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ABSTRACT

M. Sc. Thesis

NUMERICAL ANALYSIS OF NANOFLUID FLOW IN A CONICAL
HELICAL TUBE

Majdi Ahmed Misbah AL

Karabuk University
Institute of Graduate Programs
The Department of Mechanical Engineering

Thesis Advisor:
Prof. Dr. Kamil ARSLAN
April 2022, 74 pages

In this study, nanofluid flow in conical helical tube has been numerically
investigated. The study has been carried out in three-dimensional laminar flow
(1050<Re<2150) conditions. Conical helical tube with 170 mm base diameter, 10
mm tube diameter and 1500 mm length has been used in the study. Constant heat
flux of 1000 W/m?has been implemented on the tube surface. Al,Os — water
nanofluid with different nanoparticle volume fractions ratio (1.0%, 2.0%, and 3.0%)
has also been used as the working fluid in the numerical analyzes. In addition,

studies have been carried out for blade, platelet and cylindrical nanoparticle shapes.

The average Nusselt numbers and the average Darcy friction factors have been used
to estimate the flow and heat transfer characteristics of nanofluid flow in the conical
helical tubes with different nanoparticle volume fractions and shapes. Pressure and
temperature distribution inside the conical helical tubes have been also examined for
different cases. Secondary flows in conical helical tubes have been analyzed in



detail. Numerical results of the study have been also presented as the variation of
average Nusselt number and Darcy friction factor with Reynolds number,
nanoparticle shape and nanoparticle volume fraction. As a result, the highest
convective heat transfer performance has been obtained for platelet nanoparticle

shape of the 3.0% Al.Os3-water nanofluid.

Keywords : Conical helical tubes, Ansys, nanofluid, CFD, convective heat
transfer.
Science Code : 91412



OZET
Yiiksek Lisans Tezi

KONIK HELISEL BiR TUP ICERISINDEKI NANOAKISKAN AKISI VE ISI
TRANSFERI ANALIZI

Majdi Ahmed Misbah AL

Karabiik Universitesi
Lisansiistii Egitim Enstitiisii

Makine Miihendisligi Anabilim Dal

Tez Danismani:
Prof. Dr. Kamil ARSLAN
Nisan 2022, 74 sayfa

Bu ¢alismada, konik sarmal tiiplerdeki nanoakigkan akis1 sayisal olarak incelenmistir.
Calisma, lic boyutlu laminer akis (1050<Re<2150) kosullarinda gergeklestirilmistir.
Calismada 170 mm taban ¢apina, 10 mm boru ¢apina ve 1500 mm uzunluga sahip
konik sarmal boru kullanilmigtir. Al2O3 — su nanoakigkani farkli nanopargacik hacim
oranlarinda (%1.0, %2.0, %3.0) calisma akiskani olarak kullanilmistir. Ayrica
kullanilan nanopargaciklar bigak, plaket ve silindirik olmak {izere ti¢ farkli sekilde

kullanilarak ¢alismalar yapilmistir.

Konik sarmal borulardaki akis ve 1s1 transfer performansini tahmin etmek icin
ortalama Nusselt sayilar1 ve ortalama Darcy siirtinme faktorleri hesaplanmistir.
Calismanin sonuglari her bir nanopargacik sekli i¢in %1.0, %2.0, %3.0 nanopargacik
hacim oranlari i¢in elde edilmistir. Konik sarmal borularin i¢indeki basing ve sicaklik

dagilimi da farkli durumlar icin incelenmistir. Konik sarmal borulardaki ikincil

Vi



akiglar ayrintili olarak analiz edilmistir. Calismanin sayisal sonuglari ortalama
Nusselt sayist ve Darcy siirtiinme faktoriiniin Reynolds sayisi ile degisimi ve her bir
nanoparcacik sekli ve nanopargacik hacim orani i¢in ayr1 olarak sunulmustur. Sonug
olarak, en yiiksek taginimla 1s1 transfer performanst %3.0 Al,Os-su nanoakiskanin

plaket nanopargacik sekli igin elde edilmistir.
Anahtar Kelimeler: Konik helisel tiipler, ANSYS, nanoakiskan, HAD, tasinim ile

181 transferi.

Bilim Kodu 191412
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PART 1

INTRODUCTION

1.1. THERMAL MANAGEMENT SYSTEMS

Passive methods of thermal management mainly utilize the natural flow of air to
minimalize the temperature of the mechanical and the electronic components.
Passive method of thermal management mainly focuses on the geometry of the heat
exchangers and the material of cooling/thermal management of electronic and
mechanical devices is major challenge in variety of applications. Thermal
management of a system is mainly dependent on the type of coolant/working fluid
and the geometry and the material of the heat exchangers. A range of conventional
and modern thermal fluids and heat exchanger channel geometries have been

proposed and tested for potential use in thermal management applications [1,2].

e Active-Method of Thermal Management.

e Passive-Method of Thermal Management.

Passive methods of thermal management mainly utilize the natural flow of air to
minimalize the temperature of the mechanical and the electronic components.
Passive method of thermal management mainly focuses on the geometry of the heat
exchangers and the material of cooling/thermal management of electronic and
mechanical devices is major challenge in variety of applications. Thermal
management of a system is mainly dependent on the type of coolant/working fluid
and the geometry and the material of the heat exchangers. A range of conventional
and modern thermal fluids and heat exchanger channel geometries have been

proposed and tested for potential use in thermal management applications [1,2].



Due to complexity of geometrical designs and manufacturing complications, the cost
of thermal management systems gets increased. To overcome the challenges and
improve the rate of thermal transportation through the heat exchangers, active
methods of cooling were employed that mainly make use of forced convection heat
transfer mechanism. Most of the modern thermal management systems make use of
forced convection heat transfer mechanism to perform the cooling operation of
components [3]. Some of the critical factors that influence the effectiveness of

convection heat transfer in thermal management systems are listed as follows:

e Thermal characteristics of the coolant

e Rheological characteristics of the coolant
e Surface properties of the flow channel

e Heat transfer surface area

e Heat sink geometry

Conventional cooling methods used water and air as the coolant in thermal
management devices. However, thermal transportation and flow characteristics of
these conventional fluids do not meet the requirements of modern thermal
management devices. Therefore, significant improvement has been brought to the
geometry of heat exchanging sections as well as modern thermal fluids have been
developed to counteract the challenge of overheating in the electronic and

mechanical devices [4]. Some of the conventional coolants are given below.

o Air
o Water
e Ethylene glycol

e Thermal oil.

Scientists of different laboratories have been working for years to develop some
efficient thermal fluids. One of the modern thermal fluids that possess impressive
thermal transportation characteristics is called nanofluid. Nanofluids are one of the
newly developed thermo-fields that possess superior thermal and fluidic

characteristics as compared to the conventional fluids [5].



1.2. NANOFLUIDS

1.2.1. Mechanism of Heat transfer in Nanofluids

Nanofluids possess superior thermal characteristics as compared to conventional

thermal fluids. There are various types of nanofluids that include:

e Mono nanofluids
e Hybrid nanofluids

e |onic nanofluids.

Superior thermal characteristics of nanofluids are mainly due to improved thermal
conductivity of the base fluid and the available surface are due to the colloidal
suspension of metallic particles. Nanoparticles’ properties play significant role in
overall success of the nanofluids. Types of nanoparticles used in the making of

nanofluids have been presented in the (Fig 1.1) [6].
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Figure 1.1. Nanoparticles used in nanofluids’ preparation [6].

Preparation of nanofluids is carried out by two different methods.



e Single-step method of nanofluid preparation

e Two-step method of nanofluid preparation.

Both abovementioned methods of nanofluid preparation have been explained in (Fig
1.2) [7]. Single-step method involves simultaneous production of preparation through
hot wire method and nanofluid production. Whereas, in two-step method,
nanoparticles are produced through various mechanical methods of nano-powder
production and then the fluid is produced through suspension creation methods.
Single-step method results is more stable suspension; however, this method of
nanofluid production is quite expensive as compared to the two-step method. Single-
step method is preferred for small production purposes however, for industrial or

bulk production of nanofluids, two step method is used (Fig 1.3) [7].

X

Simultaneous creation and
dispersion

Nanofluid

N N

| Base “ [ Nano-
o Fluid / \ Particles ) Method

\ / N A N A /

Nanofluid Prepared and Dispersed A

Figure 1.2. Nanofluid preparation method (a) Single step method and (b) Two-step
method [7].
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Figure 1.3. Preparation of nanofluid in bulk quantity through two-step nanofluid
preparation method (a) nanofluid preparation steps, (b) ferric oxide
nanoparticles, (c) titanium dioxide nanoparticles, and (d) produced
nanofluid in container [7].

1.2.2. Important Characteristics of Nanoparticles

e Size of the nanoparticles
e Shape of the nanoparticles
e Thermal conductivity of nanofluid

e Intermolecular attraction/clustering effect.



Size and shape of the nanoparticles influence the rate of convection heat transfer
since the surface are for the thermal transportation depends on these two factors.
Moreover, cluster formation due to intermolecular attractive forces also results in

heat transfer escalation. However, it can also result in sedimentation of nanoparticles

[9].

Heat transfer mechanism is somewhat different in case of stationary nanofluid as
compared to the moving nanofluids. In stationary nanofluid, mode of heat transfer is
mainly conduction heat transfer. In conduction heat transfer , following mechanism

of thermal transportation are mentioned in the literature [10].

e Brownian motion

e Nanoparticles clustering

e Nano layering effect

e Thermo-phonetics effect

e Ballistic transport and nonlocal effect

e Near field radiation.

However, convection heat transfer rate is increasing with moving nanoparticles in
fluid. Convection heat transfer mechanism involves following critical factors that

influence the performance of the fluid.

e Heat transfer surface area.
e Flow rate.

e Channel geometry.

Increase in surface area increases the heat transfer rate of the system. Nanoparticle
size, cluster formation and nanoparticle volume fraction increases the surface area
[11].

Increasing the flow rate increases the rate of heat transfer as it increases the
interaction between molecules and particles. Flow rate increment increases the

thermal transportation rate by increasing the turbulence inside the fluid [12].



Since the channel surface and geometry are in direct interaction with the heat transfer
rate, these parameters have a critical importance in increasing the heat transfer.

These parameters are frequently used in studies to increase heat transfer rate[13].
1.2.3. Thermophysical Properties of Nanofluids

Most important characteristics of nanofluid have been presented in (Fig 1.4) [14].

Hybrid nanofluids characterization

|
_ Viscosity |

| Thermal Conductivity I

| Specific Heat |

‘ Density |

1

Nanoparticle type | ‘ Base fluid type | | Particle size | | Particle shape |

| Particle concentration |

Figure 1.4. Nanofluid characteristics [14].

1.2.3.1. Thermal Conductivity

Superiority of nanofluids over the conventional fluids is due to higher thermal
conductivity. Higher thermal conductivity of nanofluid is due to the presence of
metallic nanoparticles. Thermal conductivity escalation is credited to the increased
Brownian motion of nanoparticles in the base fluid [14]. The parameters that
influence the thermal conductivity of nanofluids include:

e Brownian motion of nanoparticles.



e Temperature of the nanofluid.
e Flow rate of the fluid.
e Base fluid properties.

e Concentration of nanoparticles.

Concentration of nanoparticles directly affects thermal ocnductivty of the nanofluid.
Increasing the concentration increase the number of nanoparicles. In creased number
of nanoparticles help in increased surface area for heat transfer as well. Increasing
the nanoparticle extent increases the molecular internation which eventually
improves thermal conductivity of the nanofluids. Effect of concentration on

nanofluid thermal conductivity has been presented in (Fig 1.5) [15].
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Figure 1.5. Influence of particle concentration on thermal conductivity of nanofluid
[15].

Different base fluids depict different thermal conductivity escalation due to chemical

interaction and competence as shown in Fig. 1.6 and Fig. 1.7 [15].
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Figure 1.6. Effect of base fluid on thermal conductivity of the nanofluid [15].
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Figure 1.7. Influence of nanoparticle size on thermal conductivity of nanofluid [15].

Increase in temperature of the nanofluid also increase the molecular interaction

which results in increased thermal conductivity as presented in Fig 1.8 [15].
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Figure 1.8. Effect of temperature on thermal conductivity o nanofluid [15].

Shape of nanoparticle also has significant effect on thermo-physical characteristics.

Different shapes of nanoparticles have been presented in Fig 1.9 [15].

Shape Name Shape Factor (n)
Spherical 3.0
Platelet A%
Cylindrical 4.8
Blade/Laminar 16.2
Brick 3.7

Figure 1.8. Shapes of nanoparticles and shape factor value [15].

10



According to experimental studies, the thermal conductivity of carbon-based
nanoparticles according to different shapes and concentrations are given in Fig 1.10.
[16].
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Figure 1.9. Nanoparticle shape effect on thermal conductivity of nanofluid [16].

1.2.3.2. Specific Heat

The specific heat (Cp) of the nanofluid can be increased or decreased with respect to
the base liquid. It depends on the species, nanoparticle size concentration,
temperature, and types of underlying fluids. If the place where the nanofluid is to be
used has a rapid temperature change, it is possible to use a fluid with a low heat
capacity in these places. The temperature changes as the specific heat of the most

common nanofluids decreases as the fracture size and temperature increase.

If the specific heat of the nanoparticles is lower than the base liquid, then the specific
heat of the nanofluid will decrease, for example the specific heat of Al.Os
nanoparticles is lower than that of water, so Al>Os - water has a lower heat capacity
than the base liquid. Which affects the specific heat of the nanofluid. So to get the
required specific heat from the nanofluid we need to mix the appropriate
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nanoparticles in the base fluid with the right volume concentration and temperature
[17].

1.2.3.3. Density

The thermo-physical properties of nanofluids are influenced by many factors such as
the nanoparticle size and nanoparticle shape, temperature, properties of the

nanoparticles and the underlying liquid, particle aggregation, nanoparticle type etc.

Density is an important property that determines the effectiveness of nanofluids in
heat transfer enhancement applications. Thus, accurate prediction of effective density
becomes unavoidable for calculating the heat transfer coefficient of nanofluids.
However, the change in density is directly related to the pressure drop, which is used
to determine the pumping power for the developing flow. Density increases with

increasing particle size and decreases with increasing temperature [18].

Experimental studies shows that the effect of the nanofluid density is a function of
the temperature, the volume fraction of the nanoparticle, the density of the base fluid,
and the ratio of the density of the base fluid to nanoparticles [19].

1.2.3.4. Viscosity

Nanofluid is a general name given to the fluids obtained by adding nanoparticles to
the base fluid. Nanoparticle changes the physical properties of the base fluid
including the thermal conductivity and viscosity. In the studies aimed at improving
the heat transfer, firstly, millimeter and micrometer particles were added to the base
fluid to improve the thermal properties of the working fluid. These fluids have
brought along many problems such as congestion, precipitation and high pressure
drop in the channel. In the continuation of the studies, in 1995, Choi added
nanoparticles in the base fluid and invented the nanofluid. A significant increase in
the thermal conductivity of the fluids was observed. Most of metal particles have a
higher thermal conductivity than liquids, therefore adding a metal particle to the base
fluid improves the convective transfer heat rate.
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Many numerical and experimental studies have been carried out to determine the
parameters that determine the thermal conductivity and viscosity of a nanofluid.
Such parameters like volume ratio of nanoparticles, size and shape of nanoparticles,
surfactants, temperature, different base fluid and using a hybrid nanofluid were
investigated. The study examining the effect of changes in these parameters on
viscosity is less than other studies in the literature. The random movement of
particles and base fluid molecules in the nanofluid is directly related to the viscosity
of the nanofluid. The viscosity value is very important for the pumping power of the
nanofluid. The increase in pumping power will cause us to spend more energy.
Therefore, we want the increase in heat transfer amount to be inversely proportional

to the increase in pumping power.

The dynamic viscosity value of nanofluids is generally higher than the base fluid,
and the dynamic viscosity value increases as the nanoparticle volumetric ratio
increases. In the literature, it has been observed that the dynamic viscosity value of
the nanofluid increases with the nanoparticle volumetric ratio, and as a result, the
pressure drop and friction coefficient also increase. The dynamic viscosity value of
the nanofluid is inversely proportional to the temperature. Nanofluid behaves non-
Newtonian for higher nanoparticle volume ratio and exhibits Newtonian behavior for
the lower nanoparticle volume ratio [20,21]. Changing the nanoparticle volumetric
ratio and temperature are the parameters frequently encountered in the literature.
Apart from this, nanoparticle size, nanoparticle shape, dispersion method studies are
being investigated to determine the viscous effects of the flow, albeit less in
number[22].

For viscosity calculations, different relationships [23-30] have been developed
depending on parameters such as volume ratio and temperature. Empirical
correlations were obtained with the data obtained as a result of the experimental
studies. The results obtained are specific to the type of nanofluid and cannot be used
in the case of different nanofluids or different nanoparticle sizes. Even there is
dissimilarity in results of different studies on similar nanofluids. As a result of the

studies, the nanoparticle size, shape, purity, preparation method, characterization
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equipment, measuring methods, etc. were effective in the differences in the values
[31].

In the literature about viscosity behavior of nanofluids reveals that although the
presence of nanoparticles increases thermal conductivity of the base fluid. At the
same time, the pumping power increases due to the increase in friction losses and
pressure drop, and as a result, the operating cost increases. The viscosity of
nanofluids is inversely proportional to temperature. However, as the temperature
increases, the suspension stability of nanoparticles or the effect of surfactants
decrease. Therefore, an increase in temperature can cause complications that are
difficult to calculate.[32].

1.2.4. Potential Applications of Nanofluids

Owing to higher heat capacity value of nanoparticles, studies have been carried out
for its use in many sectors. Nanofluids have been mainly studied for renewable

energy applications and heat exchangers.

1.3. HEAT EXCHANGER AND HEAT SINKS

There are various types of heat exchanger. Some of the heat exchangers that have

been used in the industry are:

o Flat tube heat exchangers.
e Plat type heat exchangers.

e Annular tube heat exchangers.

Flat tube heat exchangers have also been studied numerically and the model of such

studies is shown in (Fig 1.11).

Heat sinks are using for cooling of electronic devices. Some of the types of heat

sinks include:
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e Micro channel heat sinks.

e Mini channel heat sinks.

Various geometries of fins have been designed for increasing convective heat
transfer in heat sinks. Some examples of fin designs used in heat sinks are given

below:

e Square fins.

e Pinfins.

e Wavy fins.

e Aero foil shaped fins.

¢ Rectangular fins.

e Triangular fins.

e Variable or Constant Area fins.

e Louvered fins.

Experimental setup of heat sinks for thermal management applications is shown in
Figure 1.12 [33].
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Figure 1.11. Example of heat sink experimental setup [33].
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As can be understood from the literature, studies involving heat sinks are frequently
encountered. In order to fill the gap in the literature, a heat sink design that is

predicted to have higher heat transfer performance has been made and analyzed

numerically.[34].
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1.4. PROBLEM STATEMENT

In general, experimental studies are based on practical experiences in them on the
use of various materials, devices, and equipment’s. Also, scientific experiments
requires a lot of time and effort, and sometimes it is also needed expensive
equipment and supplies, and these materials are imported from any other country as
well. Some studies needs a security clearance to carry out. We must add to this that
the experimental studies often contained errors, forcing the researcher to start over
with his research and instead repeat all the above. Numerical studies is frequently
preferred today because it minimizes all these risks, and this study was carried out
numerically for the same reasons. This study helps in understanding the heat

behavior and flow of nanofluids in coiled conical tubes in heat transfer systems.

Numerical studies have been analyzed with using ANSYS Fluent software and

reached results with almost zero error rate.

1.5. OBJECTIVES OF STUDY

The industrial development witnessed by humans and the interest in heat transfer
systems in factories and various thermal systems. Coiled helical tubes have been
used as a passive method for reaching higher convective heat transfer rate. Biggest
advantages of coiled helical tube are easy to manufacture and low in cost and while
the surface area of heat transfer is large, it occupies less space in size compared to

straight pipes so this study aims to:

e It is a numerical study based on the boundary conditions of an experimental
study. Experimental and numerical results will be compared.

¢ In order to reach the solution as soon as possible, the optimum mesh structure
and number will be determined.

e The heat transfer rate and pressure drop values at different flow rates in the

conical helical tube will be obtained as a result of numerical analysis.
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e The effect of the change in nanoparticle volume ratio and the use of different
nanoparticle shapes on the pressure drop and heat transfer characteristics will

be examined in detail.

1.6. SCOPE OF STUDY

In this study, flow and heat transfer characteristics in a coiled conical tube has been
numerically analyzed. Water has been used as the base fluid and added Al>O3
nanoparticles with three different nanoparticle volume ratio (1.0%, 2.0% and 3.0%)
and three different nanoparticle shapes (platelet, blade and cylindrical) for obtaining
nanofluid. The studies were analyzed under laminar flow conditions
(1050<Re<2150). The constant heat flux has been applied on the tube surface. As a
result, the effect of nanoparticle volume ratio and particle exchange on heat transfer

characteristics and pressure drop will be numerically investigate.
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PART?2

LITERATURE REVIEW

2.1. HEAT EXCHANGER

Heat exchangers are classified on the basis of different criterion. For instance, on the
basis of direction of working fluids, they are classified as parallel flow/co-current
heat exchangers, counter flow/counter-current heat exchangers, and cross flow heat
exchangers. Similarly, on the basis of mechanism of heat transfer, the heat
exchangers are classified as, recuperative heat exchangers, regenerative heat
exchangers, and evaporative heat exchangers. Moreover, the other types of heat
exchangers include finned and un-finned heat exchangers; condensers, evaporators,
and boilers; single pass and multi-pass heat exchangers; shell and tube heat

exchangers, etc. [35].

Various shapes of heat exchanger tubes are in practice now a days and U-shape is
most common of them all. However, there is immense research work underway
nowadays on designing and testing of novel shapes of heat exchanger tubes owing to
the critical role they play during the process of heat transfer between the hot fluid
and the coolant [35]. The type and sizing of heat exchanger are the two most
important selection criterions for a thermal system. The tubes through which the
fluids flow in a heat exchanger are of critical significance. The most important
aspects of a heat exchanger tube are presented in Fig 2.1. Geometry/shape of the heat
exchanger tubes holds momentous significance in terms of design and manufacturing
process and cost. Some of the common geometries of heat exchanger tubes that are in
practice these days include flat tubes that have louvered fins attached [36], U-shape
tubes, spiral tubes, etc. Physical appearance of most common Heat exchanger tubes

is presented in Fig 2.2.
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Nanofluids due to their idiosyncratic characteristics and thermal potential for heat
exchanger applications have been vastly tested both numerically and experimentally.
Encouraging results have been published and more research to obtain optimal design
and operational parameters is underway. Many research groups and laboratories are

involved with the nanofluids related projects [36].

Tube Geometry

Manufacturing Tube Material
Cost

Heat Exchanger
Tubes' Selection
Criterion

Properties of Design
Flowing Fluid Simplicity

Heat Exchanger
Type and Size

Figure 2.1. Selection criterion of heat exchanger tubes [36].
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Figure 2.2. Geometries of heat exchangers, (a) Helical tube, (b) Flat tube, (c) Conical
tube, (d) Spiral tube with varying curvature and (e) Spiral tube [36].

2.2. POTENTIAL OF NANOFLUIDS FOR HEAT EXCHANGERS
2.2.1. Nanofluids Performance in Flattened Tube Heat Exchangers

Experimental setup and schematic diagram for flat tube radiator heat exchanger
shown in Fig 2.3. Nanofluids have been analyzed for different of heat exchangers.
Shah et al. [36] tested water based silica (SiO.-water) nanofluids for automotive
radiators made of aluminum. It has 31 flat tubes with 32 louvered fins. Parameters of
this study are 0.04-0.12% nanoparticle volume ratio, 60-70 °C inlet temperature, and
12-18 LPM flow rate. As a result of the study the amount of heat transfer increased
by 36.92% at most shown in Fig 2.4. The fluids used in the experimental study were
analyzed again after 3 days at the same boundary conditions and the difference due
to precipitation was observed as 1.0 %. In addition, as a result of the study, it was
observed that the inner surface of the pipes deteriorated due to the rapid temperature
change that caused the thermal cycles to intensify the local thermal stress. Abbas et
al. [8] analyzed Fe.O3-TiOz/water hybrid nanofluid in flat tubes with louvered fins
and found out that the use of nanofluids increased the Nu in the flat tubes by 20.03%
as compared to the base fluid. Parameters are 0.005-0.009 % nanofluid volume ratio,
48-56 °C inlet temperature and 11-15 LPM flow rate. [8].
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Figure 2.4. Repeatability tests for heat transfer rate after 3 days of initial testing [36].

Vajjha et al. [37] numerically analyzed on heat transfer and fluid dynamic
performance evaluation of CuO and Al2O3 based nanofluids in flattened tube. Al2O3

and CuO nanoparticles of concentration 0.05%, 0.15% and 0.3% have been added to
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the base fluid and then evaluate the heat transfer characteristics of the nanofluid. The
mass flow rate of nanofluid in the flat tube has been kept constant. It has been
observed that the nanofluid that exhibited the highest heat transfer performance was
The CuO nanofluid. The heat transfer rate increased by 89% as compared to the base
fluid for using CuO based nanofluid at 0.3 vol.%. As a result of the study, it was
determined that the increase in the Reynolds number had a greater effect on the heat
transfer rate than the increase in the nanoparticle volumetric ratio. Elsebay et al. [38]
also numerically appraised the performance of CuO and Al20z nanofluid with water
as base fluid and varied the concentration of nanoparticles from 1 vol.% to 7 vol.% in
250-1750 Reynolds number range. The focus of their study was the resizing or
miniaturization of radiator with increased heat transfer owing to superior thermal
characteristics of nanofluids over the water. heat transfer coefficient enhancement
reached up to 45% and 38% for Al.O3 nanofluid and CuO nanofluid, respectively.
Alumina based nanofluid can enable higher reduction in length of the tube as
compared to CuO based nanofluids. Yahya and Saghir [39] numerically studied the
performance of Al>Os/water nanofluids in flat tube radiator and observed 12% heat
transfer escalation at 2 vol.% of nanofluid as compared to the water, whereas the
enhancement was 5% at 1 vol.% concentration of nanoparticle. Erdogan et al. [40]
appraised entropy generation and energy performance of Al,O3/EG-water nanofluid
in flat tube radiator at 95 °C inlet temperature and flow rate of 10-20 LPM flow rate.
Air velocity was varied from 4 to 5 m/s. They reported 9.52% increment in heat
transfer rate 4 m/s velocity of air nanofluid flow rate of 10 LPM. They reported an
increase in pressure drop for the nanofluids however overall performance index was
reported to increase by 18.8% at 4 m/s velocity of air. Ahmed et al. [41] evaluated
improvement in thermal performance of flat tube car radiator by using TiO2/water
nanofluid. The tested nanoparticle range was 0.1 — 0.3 vol.%. They reported 47%
improvement in effectiveness of radiator due to the use nanofluids. Sundari et al. [42]
appraised the performance of car radiator using Al2Os/glycerin nanofluid. The
volume concentration was varied in the range of 0.1-0.3 vol. % and an enhancement
of 54.56% in heat transfer was reported along with 90% effectiveness of radiator at
0.3 vol. % and 1500 Reynolds number. Said et al. [43] also appraised thermal
performance of automotive radiator by using Al.Oz and TiO2 nanoparticles based

nanofluids with EG-water base fluid. They reported 24.21% improvement in Nu
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performance of radiator as compared to the base fluid when 0.3 vol/% of

nanoparticles was dispersed in base fluid. Jadar et al. [44].

Tested - MWCNT/water nanofluid for automotive cooling system and observed
45% enhancement in heat transfer rate as compared to the base fluid. Bejjam et al.
[45] performed CFD analysis of the performance of water, EG-water, and 0.05-0.2
vol.% Al>Oz nanofluids in automotive radiator. Utmost increment of 10.64% in Nu
3.82% in heat Transfer coefficient. Major findings of some of the recent studies
published between 2016 to 2022 have been reported in table 2.1 [43].

Careful analysis of table 2.1 reveal that nanofluids depict promising potential as a
coolant in flat tube heat exchangers. Performance of nanofluids in flat tubes are
influenced by the temperature of fluid, flow rate of the fluid, concentration of the
nanoparticles in the base fluid, and size and shape of the nanoparticles. Increase in
Reynolds number is mostly reported to hike the thermal performance of the system.
Increase in flow rate enables the nanofluids to exchange heat at higher rate because
of turbulence effect. Increase of temperature also results in improved heat transfer
rate since the temperature increase increases the Brownian motion of nanoparticles.
higher temperature however causes the surface deterioration of the channels/tubes
[46].

Moreover, the concentration of nanoparticles also manifests critical effect. Increase
of concentration is recorded to increase the performance however, there is an upper
limit of concentration of nanoparticles depending on the nanoparticle type, base fluid
type and the operational conditions. Beyond the upper limit the performance tends to
depreciate. The performance depreciation due to increased number of nanoparticles
occurs because the nanoparticles tend to agglomerate and sometimes the clogging in

the channels starts to occur [47].

Although most of the studies report positive impact of using nanofluids in the heat
exchangers however, some of the studies also report the otherwise results. Therefore,
there is an imperative need to conduct further research to draw conclusive

understanding of the nanofluid performance phenomenon [48].
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2.2.2. Nanofluid Performance in Helical Tube Heat Exchangers

Various shapes of helical tubes for heat exchanger are in practices for heat transfer
intensification. Simple helical tubes are of uniform area of curvature however, there
are other helical tubes as well with variable curvature area as well. Another helical
shape is known as conical shaped helical tube [49].

Huminic [50] studied heat transfer rate of nanofluids as compared to the base fluid in
an counter flow double pipe helical tube heat exchanger (Fig 2.5) through CFD
analysis . They tested TiO2/water nanofluid and Cuo/water nanofluid. Concentration
of nanoparticles was varied from 0.5 vol.% to 3 vol.%. Nanofluids were asset to flow
through the inner tube and water was set to flow through the annulus. They observed
14% greater rate of heat transfer for 2 vol.% Cuo/water nanofluid flowing at same
flow rate through inner tube and the annulus. Bahremand et al. [51] numerically and
experimentally studied turbulent convection flow nanofluid flow in helical tubes.
They observed greater heat transfer as well as higher pressure drop in the helical
tubes. Kumar et al. [52] conducted CFD analysis of thermal and fluidic
characteristics of MWCNT/water nanofluid in helical coil tube heat exchanger. They
conducted the analysis in laminar regime and in the range of 1300-2200 Dean
number, and the concentration was kept as 0.2, 0.4, and 0.6 vol.% of nanoparticles.
They reported 30% enhancement in Nu for 0.6 vol.% of nanofluid at 1400 Dean
number. Moreover, at 2200 Dean number, the pressure drop reached up to 11% as
compared to the base fluid. Radkar et al. [53] performed detailed experimentation to
evaluate thermal potential of nanofluids in helical tubes of heat exchanger using
ZnO/water nanofluid. They obtained 18.6% enhancement in Nu for 0.25 vol. %
concentration of nanoparticles in the base fluid. They associated the anomalous
augmentation in thermal performance of nanofluids to the tube geometry that makes
the effectiveness of heat exchanger quite significant. Singh et al. [54] examined the
performance of CNT/water nanofluid in helical tube heat exchanger and they
observed a momentous elevation in overall heat Transfer coefficient of 62.62% as
compared to the base fluid. They also reported an increase in thermal conductivity of
nanofluid of 162% when the surfactant-water base fluid was used. Whereas thermal
conductivity escalation was 152% when the water had no surfactant. Kulkarni et al.
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[55] tested the performance of silver/water nanofluid in helical coiled heat exchanger
and they reported 32% elevation in heat Transfer coefficient as compared to the base
fluid.

Outer Tube

Inner Tube

Figure 2.5. Geometry design of double pipe helical tube (a) Single section and (b)
Full tube [55].

Set up to test the performance of helical tube heat exchangers is presented in Fig 2.6.
Niwalkar et al. [56] appraised the performance of SiO./water nanofluid in helical
tube heat exchanger with various nanoparticles loading ranging from 0.05 vol.% to
0.25 vol.% and the flow rate ranged from 30 LPM to 50 LPM. Presence of nanofluid
increased the heat transfer coefficient by 28.71%. Bhanvase et al. [57] tested
polyaniline (PANI) nano fiber based nanofluid having the nanoparticles dispersed in
water. A concentration of 0.1-0.5 vol.% was tested. heat transfer coefficient was
obtained to be 10.52% higher than the base fluid at 0.1 vol.% loading of
nanoparticles. Whereas the enhancement reached up to 69.62% at 0.5 vol.%
concentration of nanoparticles in the base fluid. Bahiraei et al. [58] evaluated the
performance of Al,Os/water in helical tube heat exchanger they observed increment
in heat transfer as well as pressure drop. Narrein and Mohammed [59] carried out
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extensive numerical study on performance evaluation of Al,O3, SiO2, Cuo, and ZnO
based nanofluid in helical tube heat exchanger. The tested range of was 1-4 vole 1%
nanoparticle concentration, and 25-80 nm nanoparticles size range. They tested
water, ethylene glycol, and engine oil as base fluids. Cu based nanofluids
outperformed rest of the nanofluids in terms of Nu escalation. Convective heat
transfer was reported to deteriorate past 2 vol.% concentration due to anomalous
pressure drop that diminishes the overall effectiveness of nanofluids in helical tubes
[59]. Major findings of studies on helical tube heat exchangers are presented in table
2.2.
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Figure 2.6. Test section arrangement for helical tube heat exchanger using nanofluid
(a) Schematic representation and (b) Experimentation setup [59].
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Zare and Hayht [60], carried out their studies by combining two passive techniques.
Within these techniques, coiled tubes and CuO-water nanofluid were used to
improve heat transfer. Constant wall temperature was applied in all studies. The
thermo-physical properties of the fluid have also been used as temperature-dependent
functions. While Brownian effects were adopted in the thermal conductivity and
dynamic viscosity of the nanofluid. The results and experimental data were verified
numerically, the samples were drawn using AutoCAD version 2015 and the
governing equations were solved numerically using computational fluids as showing
in Fig 2.7 and Table 2.1. For the heat transfer coefficient and pressure drop in the
coiled spiral tube of different Reynolds numbers. This study was conducted on four
tubes. The first is a cone-shaped coiled tube and the other tubes are spiral coiled

tubes and have lower, normal and higher diameters as showing in Fig 2.8.

The velocity profiles indicated stronger secondary flow in conical coiled tube at a
specified Dean number. The obtained results also showed higher heat transfer
enhancement in the conical coiled tube in comparison with helical coiled tube with
the same average pitch coil diameter. Moreover, the nanoparticle-induced heat
transfer enhancement was more effective in conical coiled tube. [60].

Table 2.1. Computational grids.

Tubes Number of Elements

1 345,200
2 517,900
3 544,300
4 776,100
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Figure 2.8. Schematic of helical tubes and conical helical tube [60].

Mahdi. et al. [61] studied heat and hydrodynamic transfer of water and SiOa/water

flow in conical coiled tubes. The experimental platform was set up as shown in Fig
2.9.
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The heat transfer and pressure drop of fluid flowing under fixed wall conditions were
studied in coiled conical tubes in order to better understand fluid flow physics,
thermal conductivity and fluid dynamics, and all experimental steps were performed

experimentally.

The results showed in this study Heat transfer increased by 26% and pressure
decreased by 117%. Reducing the angle of the coiled conical tube increases heat
transfer with decrease in pressure, changing the angle of the coiled conical tube is
more effective than changing the diameter of the base circle in the coiled conical
tube [61].
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Figure 2.9. lllustration of the experimental platform and how it works [61].

Altunay [66] numerically investigated the flow of Al>Oz-water nanofluids with
different nanoparticle shapes in the serpentine microtube. Study included many
different parameters. These were different Reynolds numbers (750<Re<2000),
different nanoparticle shapes, different nanoparticle volume ratio (1.0%, 2.0%, and
3.0%) and different channel lengths. In the study, constant heat flux was applied to
the Channel surface. A serpentine micro tube with a step of 10 mm, a diameter of

787 um, and a length of 30 mm was used in the study as shown in Fig 2.10.
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The average Nusselt numbers and the average Darcy friction factors were used to
estimate the flow and heat transfer performance in the serpentine micro tubes. The
results of the study are obtained for 1.0%, 2.0%, 3.0% nanoparticle volume fractions
and different nanoparticle shapes. Velocity and temperature distribution inside the
micro tube were also examined for different cases. Secondary flows in serpentine As
the variation of average Nusselt number as showing in Fig 2.11 and Darcy friction
factor with Reynolds number, nanoparticle shape and nanoparticle volume fraction.
As a result, the highest convective heat transfer performance was obtained for
platelet nanoparticle shape of the %3.0 Al,Os-water nanofluid [66].

Since in our study the same nanofluid and the same nanoparticles with water were

used as the base liquid.

Figure 2.10. Technical appearance of the model [66].
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Figure 2.11. Effect of nanoparticle shape change on average Nusselt number for
1.0%, 2.0% and 3.0% nanoparticle volumetric ratio, respectively [66].

Major findings of some of the recent studies on nanofluids in heat exchangers are
listed in Table 2.2.
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Table 2.2. Major findings of some of the recent studies on nanofluids in heat

exchangers.

Reference NF

Tube Geometry Major Findings

Vajjha et al.CuO and
[37] AlO3  Dbased
nanofluids

Flat Tube

94% enhancement in heat transfer
rate at 2000 Reynolds number and
10 vol. % concentration of Al2O3
nanofluid over the base fluid. The
heat transfer rate increased by 89%
as compared to the base fluid for
Cuo based nanofluid at 6 vol. %.

Elsebay et al.CuO and Al;O3
[38] based
nanofluids

Flat Tube

Heat transfer coefficient
enhancement reached up to 45%
and 38% for Al>O3z nanofluid and
Cuo nanofluid, respectively.

andAl,O3 based
nanofluids

Yahya
Saghir [39]

Flat Tube

12% Heat transfer escalation at 2
vol. % of nanofluids as compared
to the water, whereas the
enhancement was 5% at 1 vol. %
concentration of nanoparticles.

Erdogan et al.Al,O3/EG-
[40] water

Flat Tube

They reported 9.52% increment in
heat transfer rate 4 m/s velocity of
air nanofluids flow rate of 10 LPM.
They reported an increase in
pressure drop for the nanofluids
however overall performance index
was reported to increase by 18.8%
at 4 m/s velocity of air.

Ahmed et al.TiO»/water
[41]

Flat Tube

47% improvement in effectiveness
of radiator due to the use
nanofluids.

Sundari et al.Al,O3/glycerin
[42]

Flat Tube

The volume concentration was
varied in the range of 0.1-0.3 vol.
% and an enhancement of 54.56%
in heat transfer was reported along
with 90% effectiveness of radiator
at 0.3 vol.% and 1500 Reynolds
number.

Said et al. [43] Al:03 [EG-
water and
TiO2/EG-water

Flat Tube

24.21% improvement in  Nu
performance  of radiator as
compared to the base fluid when
0.3 vol/% of nanoparticles was
dispersed in base fluid. Alumina
based nanofluids outperformed the
titanium based nanofluids.
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Reference NF

Tube Geometry Major Findings

Jadar et al. [44] f- Flat Tube Observed 45% enhancement in heat
MWCNT/water transfer rate as compared to the
base fluid.
Bejjam et al.Al2O3 NFs Flat Tube Utmost increment of 10.64% in Nu
[45] 3.82% in heat transfer coefficient.
Selvam et al.Graphene/EG-  Flat Tube A range of 0.1-0.5 vole 1%

[62] water

concentration, 10 g/s — 100 g/s flow
rate.  of nanofluid, and inlet
temperature of 35 °C and 45 °C was
tested. They reported 20%
enhancement in CHTC for 0.5 vole
%, 100 g/s and 35 °C inlet
temperature. An increment of 51%
in CHTC at 0.5 vol.%, 100 g/s and
45 °C inlet temperature was

reported.
Goudarzi andAl>O3 /EG Flat Tube withAn increment of 5% in thermal
Jamali [63] Wire Coilperformance for nanofluid based
Inserts system of coil inserts was reported.
Rai et al. [64] MgO/EG-water  Flat Tube Flow rate and nanoparticle

concentration augmentation was
concluded to be the major cause of
heat transfer performance
intensification. Percentage of heat
transfer augmentation increases
from 5.59% to 29.83% when the
nanoparticle concentration
increases from 0.1 vol.% to 0.2
vol.%.

Lietal. [65] SiC-
MWCNT/EG

Flat Tube Topmost augmentation in heat
transfer coefficient was 26% at 0.4
vol.% concentration.

Choi et al. [66] Al2O3 IEG-
water

Round Tube 6.9% increase in heat transfer rate
was reported.

Kahani et al.CuO/EG-water
[67]

Shell and Tube Reynolds number increment
increased the thermal performance
of the nanofluid based system.

Soyluetal. [68]Cu and Ag
dopped
TiO2/EG-water

Flat Tube Maximum increment in CHTC was
reported to be 26.15% for 1 vol.%
concentration and an increment of
27.72% was reported at 2 vol.%
concentration of NF.

Safikhani et al.Al,Os/water
[69]

Flat Tube Increase in heat transfer was
reported.

Safikhani et al.Al,Os/water
[70]

Flat Tubes withheat transfer and friction factor
Multiple Tapes increased by 50% and 220%
respectively.
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Reference NF

Tube Geometry Major Findings

Ramalingam etAl,O3-SiC/EG-
al. [71] water

Flat Tube

Maximum increase of 28.34% in
overall thermal performance was
observed at 0.8 vol.% of NPs in the
base fluid.

Guo etal. [72] Al.Os /water

Flat Tube

Topmost augmentation in heat
transfer was reported to be 11.1%.
Average pressure-drop at
maximum tested NP concentration
of 0.5 vol. % increased by 4.4%.

Sharma et al.CuO/water
[73]

Flat Tube

An increase of 6.75% in Nu and
14% in heat transfer coefficient
was reported at 50 °C temperature
and 9000 Reynold number.

Alirezaie et al.MgO/water

Flat Tube

Topmost increment in heat transfer

[74] Ag/water was reported to be 50% and the
MWCNT/water efficiency range was 10-40%.
DWCNT/water MWCNT based nanofluid

outperformed rest of  the
nanofluids.

Sun and LiuCuO/water and CPU Radiator Nanofluid concentration range was

[75] Al;Os/water 0.1-0.5 vol.% and the Reynolds

number range was 400-2000.
Convective eat transfer coefficient
of Cuo/water based nanofluid was
1.1-2 times higher than the base
fluid.

Oliveira et al. MWCNT/water Flat Tube They reported 5% decrease in heat

[76] transfer rate.

Kumar et al.Al2Os /water Flat Tube Greatest increment in heat transfer

[77] ZnO/water coefficient was reported to be

CuO/water 42.5%, 47.4%, and 51.1% for 2
vol.% AlOs /water, ZnO/water,
and Cuo/water nanofluids,
respectively.

Zhao et al. [78] Al2O3 /water Flat Tube Convective heat transfer for
nanofluid increased by 1.236 times
as compared to the base fluid.

Abdolbagi et al. TiO2/Bio Flat Tube Temperature  ranged  30-70°C,

[79] glycol-water

concentration ranged 0.5-2 vol. %.
Nu at 2 vol. % was 3% lesser than
the base fluid.

Nu increment approached 28.2% at
optimum operational conditions.
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Tube Geometry Major Findings

Kaska et al.AIN-
[80] Al>Os/water

Flat Tube

Maximum  Nu values were
achieved at 3 vol.% and the
enhancement was about 50% as
compared to the base fluid.
However, the Nu enhancement was
observed to dropped at 4 vol.% of
nanoparticles. ~ Moreover, heat
transfer increased from 28% to
58% when the nanoparticle volume
concentration increased from 1
vol.% to 3 vol.%. Whereas, at 4
vol.% concentration the heat
transfer enhancement reduced to
33%.

Subhedar et al.Al,Os/EG-
[80] water

Flat Plate

Operation conditions were opted to
be 0.2-0.8 vol.% concentration, 4-9
LPM flow rate, and 65-85 °C inlet
temperature. At 0.2 vol. %
concentration of NPs the heat
transfer increased by 30%. At 0.8
vol. % concentration the Nu
enhanced by 28.47% as compared
to the base fluid.

Hussein et al.TiO»/water
[81]

Flat Plate

1-4 vol. % concentration, 10,000-
100,000 Reynolds number, 60-
90 °C inlet temperature was tested.
Nanoparticle  Even at low
concentration the efficiency
improved by 20%.

Zhang et al.TiOz/water
[82]

Flat Plate

Nu decreased with increasing
nanoparticle concentration.
However, the values were greater
than the base fluid.

Elsaid [83] Co304/EG-
water
AlL,O3/EG-
water

Flat Plate

Cobalt oxide based nanofluid
outperformed  aluminum  oxide
nanofluid in terms of thermal
performance.

Tijani andAl,O3/EG-
Sudirman [84] water
CuO/EG-water

Flat Plate

The values of observed Nus were
164.29, 193.19, and 208.71 for base
fluid, 0.3 vol.% of Al>O3
nanofluids and 0.3 vol.% of Cuo
nanoparticles, respectively.

Huminic  andMWCNT-
Huminic [85] FesOas/water

Flat Plate

A decrease of 26.483% in entropy
generation was observed for hybrid
nanofluid as compared to the base
fluid.

Alietal. [3] MgO/Water

Flat Plate

31% maximum increase in heat
transfer was reported at 0.12 vol.%
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Reference NF

Tube Geometry Major Findings

Ahmed et al.TiO/water Flat Plate Effectiveness increased by 47%

[86]

Chen and JiaTiO2/EG-water  Flat Plate 10% enhancement in convective

[87] heat transfer occurred.

Reference NF Tube Geometry Major Findings

Vajjha et al.Cuo and Al;Os3 Flat Tube 94% enhancement in heat transfer

[37] based rate at 2000 Reynolds number and

nanofluids 10 vol. % concentration of Al.O3

nanofluid over the base fluid. The
heat transfer rate increased by 89%
as compared to the base fluid for
Cuo based nanofluid at 6 vol. %.

Elsebay et al.Cuo and AlOs Flat Tube Heat transfer coefficient

[38] based enhancement reached up to 45%

nanofluids and 38% for Al,O3 nanofluid and

Cuo nanofluid, respectively.

Yahya andAl,Os  based Flat Tube 12% Heat transfer escalation at 2

Saghir [39] nanofluids vol. % of nanofluids as compared
to the water, whereas the
enhancement was 5% at 1 vol. %
concentration of nanoparticles.

Erdogan et al.Al2Os/EG- Flat Tube They reported 9.52% increment in

[40] water heat transfer rate 4 m/s velocity of
air nanofluids flow rate of 10 LPM.
They reported an increase in
pressure drop for the nanofluids
however overall performance index
was reported to increase by 18.8%
at 4 m/s velocity of air.

Ahmed et al.TiO/water Flat Tube 47% improvement in effectiveness

[41] of radiator due to the wuse
nanofluids.

Sundari et al.Al,Oz3/glycerin  Flat Tube The volume concentration was

[42] varied in the range of 0.1-0.3 vol.
% and an enhancement of 54.56%
in heat transfer was reported along
with 90% effectiveness of radiator
at 0.3 vol.% and 1500 Reynolds
number.

Said et al. [43] Al2O3 /EG- Flat Tube 24.21% improvement in  Nu

water and
TiO2/EG-water

performance  of radiator as
compared to the base fluid when
0.3 vol/% of nanoparticles was
dispersed in base fluid. Alumina
based nanofluids outperformed the
titanium based nanofluids.
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Reference NF

Tube Geometry Major Findings

Jadar et al. [44] f- Flat Tube Observed 45% enhancement in heat
MWCNT/water transfer rate as compared to the
base fluid.
Bejjam et al.Al2O3 NFs Flat Tube Utmost increment of 10.64% in Nu
[45] 3.82% in heat transfer coefficient.
Selvam et al.Graphene/EG-  Flat Tube A range of 0.1-0.5 vole 1%

[62] water

concentration, 10 g/s — 100 g/s flow
rate.  of nanofluid, and inlet
temperature of 35 °C and 45 °C was
tested. They reported 20%
enhancement in CHTC for 0.5 vole
%, 100 g/s and 35 °C inlet
temperature. An increment of 51%
in CHTC at 0.5 vol.%, 100 g/s and
45 °C inlet temperature was

reported.
Goudarzi andAl>O3 /EG Flat Tube withAn increment of 5% in thermal
Jamali [63] Wire Coilperformance for nanofluid based
Inserts system of coil inserts was reported.
Rai et al. [64] MgO/EG-water  Flat Tube Flow rate and nanoparticle

concentration augmentation was
concluded to be the major cause of
heat transfer performance
intensification. Percentage of heat
transfer augmentation increases
from 5.59% to 29.83% when the
nanoparticle concentration
increases from 0.1 vol.% to 0.2
vol.%.

Lietal. [65] SiC-
MWCNT/EG

Flat Tube Topmost augmentation in heat
transfer coefficient was 26% at 0.4
vol.% concentration.

Choi et al. [66] Al2O3 IEG-
water

Round Tube 6.9% increase in heat transfer rate
was reported.

Kahani et al.CuO/EG-water
[67]

Shell and Tube Reynolds number increment
increased the thermal performance
of the nanofluid based system.

Soyluetal. [68]Cu and Ag
dopped
TiO2/EG-water

Flat Tube Maximum increment in CHTC was
reported to be 26.15% for 1 vol.%
concentration and an increment of
27.72% was reported at 2 vol.%
concentration of NF.

Safikhani et al.Al,Os/water
[69]

Flat Tube Increase in heat transfer was
reported.

Safikhani et al.Al,Os/water
[70]

Flat Tubes withheat transfer and friction factor
Multiple Tapes increased by 50% and 220%
respectively.
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Reference NF

Tube Geometry Major Findings

Ramalingam etAl,O3-SiC/EG-
al. [71] water

Flat Tube

Maximum increase of 28.34% in
overall thermal performance was
observed at 0.8 vol.% of NPs in the
base fluid.

Guo etal. [72] Al.Os /water

Flat Tube

Topmost augmentation in heat
transfer was reported to be 11.1%.
Average pressure-drop at
maximum tested NP concentration
of 0.5 vol. % increased by 4.4%.

Sharma et al.CuO/water
[73]

Flat Tube

An increase of 6.75% in Nu and
14% in heat transfer coefficient
was reported at 50 °C temperature
and 9000 Reynolds number.

Alirezaie et al.MgO/water

Flat Tube

Topmost increment in heat transfer

[74] Ag/water was reported to be 50% and the
MWCNT/water efficiency range was 10-40%.
DWCNT/water MWCNT based nanofluid

outperformed rest of  the
nanofluids.

Sun and LiuCuO/water and CPU Radiator Nanofluid concentration range was

[75] Al;Os/water 0.1-0.5 vol.% and the Reynolds

number range was 400-2000.
Convective eat transfer coefficient
of Cuo/water based nanofluid was
1.1-2 times higher than the base
fluid.

Oliveira et al. MWCNT/water Flat Tube They reported 5% decrease in heat

[76] transfer rate.

Kumar et al.Al2Os /water Flat Tube Greatest increment in heat transfer

[77] ZnO/water coefficient was reported to be

CuO/water 42.5%, 47.4%, and 51.1% for 2
vol.% AlOz /water, ZnO/water,
and Cuo/water nanofluids,
respectively.

Zhao et al. [78] Al2O3 /water Flat Tube Convective heat transfer for
nanofluid increased by 1.236 times
as compared to the base fluid.

Abdolbagi et al. TiO2/Bio Flat Tube Temperature  ranged  30-70°C,

[79] glycol-water

concentration ranged 0.5-2 vol. %.
Nu at 2 vol. % was 3% lesser than
the base fluid.

Nu increment approached 28.2% at
optimum operational conditions.
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Reference NF

Tube Geometry Major Findings

Kaska et al.AIN-
[80] Al>Os/water

Flat Tube

Maximum  Nu values were
achieved at 3 vol.% and the
enhancement was about 50% as
compared to the base fluid.
However, the Nu enhancement was
observed to dropped at 4 vol.% of
nanoparticles. ~ Moreover, heat
transfer increased from 28% to
58% when the nanoparticle volume
concentration increased from 1
vol.% to 3 vol.%. Whereas, at 4
vol.% concentration the heat
transfer enhancement reduced to
33%.

Subhedar et al.Al,Os/EG-
[80] water

Flat Plate

Operation conditions were opted to
be 0.2-0.8 vol.% concentration, 4-9
LPM flow rate, and 65-85 °C inlet
temperature. At 0.2 vol. %
concentration of NPs the heat
transfer increased by 30%. At 0.8
vol. % concentration the Nu
enhanced by 28.47% as compared
to the base fluid.

Hussein et al.TiO»/water
[81]

Flat Plate

1-4 vol. % concentration, 10,000-
100,000 Reynolds number, 60-
90 °C inlet temperature was tested.
Nanoparticle  Even at low
concentration the efficiency
improved by 20%.

Zhang et al.TiOz/water
[82]

Flat Plate

Nu decreased with increasing
nanoparticle concentration.
However, the values were greater
than the base fluid.

Elsaid [83] Co304/EG-
water
AlL,O3/EG-
water

Flat Plate

Cobalt oxide based nanofluid
outperformed  aluminum  oxide
nanofluid in terms of thermal
performance.

Tijani andAl,O3/EG-
Sudirman [84] water
CuO/EG-water

Flat Plate

The values of observed Nus were
164.29, 193.19, and 208.71 for base
fluid, 0.3 vol.% of Al>O3
nanofluids and 0.3 vol.% of Cuo
nanoparticles, respectively.

Huminic  andMWCNT-
Huminic [85] FesOas/water

Flat Plate

A decrease of 26.483% in entropy
generation was observed for hybrid
nanofluid as compared to the base
fluid.

Alietal. [3] MgO/Water

Flat Plate

31% maximum increase in heat
transfer was reported at 0.12 vol.%
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Reference NF Tube Geometry Major Findings

Ahmed et al.TiO/water Flat Plate Effectiveness increased by 47%
[86]

Chen and JiaTiO2/EG-water  Flat Plate 10% enhancement in convective
[87] heat transfer occurred.

Summary of recent studies on application of nano fluid in helical tube heat exchanger
is presented in Table 2.3.

Table 2.3. Summary of recent studies on application of nano fluid in helical tube heat

exchanger.
Reference NF Tube Major Findings
Geometry
Huminic  TiO2/water Counter They observed 14% greater rate of heat transfer
and CuO/water flow for 2 vol.% Cuo/water nanofluid flowing at same
Huminic double  flow rate through inner tube and the annulus
[50] pipe
helical
tube
Bahremand Ag/water Helically They observed greater heat transfer as well as
etal. [61] coiled higher pressure drop in the helical tubes.
tube
Kumar etMWCNT/waterCounter They reported 30% enhancement in Nu for 0.6
al. [52] flow vol.% of nanofluid at 1400 Dean number.
double  Moreover, at 2200 Dean number, the pressure
pipe drop reached up to 11% as compared to the base
helical ~ fluid.
tube
Radkar etZnO/water Helically They obtained 18.6% enhancement in Nu for 0.25
al. [53] coiled vol. % concentration of nanoparticles in the base
tube fluid.
Singh et al.CNT/water Helically Elevation in overall heat transfer coefficient of
[54] coiled 62.62% as compared to the base fluid was
tube reported.
Kulkarni etAg/water Helically They reported 32% elevation in heat transfer
al. [55] coiled coefficient as compared to the base fluid. Nu
tube increased with increase in Dean number.

Niwalkar etSiO,/water Helically Presence of nanofluid increased the heat transfer
al. [56] coiled coefficient by 28.71%.
tube
Bhanvase Polyaniline  Helically Heat transfer coefficient was obtained to be
etal. [57] (PANI)/water coiled 10.52% higher than the base fluid at 0.1 vol.%
tube loading of nanoparticles.  Whereas the
enhancement reached up to 69.62% at 0.5 vol.%
concentration of nanoparticles in the base fluid.
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Reference NF Tube Major Findings

Geometry
Bahiraei etAl,Oz/water  Helically They observed increment in heat transfer as well
al. [58] coiled as pressure drop.

tube

Narrein andAl,O3,  SiO.,Helically Convective heat transfer was reported to
MohammedCuo, and ZnOcoiled deteriorate past 2 vol.% concentration due to

[59] based NF tube anomalous pressure drop that diminishes the
overall effectiveness of nanofluids in helical
tubes.

A review of the literature reveals that the shape of the heat exchanger tubes has a
significant impact on the performance of nanofluid. Moreover, the presence of
nanofluid raises the performance of heat exchanger as well. There are very limited
studies on analyzing nanofluids in helical-coiled tubes with nanofluids [89].
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PART 3
MATERIAL AND METHOD

Because of the importance of the thermal performance of heat exchangers and the
development of techniques known as heat transfer enhancement techniques, where
these technologies increase heat transfer by convection by reducing the thermal
resistance in the heat exchanger.

The use of large technologies leads to an increase in heat transfer and because at the
expense of the decrease in pressure and to reach a high heat transfer rate with an
increased pumping capacity, different technologies are presented at the present time.
One of these techniques is coiled tube technology and coiled conical tube technology
as modern techniques. These tubes have been widely used in various industries
because of their good performance, low cost, and ease of manufacture.

3.1. IMPORTANT DEFINITIONS

Nusselt number defined as [90]

Nu=— (3.1)

Where h (W/m?K) is the convective heat transfer coefficient, d (m) is the pipe

diameter, and k (W/mK) is the thermal conductivity.

Darcy friction factor is defined as [90]:

f=m— (3.2)

= vW/d)
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Where AP the pressure drop is across the test section and p is the density in the fluid
and v2 is the square value of the fluid velocity and L is the length of the tube d is the
tube diameter.

Reynolds number is defined as [90]:

dv
Re =22 .
e p (3.3)

Where u (Ns/m?) is the dynamic viscosity of the fluid.
Performance Evulation Criteria (PEC) is defined as [90]:

hng

PEC = — (3.4)
3 APnf
Abe

Where hy,f (W/m?K) is the convective heat is transfer coefficient of nanofluid and

hyg (W/m?K) is the convective heat transfer coefficient of base fluid, AP,f is the

pressure drop (Pa) of nanofluid and AP, s (Pa) is the deferent pressure of base fluid.

3.2. CALCULATE THE TERMOPHYSICAL PROPERTIES OF
NANOFLUIDS

Nanoparticles can be produced in many geometric shapes. It was observed that the
change in the shape of the nanoparticles affects the thermal conductivity of the
nanofluid as well as its size. In the current study three different shapes of Al.Os
nanoparticles (platelet, blade and cylindrical) with three different sizes (1.0%, 2.0%
and 3.0%) were used. An overview of the nanoparticle shapes in Fig 3.1 and thermo-
physical properties at 300 K in Table 3.2 [96].
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Platelet Blade Cylindrical

Figure 3.1. General view of commonly used nanoparticle types [66].

Table 3.1. Thermophysical properties of nanoparticle and base fluid [66].

Thermo physical Properties | Pure Water | Al;Os3
p (kg/m®) 997 3970
u (Ns/m?) 0.000855 -
k (W/mK) 0.613 40
Cp (J/kgK) 4179 765

The density p (kg/m®) of a nanofluid can be calculated using the classical mixture

theory using the following equation [66]

(P = L —@)pf + @Dy (3.5)

Where, pp (kg/m?) is density of the nanoparticle, ps (kg/m°) is density of the base fluid
and (p)nf (kg/m?) is the density of the nanofluid.

Heat capacity cp, (J/kgK) of the nanofluid can be calculated using the following

equation [66]:

(epInf = | = @0f (eo)f + 0pp(cp), | /(PIny (36)

The thermal conductivity k (W/mK) coefficient was calculated using the constants for
different nanoparticle shapes that take different values depending on the shape.
These values are the thermal conductivity coefficient according to the nanoparticle

type as shown in Table 32, and thermal conductivity is calculated with Eq. (3.7) [96].
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Table 3.2. Surface resistance and shape effects of Al2O3 nanoparticle [66].

Platelet | Cylindrical Blade
Aspect ratio 1:1/8 1:8 1:6:1/12
Sphericity, ¥ 0.52 0.62 0.36
Shape factor,n=3/¥ 5.7 4.9 8.6
Ck 2.61 3.95 2.74
(ci)share 5.72 4.82 8.26
(cr)*Urface=cy-(cx)hape -3.11 -0.87 -5.52

(3.7)

where, (c)"™ is the coefficient of thermal conductivity and is taken from Table 3.3

according to the nanoparticle type. ks is the thermal conductivity for base fluid [66].

The dynamic viscosity x (Ns/m?) of the nanofluid is obtained from Eq. (3.8) where
Az and A are constants are presented in Table 3.4 [98].

Table 3.3. Viscosity coefficient for different nanoparticle shapes [66].

Nanoparticle shape A1 Az
Blade 14.6 123.3
Cylindrical 13.5 904.4
Platelet 37.1 612.6

fing = Ur(1 4+ A1 + Az0%)

(3.8)

In order to make the calculations, firstly, the velocity (m/s) at the specific Reynolds

number has been calculated using the following equation.

V = (Reu)/(pD)
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After calculations the outlet temperature (To), the wall temperature (Tw), and pressure
drop into the tube (4P) have been determined. The bulk temperature Tp has been

calculated using the following equation [96].

Ty = (T4 1) /2 (3.10)

In order to calculate the convective heat transfer coefficient (W/m?K), sequential

equations need to be solved [66]:

h=q"/(Ty-Ty) (3.11)

The physical properties of the nanofluids have been calculated at the bulk

temperature.

3.3. NUMERICAL SIMULATION

ANSYS Fluent software is a simulation software and used in engineering. The
software is generally used after the product design and prototype stage it allows
testing to be conducted in a virtual environment prior to production. of parts and
parts With the help of 2D and 3D simulation of product assembly, strength, To
improve the design by examining aspects such as mechanical and vibration. Helps
[99].

ANSYS Fluent is a CFD software that uses the finite volume method. It has been used
in many industries around the world since 1983. It evolves into the most widely used
software in the CFD market worldwide. ANSYS Fluent is the most advanced
Commercial CFD software. Quick and easy solutions to the most difficult user

problems displays [99].

ANSYS Fluent, as a general purpose CFD software, is used in the automotive and
aviation industries Industry, white goods industry, turbine machinery (fans,
compressors, pumps, turbines etc.) industry, chemical industry, food industry. In

solving problems of fluid mechanics and heat transfer in many industries using this.
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Thanks to this feature, many different it provides an opportunity to solve the problem
using the same interface. Acnes fluent, halal Thanks to its technology and the various
physical models it contains, Transitional and turbulent flows, including conduction,
convection, radiation, and heat transfer. Problems involving chemical reactions, fuel
cells, acoustics and flow Research and development by producing solutions to
problems involving noise and multiphase flows. It is a candidate to be the most
reliable tool for partitions during design. The process of computational analysis,
engineering modeling, and digital networks, analysis and consists of processing the
results. Modeling of digital processes and networks stages of creation. Expected
accuracy in the results obtained the level corresponds to a significant increase in
these requirements. Liquids this is in the analysis of mechanics and heat transfer
problems by numerical methods Maintain requirements within reasonable limits and
achieve usable results. In order to be able to do this, a multi-stage path is followed

from simple to complex [99].

In this study, the outlet temperature of the nanofluid and the tube wall temperature
have been determined to calculate the average Nusselt number. Pressure drop have
been determined on the inlet and outlet section for calculate average Darcy friction
factor. The aim of the study is to numerically analyze the changes in velocity,
temperature and pressure with the change in Reynolds number. Numerical analysis

was simulated in the ANSYS Fluent software.

The ANSYS Fluent software is divided into five main steps to reach the desired result;

o Create geometry (Geometry)

e Create a mesh (Mesh)

e Defining the problem and boundary conditions (Setup)
e Analysis (Solution)

e Analyze the results (Results).
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3.3.1. Creating Geometry

In the first step of the study, coiled conical tube was drawn in 2D in AutoCAD
software and then introduced to ANSYS Fluent program. The appearance and size of
the coiled conical tube are shown in (Fig 3.2). Also the diameters are given in Table

3.1.

s View Help
sd@ e et - RRB@ S
We W fo fio fo fo fm A 5

,,,,,,, o % 2 |} Generte @ShareTopology [FEParameters | EExtrude

Sketching Modeling

200,00 (mem)

— M‘ No Selection Millimeter Degree 0
Figure 3.2. Schematic diagram of conical coil tube.
Table 3.4. Coiled conical tube dimensions.
Inner Thickness | Length Pitch Helical Cone Height
diameter of pip of pipL circle pitch angle o | H (mm)
d (mm) T(mm) (mm) diameter | b (mm) (deg)
D (mm)
10 0.8 1500 170 65 30 317.22

3.3.2. Creating Mesh

Mesh structure is the most important part for CFD analysis. The error to be made at
this stage will directly affect the solving time of the software and the results to be
obtained as a result of the solution. As the number of cells increases, the solution
time will also increase. Therefore, mesh optimization should be analyzed and the
optimum mesh number should be determined. In addition, by ensuring that regions of

less importance during analysis have lower mesh counts, we can keep our total mesh
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count lower and reduce our resolution time. The cross-sectional view of the coiled
conical tube and the mesh structure are given in Fig 3.3. Some areas have been

meshed more frequently to ensure that the results are more precise.

Figure 3.3. Cross-sectional view of the coiled conical tube and the mesh structure.

3.3.3. Defining the Problem and Boundary Conditions

At this stage of the numerical study, boundary conditions and fluid properties are
manually defined to the system and introduced into the program. Screenshot taken
from the ANSYS software was shown in Fig 3.4.

The studies have been primarily carried out with distilled water and confirmed by the
literature. Then, Al>O3 nanofluid has been used as the working fluid. Thermophysical
properties of the nanofluid for each nanoparticle volumetric ratio and nanoparticle
shape have been calculated using the relations and introduced to the software before

the numerical study.
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Figure 3.4. Thermophysical properties of the working fluid.

3.3.4. Analysis

In the solution phase, the desired iteration number or value is selected over the
software. Then, initilation process was performed and analysis was started. In our
study, iterations continued until the values approached 1x10°. An example
screenshot is given in Fig 3.6.

n Residual Monitors

>
Options Equations
| Print to Console Residual Monitor Check Convergence Absolute Criteria
V| Plot continuity v v 1e-06
Window
= . § x-velocity v v 1e-06
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Iterations to Plot Z-velodity v v 1e-06
1000 =
energy v v le-06

Iterations to Store

1000 -

| Convergence Conditions... |

Show Advanced Options

m | Plot | | Cancel | | Help |

Figure 3.5. Residuals monitors.

3.3.5. Analyze the Results

After the completion of the numerical work, contour graphics, vectors and

animations have been examined and the results were reviewed.

o1



PART 4

RESULTS AND DISCUSSIONS

4.1. MESH OPTIMIZATION AND VALIDATION OF THE NUMERICAL

CODE

On the basis of numerical analysis, it must be proven that the number of meshes

assigned for the solution does not affect the results obtained. Nusselt number and

Darcy friction factor values were obtained by performing analyzes in different mesh

numbers for the highest Reynolds number (Re=2150) value of the boundary

conditions determined to prove this. The obtained results are shown in Table 4.1.The

error percentages for each variable are found in the table, and it is noticed that the

change in Nusselt number and Darcy friction factor values is very small especially

after 1.4x10°% mesh number. Accordingly, the optimum number of meshes is found to

be 1.4x106 for faster and more accurate results.

Table 4.1. Variation of Nu and f with mesh number.

E_d_ge Face Mesh Changing Darcy
Sizing - Mesh Nusselt . - .
Sizing Number Changing [Friction |Changing
No |(Number Number  |Number
(Element | (Element Nu% Factor f (%)
of Size) Number) (Element Nu f
Division) Number)%
1 20 4 45585 - 26.757 - 0.10992 -
2 25 3.5 57859 26.92 25.312 -5.70  10.09455 | -16.25
3 30 3 81753 41.29 25.677 1.42 0.09017 -4.8
4 35 2.5 1.303*10° 59.43 25.569 -0.42  10.08495 -6.1
5 40 2 1.9818*10° 52.04 25.671 0.39 0.08500 0.05
6 45 15 3.851*10° 94.32 25.843 0.66 0.08641 1.63
7 50 1 1.35*10° 168.7 25.507 -1.30 ]0.08629 | -0.14
8 55 0.8 1.04*10° 0.63 25.56 0.21 0.08645 0.18
9 60 0.7 1.7*10° 68.49 25.08 -1.92  ]0.08512 -1.5
10 65 0.6 2.4*10° 38.67 24.82 -1.02  10.08471 -0.4
11 60 0.5 3.610° 49.69 24.61 -0.86 | 0.08476 0.05
12 65 0.5 5.5%10° 51.07 24.46 -0.61 ] 0.08568 1.06

52




Studies have been performed for different Reynolds numbers and obtained mean
Nusselt number with using the solution area with the optimum mesh number
obtained. These results were compared with those of Heyhat et al. [61] and the
accuracy of the numerical study has been tested. Then, using the proven coiled
conical tube geometry and mesh optimization, nanofluids were used into the system
and analyzes have been started. The average difference between the experimental
and numerical results was +8% as showing in Table 4.2. The variation of average

Nusselt numbers for numerical results and experimental data are given in Fig 4.1.

Table 4.2. Comparison of the results of numerical analysis with literature (pure

water).
No | Reynolds | Experimental | Numerical Error
Number Results Results | value %
1 1000 15.36 14.88 3.125
2 1250 17.05 17.45 -2.346
3 1500 19.02 19.84 -4.311
4 1750 20.87 22.11 -5.941
5 2000 22.61 24.26 -7.297
6 2150 23.61 25.51 -8.047

30 [ === Numerical An.
Heyhat et al.[61].

25

NU

20

15

1050 1250 1500 1750 2000 2150
Re

Figure 4.1. Comparison of numerical results with literature.
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4.2. EFFECT OF CHANGING NANOPARTICLE ON AVERAGE NUSSELT
NUMBER

All results are collected in excel workbook. Equations were defined for the necessary

calculations and graphs were drawn based on the relevant parameters.

4.3.1. Effect the Nanoparticles VVolume Ratio on Average Nusselt Number

Platelet Nanoparticles:

The effect of the change of platelet nanoparticle volume fraction on the average
Nusselt number is analyzed for 1.0%, 2.0% and 3.0% in Fig 4.2. Compared with pure
water, 20.3%, 26.0% and 31.0% higher Nusselt number were obtained with %1.0,

%2.0 and %3.0 nanoparticle volume ratio, respectively.

40

[ ==@==Pyre Water.
35 [ O =%1.0

: ®=%2.0
30 [ ®=%3.0

25 |

Nu

20 |

15 |

10 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

1050 1150 1250 1350 1450 1550 1650 1750 1850 1950 2050 2150
Re

Figure 4.2. Effect of the platelet nanoparticle volume ratio on average Nusselt
number.

Blade Nanopatrticles:

The effect of the change of blade nanoparticle volume fraction on the average
Nusselt number is analyzed for 1.0%, 2.0% and 3.0% in Fig. 4.3. Compared with
pure water, 15.6%, 17.5% and 19.5% higher Nusselt number were obtained with

%1.0, %2.0 and %3.0 nanoparticle volume ratio, respectively.
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Figure 4.3. Effect of the blade shape nanoparticle volume ratio on average Nusselt
number.

Cylindrical Nanoparticles:

The effect of the change of cylindrical nanoparticle volume fraction on the average
Nusselt number is analyzed for 1.0%, 2.0% and 3.0% in Fig 4.4. Compared with pure
water, 16.3%, 21.2% and 28.6% higher Nusselt number were obtained with %1.0,
%2.0 and %3.0 nanoparticle volume ratio, respectively.

40
e=g==Pure water.
e (D=9
35 O=%1
D=%2
30 D=%3
s 25 |
= C
20 f
15 |
10 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J

1050 1150 1250 1350 1450 1550 1650 1750 1850 1950 2050 2150
Re

Figure 4.4. Effect of the cylindrical shape nanoparticle volume ratio on average
Nusselt number.
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As can be seen from Fig.4.2, 4.3 and 4.4, 3.0% NPVC provided the highest heat
transfer rate in all nanoparticle shapes. According to the results obtained by changing
the nanoparticle shape, it was observed that the highest heat transfer rate was
achieved in the form of platelet nanoparticles

4.2.2. Effect of Nanoparticle Shape on Average Nusselt Number
Effect of the nanoparticle shape at 1.0% volume ratio on average Nusselt number:

The effect of changing nanoparticle shapes on average Nusselt number is

numerically analyzed for 1.0% nanoparticle volume ratio in Fig 4.5.

40
N e=f==Pure water.

35 [ O=%1 Platlet
®=%1 Blade.

30 ¢ ®=%1 Cylindrical.

25 |

Nu

20 f

15 |

10 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ]
1050 1150 1250 1350 1450 1550 1650 1750 1850 1950 2050 2150

Re

Figure 4.5. Effect of the nanoparticle shape at 1.0% nanoparticle volume ratio on the
average Nusselt number.

Effect of the nanoparticle shape at 2.0% volume ratio on average Nusselt number:

The effect of changing nanoparticle shape on average Nusselt number is numerically

analyzed for 2.0% nanoparticle volume ratio in Fig 4.6.
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Figure 4.6. Effect of the nanoparticle shape at 2.0% nanoparticle volume ratio on the

average Nusselt number.

Effect of the nanoparticle shape at 3.0% volume ratio on average Nusselt number:

The effect of changing nanoparticle shapes on average Nusselt number is analyzed

for 3.0% nanoparticle volume ratio in Fig 4.7.

40 r
[==@==Pyure Water.
- Ll D=%3 Platelet.
[t D=%3 Blade.
L s o
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s 25 F
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20
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1050 1150 1250 1350 1450 1550 1650 1750 1850 1950 2050 2150
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Figure 4.7. Effect of the change of nanoparticle shape at 3.0% nanoparticle volume
ratio on the average Nusselt number.
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Temperature distribution for Al203-water nanofluid with platelet nanoparticle with
platelet nanoparticle in the tube and at the outlet section are given in the Fig 4.8 and
Fig 4.9, respectively.

A.02a+02

A.N2e+02

A.01a+02

A.0%a+02

A.01a+02

ANnte+02

A.01a+02

A.0%a+02

3.00a+02

A.00e+02

A.000+02

Figure 4.8. Temperature distribution of 3.0% nanoparticle volume ratio of Al2Os-
water nanofluid with platelet nanoparticle in the tube.
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3.00a+02
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Figure 4.9. Temperature distribution of 3.0% nanoparticle volume ratio of Al.Oz-
water nanofluid with platelet nanoparticle at the outlet section.
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4.3. THE
RATI

EFFECT OF THE CHANGE OF NANOPARTICLE VOLUME
O ON THE AVERAGE DARCY FRICTION FACTOR

It was found that the change of nanoparticle shape and volumetric ratio did not

change the

average Darcy friction factor as showing in the Fig 4.10, (Fig 4.11, and

Fig 4.12, respectively.
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Figure 4.11
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1050

.. Effect of the nanoparticle shape at 1.0% nanoparticle volume ratio on
the average Darcy friction factor.
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-3
e
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1050

. Effect of the nanoparticle shape at 2.0% nanoparticle volume ratio on
the average Darcy friction factor.
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Figure 4.12. Effect of the nanoparticle shape at 3.0% nanoparticle volume ratio on
the average Darcy friction factor.

4.5. PERFORMANCE EVALUATION CRITERIA

PEC value above 1 was obtained for all nanoparticle shapes. The fact that the PEC
value is above 1 clearly shows that for all nanoparticle shapes, the amount of heat
transfer increases more than the increase in pressure drop, and the utility model is
provided. The results obtained are given in Figs 4.13, 4.14 and 4.15.

1,65 r
1,6 |
1,55 F
1,5 |
1,45 |
1,4
1,35 |
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1,2
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==tr=—D=%1 Platlet.
®=%1 Cylindrical.
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Figure 4.13. Effect of nanoparticle shape change on PEC number in 1.0% NPVC.
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Figure 4.14. Effect of nanoparticle shape change on PEC number in 2.0% NPVC.
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Figure 4.15. Effect of nanoparticle shape change on PEC number in 3.0% NPVC.
The PEC value is directly related to the pressure drop. Basically, for the PEC value

to be large, we need to gain more energy as heat transfer than we lose in the pressure

drop. The pressure distribution over the geometry is shown in Fig 4.16.
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Figure 4.16. Pressure distribution on in the tub.
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PART 5

CONCLUSION AND RECOMMENDATIONS

5.1. CONCLUSION

In this study, 1.0%, 2.0% and 3.0% NPVC of Alumina (Al>Osz)-water nanofluid flow

in a conical helical tube with platelet, blade and cylindrical nanoparticle shapes

numerically analyzed under laminar flow (1050<Re<2150) condition. The findings

of the study are summarized below:

The value of the Reynolds number and the Nusselt number change
proportionally for all nanoparticle shapes.

The value of the Reynolds number and the Darcy friction factor number
varies inversely for all nanoparticle shapes.

The pressure drop increases when the nanoparticle volume ratio increases,
and he highest pressure drop was achieved when 3.0% platelet type nanofluid
was used.

Changing the nanoparticle shape did not affect the Darcy friction factor value.
It has been determined that the value of the NPVC and the average Nusselt
number change proportionally for all nanoparticle shapes. Therefore, the
highest convection heat transfer rate were obtained at 3.0% nanoparticle
volume ratio for each nanoparticle shape.

The highest convective heat transfer performance is observed with the platelet
nanoparticle shape.

The highest PEC value is obtained for platelet shaped nanoparticle with 3.0%
nanoparticle volume ratio.

Conical helical tubes are one of the good option for heat exchange devises for

higher heat transfer performance with small pressure drop penalty.
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5.2. RECOMMENDATIONS

Taking into account the results obtained in this study, it should be studied to improve
heat transfer by forced convection by adding nanoparticles of different materials to

improve heat transfer in conical helical tubes and other tubes.

After conducting this study and analyzing and listing the results, they can be

summarized as follows:

e The nanoparticle volume ratio and the rate of heat transfer are directly
proportional up to 3.0%. Higher values should be sought.

e It can be compared with platelet, blade and cylindrical shapes by using
different nanoparticle shapes.

o Different conical helical tubes with different conical diameters can be
analyzed.
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