofluids and nanoparticles volume fractions at

ER=1.67
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Figure 3.21. Average Darcy friction factor variation with Reynolds number for
different types of nanofluids and nanoparticles volume fractions at
ER=2.50.

Figure 3.22, Figure 3.23 and Figure 3.24 are presented to verify whether the average
Darcy friction factor changes with types of nanofluids or not. Five different

nanoparticles with volume fraction of 4.0% are dispersed in pure water at ER=1.25,
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1.67 and 2.50. It can be revealed that the effects of types of nanofluids on the average

Darcy friction factor are not important.
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: Figure 3.22. Average Darcy friction factor variation with Reynolds number for
Al Os/water, SiO,/water, CuO/water, ZnO/water and TiO,/water
nanofluids having 4.0% nanoparticle volume fractions at ER=1.25.
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Figure 3.23. Average Darcy friction factor variation with Reynolds number for
AlLOs/water, SiO,/water, CuO/water, ZnO/water and TiO,/water
nanofluids having 4.0% nanoparticle volume fractions at ER=1.67.
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Figure 3.24. Average Darcy friction factor variation with Reynolds number for
Al Os/water, SiO,/water, CuO/water, ZnO/water and TiO,/water
nanofluids having 4.0% nanoparticle volume fractions at ER=2.50.

Figure 3.25 is presented to investigate the effects of expansion ratio on the average
Darcy friction factor. It can be noticed that the average Darcy friction factor
decreases with increasing expansion ratio and Reynolds number. This is due to

increasing velocity of flow.
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Figure 3.25. Average Darcy friction factor variation with Reynolds number for
different expansion ratios using Al,Osj/water nanofluid having 4.0%
nanoparticles volume fractions.

The effects of nanofluids types on the local Darcy friction factor along the
downstream stepped wall (heated wall) at constant Re=500 are presented in Figure
3.26. It is revealed that the local Darcy friction factor increases slightly and reaches
its maximum summit as the distance downstream from the step increases. Then, it
decreases slightly until it goes down the minimum value. This value occurs due to
the recirculation flow where there is a change in the velocity distributions and the
minimum value occurs due to the reattachment point where the velocity is practically
equal to zero. After that, it increases until it reaches a point where the local Darcy
friction factor remains constant along the rest of heated wall. This shows that the
local Darcy friction factor asymtotically approaches to hydrodynamically fully
developed duct flow. Also, it is interpreted that the local Darcy friction factor is

independent from nanofluid types.

Figure 3.27 is presented to investigate the effects of expansion ratio on the local
Darcy friction factor using Al,Os/water nanofluid having 4.0% nanoparticle volume
fraction along the downstream stepped wall (heated wall) at constant Re=500. It is

noticed that the local Darcy friction factor influences the changing of expansion
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ratio. It is obtained that the local Darcy friction factor is inversely proportional to the

expansion ratio.

Figure 3.28 is presented to investigate the effects of Reynolds number on the local
Darcy friction factor using Al,Os/water nanofluid having 4.0% nanoparticle volume
fraction along the downstream stepped wall (heated wall) at constant ER=1.25. It can
be noticed that the local Darcy friction factor influences the changing of Reynolds
number. It is found that the local Darcy friction factor decreases with increasing
Reynolds number. This is because the local and average Darcy friction factor are

inversely proportional to the flow velocity.
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Figure 3.26. Variation of local Darcy friction factor for different Reynolds numbers
using Al,Os/water, SiO,/water, CuO/water, ZnO/water and TiO,/water
nanofluids having 4.0% nanoparticle volume fractions and pure water
at Re=500.
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Figure 3.27. Variation of local Darcy friction factor for different expansion ratios
using AlLOs/water nanofluid having 4.0% nanoparticle volume
fractions at Re=500.
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Figure 3.28. Variation of local Darcy friction factor for different Reynolds numbers

using Al,Os/water nanofluid having 4.0% nanoparticle volume
fractions at ER=1.25.
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Figure 3.29 is drawn to explain the effects of nanoparticles volume fraction on
velocity distribution of duct outlet. With increasing of nanoparticles volume fraction,

velocity distribution of duct outlet increases due to increasing viscosity of nanofluid.

Figure 3.30 is shown to explain the effects of Reynolds number on velocity
distribution of duct outlet. It can be seen that Reynolds number significantly effects
the velocity distributions. As Reynolds number increases, velocity values of duct

outlet increases.

Figure 3.31 is shown to understand the effects of expansion ratios on velocity
distribution of duct outlet. It can be obtained that with increasing of expansion ratio,

velocity distribution of duct outlet decreases.

Figure 3.32 is drawn to show the changing of local velocity distributions from
stepped wall to outlet of duct. It was revealed that velocity distributions begin to not
change to the duct outlet. This means that the flow reaches hydrodynamically fully

developed condition.
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Figure 3.29. Velocity contours at the duct outlet for different nanoparticle volume
fraction using Al,Os/water nanofluid at ER=1.25 and Re=500 a) 1.0%,

b) 2.0%, c) 3.0%, d) 4.0%.
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Figure 3.30. Velocity contours at the duct outlet for different Reynols number using
Al,Os/water nanofluid with 4.0% volume fraction at ER=1.25
a) Re=100, b) Re= 500, c) Re=1000.
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l Figure 3.31. Velocity contours at the duct outlet for different expansion ratios using

| Al Oj/water nanofluid with 4.0% volume fraction at Re=500 a) 1.25,
b) 1.67, ¢) 2.50.
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Figure 3.32. Velocity contours at the duct outlet for different distances from the step
wall using Al,Os/water nanofluid with 4.0% volume fraction at
ER=1.25 a) x/s=500.5, b) x/s=502.5, c) x/s=504.5, d) x/s=525,
e) x/s=550, f) x/s=750, g) x/s=1000, h) x/s=1250.
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Figure 3.32. (continuing).

Figure 3.33 shows to explain the effects of expansion ratio on the size of the
recirculation zones. The size of the recirculation zones increases as expansion ratio

increases.

Figure 3.34 is drawn to understand the effects of nanoparticles volume traction on
the size of the recirculation zones. It can be obtained that variation of nanoparticle

volume fraction does not affect the size of the recirculation zones. Also, flow
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velocity increases with increasing nanoparticles volume fraction because of

increasing viscosity of nanofluid.

The effects of Reynolds number on the size of the recirculation zones is presented on
Figure 3.35. It can be obtained that changing of Reynolds number markedly affects
the size of the recirculation zones. As the Reynolds number increases, the size of the

recirculation zone increases, also.

Figure 3.36 is presented to understand the effects of types of nanofluids on the size
of the recirculation zones. It can be obtained that changing of nanofluids do not

affect the size of the recirculation zones.

Figure 3.33. Streamlines of velocity for different expansion ratios using Al,Os/water
nanofluid with 4.0% volume fraction at Re=500 a) ER=1.25,
b) ER=1.67, ¢) ER=2.50.
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| Figure 3.34. Streamlines of velocity for different nanoparticle volume fractions using
AlLOs/water nanofluid at ER=1.25 and Re=500 a) 1.0%, b) 2.0%,
c) 3.0%, d) 4.0%.

Figure 3.35. Streamlines of velocity for different Reynolds numbers using
AlLOs/water nanofluid with 4.0% volume fraction at ER=2.50
a) Re=100, b) Re=500, c¢) Re=1000.
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Figure 3.36. Streamlines of velocity for different nanofluids with 4.0% volume
fraction at ER=2.50 and Re=500 a) Al,Os/water, b) SiO,/water,
¢) TiOy/water, d) CuO/water, ) ZnO/water.

Figure 3.37 - Figure 3.40 are presented to show the counter flow in recirculation
zone due to the changing of expansion ratio, nanoparticles volume fraction, Reynolds
number and nanofluids, respectively. It is revealed that the flow reaches
hydrodynamically fully developed condition as faster as compared to higher
Reynolds numbers and expansion ratios. The flow develops at the same condition as

compared to changing of nanoparticles volume fractions and types of nanofluids.
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Figure 3.37. Velocity vectors for different expansion ratios using Al,Os/water
nanofluid with 4.0% volume fraction at Re=500 a) ER=1.25,
b) ER=1.67, ¢) ER=2.50.
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Figure 3.38. Velocity vectors for different nanoparticle volume fractions using
Al,O3/water nanofluid at ER=1.25 and Re=500 a) 1.0%, b) 2.0%,
¢) 3.0%, d) 4.0%.
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Figure 3.39. Velocity vectors of for different Reynolds numbers using Al Os/water
nanofluid with 4.0% volume fraction at ER=2.50 a) Re=100,
b) Re=500, c) Re=1000.
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Figure 3.40. Velocity vectors of for different nanofluids with 4.0% volume fraction
at ER=2.50 and Re=500 a) Al,Os/water, b) SiOy/water, c) TiO,/water,
d) CuO/water e) ZnO/water.

3.3. COMPARISION OF TYPES OF NANOFLUIDS, NANOPARTICLE
VOLUME FRACTIONS AND EXPANSION RATIOS DUE TO HEAT
TRANSFER PERFORMANCE

The use of nanofluids associated with MBFS simultaneously in the rectangular duct
leads not just to enhance Nusselt number, but also varies Darcy friction factor. In
order to compare the thermal and hydraulic performance of the duct with MBFS

having different expansion ratios, the Performance Evaluation Criterion (PEC) is
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evaluated. The greater value of PEC denotes the better overall performance. For this
reason, PEC > 1 denotes that the improvement of heat transfer is greater than the

increase in the pressure drop penalty. PEC can be written as follows [48]:

3.1)

Figure 3.41 is presented to obtain the best nanofluid with the constant expansion
ratio and 4.0% nanoparticles volume fraction regarding heat transfer. It is revealed
that improvement of heat transfer of all nanofluids are- dominant because PEC is
bigger than 1. Al,Os/water nanofluid has the greatest PEC at all Reynolds number.
ZnO/water nanofluid has the lowest PEC, also. Moreover, PEC also increases with

increasing the Reynolds number.

Figure 3.42 is presented to obtain the best nanoparticle volume fraction of
Al,Os/water nanofluid with constant expansion ratio regarding heat transfer. Also,
PEC increases with increasing the Reynolds number. It is found that PEC increases

by increasing nanoparticle volume fraction.

Figure 3.43 is presented to obtain the best duct expansion ratio of MBFS in duct. It is
revealed that improvement of heat transfer of all expansion ratios is superior. Also,
PEC increases with increasing the Reynolds number. In addition, with the increasing
of Reynolds number to about 700, the duct having expansion ratio of 1.25 displays
higher PEC value, which is higher heat transfer enchacement. After Re=700, the PEC

value of the duct having ER=2.50 starts to increase and become the greatest.
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Figure 3.41. Comparision of performance evaluation criterion for different
nanofluids at 4.0% nanoparticle volume fraction and ER=1.25.
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Figure 3.42. Comparision of performance evaluation criterion for different
nanoparticles volume fractions of Al,O3/water nanofluid at ER=1.25.
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Figure 3.43. Comparision of performance evaluation criterion for the MBFS having
different expansion ratios for Al,Os/water nanofluid having 4.0%
nanoparticle volume fraction.
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PART 4

CONCLUSIONS

Nanofluid, nanoparticle volume fraction, duct expansion ratio and the Reynolds
number are varied to understand their effects on flow and heat transfer characteristics
using MBFS under laminar forced convection. Although the duct expansion ratio and
the Reynolds number significantly affect flow and heat transfer characteristics over,
types of nanofluids and nanoparticle volume fractions affect the heat transfer

characteristics only.

Types of nanofluids have a great effect on heat transfer. It is obtained that
Al,Os/water nanofluid has the greatest Nusselt number for all expansion ratios and
nanoparticle volume fractions. ZnO/water nanofluid has the lowest Nusselt number
in the four nanofluids. But, ZnO/water nanofluid has bigger Nusselt number when
compared to pure water. It can be said from this investigation that nanofluid
increases the heat transfer over MBFS. Darcy friction factor is not significantly

affected by the types of nanofluids.

Heat transfer usually increases with increasing nanoparticle volume fraction. It is
revealed that Al,Os/water nanofluid having 4.0% nanoparticle volume fraction has
the biggest Nusselt number for all expansion ratios and Reynolds numbers.
ZnO/water and CuO/water nanofluids, which have 1.0% and 2.0% nanoparticle
volume fraction, have lower Nusselt number in comparison to pure water. It can be
said that the Nusselt number does not always increase with increasing nanoparticles
volume fraction. Darcy friction factor is not significantly affected by the types of

nanofluids.

Duct expansion ratio has a great effect on the heat transfer and flow characteristics. It

is obtained that the maximum Nusselt number is seen at ER=1.25 and the minimum
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Nusselt number is seen at ER=2.50. Moreover, Darcy friction factor is inversely

proportional to increasing expansion ratio.

The Reynolds number has a great effect on the heat transfer and flow characteristics,

too. It is obtained that the Nusselt number, the lenght of reattachment point and PEC
increase with increasing the Reynolds number. On the other hand, Darcy friction

factor decreases with increasing the Reynolds number.
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PART S

SUGGESTIONS FOR FUTURE WORK

In this section, a number of topics, which may be considered as future work, are

given below.

. In this thesis, the nanofluid flow over MBFS was considered under laminar

forced convection flow conditions and using single phase approach. Future
work should consist of turbulent, mixed and forced convection conditions.

Also, two phase approach can be used for nanofluid flow.

. Recently, entropy generation, which is important to design a system, is the

important topic for researhers. In the literature, there is no investigation about
entropy generation of nanofluid flow over MBFS. Future work should take

into account entropy generation of nanofluid flow over MBFS.

. In this thesis, the numerical calculations were performed for four nanoparticle

volume fractions. Future work should be performed by increasing number of
nanoparticle volume fractions to obtain effects of heat transfer characterictics

of nanofluids.

. In this study, thermophysical properties of nanofluids were assumed

independent from temperature changing. Future work should be conducted
with temperature depended thermophysical properties of nanofluid in terms

of approaching the reality.
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A.1. Average Heat Transfer Coefficient and Nusselt Number

In this section, average heat transfer coefficient and Nusselt number are determined
for 4.0% volume fraction of Al,Os/water nanofluid flow over MBFS having
ER=1.25. The Reynolds number is chosen 500. As a result of the numerical study,
some variables is obtained from ANSYS 15.0. They are tabulated in the table below.

T; [K] T, [K] Ty [K] AP [Pa]

300 300.7271 303.6559 2340.885

Firstly, thermopysical properties of Al,Os/water nanofluid should be determined. The

effective thermal conductivity equations for nanofluid are given below.

1| G2k —20(ke —ky) | _ o 5] (40+2x0.613)—2x0.04(0.613-40)
sete TR (kg + 2k, ) + (K, — k) ’ (40+2x0.613) +0.04(0.613 — 40)

k... =0.666 W/mK

static

Ky roumian = 3X10*Bop,Cp; /K—(;rf(T,(p) =5x10%(0.2716)(0.04)(1115.2)(4179)
ps p

x(4.5456x107)

(1.38066x107%)(301)
(3970)(2.5x107%)

where

f(T,9) =(2.8217x10¢ +3.917xI 0-3)(%

}r (—3.0669x102p —3.91123x10>)
0

%}r (=3.0669x1072x0.04—3.91123x10%)

=(2.8217x107%x0.04 + 3.917x10‘3)(

(T, p) =4.5456x10~
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&

Kegp = Koo + =0.666+6.65x107* =0.667 W/mK

static brownian

The effective viscosity of nanofluid equation for nanofluid is presented

Heft 1 et 1

T B 1-34.87(d, /dg) ¢! 0.000855  1-34.87(2.5x107%/3.85467x10710)°3(0.04)" %

Hr =0.001340615 Ns/m’

where

1/3 1/3
g M | 6(0.01801528)
"1 Nmpy, (6.02x10%)(3.14)(998.4)

d; =3.85467x10™"° m

The effective density of nanofluid is defined as follows.
Pt =1 —0)p; +@p, = (1—0.04)(997) +(0.04)(3970)
Py =11152 kg/m’

The calculation of the effective specific heat of nanofluid is presented below.

©p) _ (1-9)(PCp); +0(pCp), _ (1—-0.04)(997x4179) +(0.04)(3970x765)
Pletr = A-o)p; +9p, (1—0.04)(997) + (0.04)(3970)

(Cp)ys =3693.173 kI /kgK
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The effective thermal expansion of nanofluid is defined as follows.

_(1=9)(pB)¢ +0(pB); _ (1-0.04)(997x303x107%) +(0.04)(3970x1.9069)
C (-@)peFop, (1-0.04)(997) +(0.04)(3970)

Beff

B =02716 1/K

After calculations of the thermophysical properties of Al,Os/water nanofluid,
average heat transfer coefficient and the Nusselt number are then obtained from the

below equations.

D, - 4A _ 4x(1200pmx800um)
" P 2x(1200pm+800pm)

D, =960pm = 960x10°m

The inlet velocity of nanofluid is calculated at Re=500 as in the below:

-6
Re PVuD _ 500 _ (115.92)(V,)(960x10°)
0 0.001340615
V. =0.625

. _1Cp(T,~T,) _pV,ACp(T,~T)
A(T,-T,) A(T,-T,)
_ (1115.2)(0.625)(0.0000012)(3693.173776)(300.7271—-300)
- (0.00018)(303.6559 —300.3636)

h=3796.6405 W/m’K

hD;  (3796.6405)(0.00096)
k 0.667

Nu=
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A

Nu =5.431855

A.2. Average Darcy Friction Factor

The Darcy friction factor is obtained as follows.

¢ _ 2AP)D,) _ 2(2340.845)(0.00096)
© pV.AL,  (1115.2)(0.6257)%(0.25)

f =0.041149889

A.3. Performance Evaluation Criterion (PEC)

PEC is determined from equation given below.

(Nu,,f) (5.4319)
PEC = Nuf1 _ 5.0899 ;
£V’ (0.041149889)A
f, 0.041149912
PEC=1.0672
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