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ABSTRACT  

A nanofluid is a new heat transfer fluid produced by mixing a base fluid and solid nano 

sized particles. It has been reported this fluid has great potential in heat transfer 

applications, because of its increased thermal conductivity and even increased Nusselt 

number due to higher thermal conductivity, Brownian motion of nanoparticles, and other 

various effects on heat transfer phenomenon. But its potential in heat transfer applications 

has not been confirmed yet due to lack of conclusive information to predict the 

performance in heat transfer equipments.  The aim of this thesis work is to predict 

convective heat transfer of copper in ethylene glycol nanofluids both experimentally and 

numerically. A locally fabricated convective heat transfer set up and a computational fluid 

dynamics (CFD) code in ANSYS Fluent 2021 R2 was used to obtain results in a circular 

pipe with constant wall heat flux boundary conditions in a turbulent flow.  

The forced convective heat transfer was studied with horizontal circular smooth stainless-

steel tube with Reynolds numbers varying in the range of 4000-10000 and volume 

concentration of 0.1%, 0.5%,1%. In this thesis work, the effect of several parameters such 

as Reynolds number, volume fraction and inlet temperature on heat transfer and flow 

characteristics were investigated. Both the experimental and numerical results, in a good 

agreement to each other (±5.7 % average deviation), show that the nanofluid with all 

values of particle concentrations achieved higher Nusselt number than pure ethylene 

glycol where the nanofluid with the highest particle concentration achieved the highest 

Nusselt number. For all the cases Nusselt number increased with the increase of Reynolds 

number and distance along the tube.  On average scale, for Reynolds number of 10000 and 

inlet temperature of 303.15K, Nusselt number increases to 1.1 times for nanofluids of 1% 

particle concentration compared to the base fluid. Friction factor increases with increasing 

volume fraction and inlet temperature for both the numerical and experimental analyses.  

Keywords: Copper-ethylene glycol nanofluids, Constant heat flux, Turbulent flow, 

Circular pipe, Computational Fluid Dynamics (CFD), Heat transfer enhancement 
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NOMENCLATURE   

C                                            specific heat at constant pressure 

D                                           diameter of the test section  

𝑑𝑓                                          equivalent diameter of a base fluid molecule 

 𝑑𝑝                                         nanoparticle diameter 

k                                            thermal conductivity 

kb                                           Boltzmann constant = 1.38066×1023 J/K 

h                                            average heat transfer coefficient in test section 

ℎ𝑥                                           local heat transfer coefficient 

L                                             length of the test section  

�̇�                                             mass flow rate 

M                                             molecular weight of the base fluid 

N                                              Avogadro number = 6.022 ×1023 mol-1 

Nu                                             Nusselt number 

Nu 𝑥                                           local Nusselt number 

Pr                                                Prandtl number 

Re                                              Reynolds number 

Renp                                           nanoparticle Reynolds number 

T                                                 temperature 

Tm                                                bulk temperature 

𝑉                                                  velocity  

P                                                    pressure  

Greek symbols 

𝛼                                      thermal diffusivity  

𝜀                                       turbulent kinetic energy dissipation rate 

𝜅                                       turbulent kinetic energy 

𝜇                                       dynamic viscosity 

𝜌                                        mass density 

𝜏̿                                        stress tensor  

𝜙                                       nanoparticle volume fraction 
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f                              base fluid 

fr                             freezing point of the base liquid 

in                             inlet of the test section  

out                           outlet of the test section  

p                              nanoparticle 

r                              radial  

t                               turbulent  

w                              tube wall 

x                                axial  
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CHAPTER ONE  

1. INTRODUCTION 

Under this chapter a thorough background information and rationale behind this thesis 

work is presented under different subsections. The scientific recent status and importance 

of nanofluids is highlighted first under background subsection. The problem that this 

research work aimed to solve is stated clearly and the main objectives planned to be 

achieved are outlined subsequently. Lately, the expected significance of this research and 

the extent to which it will stretched under the imposed limitations is clearly defined.   

1.1. Background  

Heat transfer technology, in its all-application areas with ever-increasing heat flux brought 

by the unbelievably increasing demand of heat current, is standing at a critical juncture. 

For instance, the exponential growth in electronics, communication, and computing 

technologies and their devices through miniaturization and an enhanced rate of operation 

and storage of data with ever-increasing thermal loads (as shown in the Fig 1.1)has 

brought about serious challenges in the thermal management of these devices[1]. In 

another important area, the field of optical devices like Lasers, high-power x-rays, and 

optical fibers being integral parts of today’s computation, scientific measurement, material 

processing, medicine, material synthesis and communication devices, their increasing 

power with decreasing size also calls for innovative cooling technology. Besides the 

inherent need for improvement limited floorspace in industrial applications and weight 

limitations in space applications also calls for smaller size heat transfer devices to transfer 

a considerable amount of heat flux over a large distance[2]. Continuous efforts have been 

made to augment heat transfer and thereby increase energy and fuel efficiencies by 

reducing heat transfer time (enhancing heat transfer rate) and minimizing size of heat 

transfer equipments applying both active and passive techniques. 
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Figure 1-1: Heat flux vs. year of cooling technology development[3] 

The former technique includes the vibration of the heated surface and fluid, the injection 

or suction of fluid, etc. which requires an external power input. On the other hand, the 

latter one requires no direct application of external power but by means such as the use of 

extended surfaces, introducing swirl flow devices, and additives for liquids and gases[4]. 

When metered with the same objective of any heat transfer technique, to strive for 

improved thermal contact (enhanced heat transfer coefficient) and reduced pumping power 

(improved thermohydraulic efficiency), the success of all these efforts is limited to the 

thermophysical properties of the working fluid most of the time to thermal conductivity, 

heat capacity, viscosity etc. So, improving the thermophysical properties of the working 

fluid is the overriding technique which will also pave the way for effectiveness of other 

augmentation techniques[5].  

More than just a century ago the idea of the suspending solid particles into the 

conventional heat transfer fluid came to Maxwell’s mind as a means to enhance the 

thermal conductivity of the fluids given that the thermal conductivity of solids is much 

higher than that of fluids[6]. Since then, milli and micro sized solid particles have been 

suspended to wide range of conventional heat transfer fluids, and a satisfactory 

enhancement in thermal conductivity has been achieved. But this improvement comes 
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with a handful of problems like rapid particle settling, channel erosion, clogging etc. 

which are mainly associated with the large size of particles[7]. The advancement of Nano 

technology (since 1959 by Richard Feynman) enables the reduction of the size of particles 

into nano-scale. Nano particles being suspended in conventional fluids can avoid the 

aforementioned difficulties of micro and macro size particles. In fact it awards us with 

anomalous enhancements mainly due to its innovative properties like higher specific 

surface area, higher stability and uniformity of the colloidal suspension, lower pumping 

power required to achieve the equivalent heat transfer, reduced particle clogging and 

higher level of control of the thermodynamics and transport properties by varying the 

particle material, concentration, size, and shape[8].  

Since 1990s a drastically increasing number of investigations is being done (as shown in 

the Fig 1.2) in an effort to shed light on the possibility of the application of those 

suspensions (called nanofluids as coined by Choi in 1995) in heat transfer equipments.  

Even though the number of articles being published on this subject has increased 

dramatically, the data required to design a nanofluid flown heat transfer equipment is not 

yet abundant enough. It is not even conclusive to claim the possibility of replacing 

conventional heat transfer fluids by nanofluids is good idea. This is because for one hand 

the results of the investigations are contradictory to each other which is not yet reconciled 

and heat transfer characteristics of nanofluids is dependent on a wide range of non-

traditional variables, such as particle size, shape, and surface treatment whose 

relationships has not yet well understood. 
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Figure 1-2 Number of publications containing the term nanofluid in literature[9] 

Both numerical and experimental approaches have to be used in combination to unravel 

the real mechanisms behind the enhancing effect of nano particles added interplaying 

among the molecular scale, microscale, mesoscale and macroscale. These all reasons make 

all the research struggles to be directed towards is quarter a century old challenge.  

1.1.1 Preparation of nanofluids  

Nanofluids are not just mixtures of base fluid and nanoparticles. Rather they are uniform, 

stable, durable, colloidal suspensions with minimal accumulation of particles and no 

chemical alteration of base fluid.  Their preparation is not just mixing rather a thorough 

step by step process. Researchers have developed a number of methods (generally 

categorized as single step or two step method) to prepare Cu-ethylene glycol nanofluid for 

their experiments[10]. The two-step method is to prepare nanoparticles in a separate step 

first and to suspend it into the base fluid later. The decisive step is the production of the 

Cu nanoparticles. Various methods for the synthesis of copper nanoparticles employing 

chemical, physical and biological techniques considering bottom-up and top-down 

methods synthesis have been investigated. The top-down approach where a bulk piece of a 

required material is reduced to nanosized dimensions using cutting, grinding and etching 

techniques (i.e., nanomaterials are prepared from larger entities without atomic-level 
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control) requires highly vacuumed systems and costly equipments. Hence the bottom up 

approach where the structure of nanoparticles is constructed from atoms, molecules or 

clusters is preferred[10].  

Of all the recommended bottom-up methods chemical reduction method is typically 

preferable. On one hand it is easy, cost effective and efficient, on the other hand 

optimizing the experimental factors (like the molar ratio of the precursor salt with the 

reducing agent) is possible to improve size and dispersion. In addition, it only requires 

normal environmental conditions[11]. The size of nanoparticles is actually dependent on 

time of the reaction, the type and concentration of the reducing agent, the concentration of 

the Cu ions, the PH  the temperature[12]. The size of nanoparticles gets more smaller and 

smaller as the concentration of the reducing agent increases.  

1.1.2 Characterization of nanofluids  

The nano particles after being prepared, its size and morphology(composition) have to be 

analyzed, collectively called characterization. By characterization, it is to mean the 

through measurement of the thermophysical properties of the nanofluid including the 

particle size, density, viscosity, specific heat capacity, thermal conductivity etc. with the 

research graded procedures and equipments. There are two ways of characterizing 

nanoparticles. The first one is to experimentally measure the size and the size distribution 

of the nanoparticles prepared with the aid of optical instruments like energy dispersive X-

ray spectroscopy (EDS), dynamic light scattering (DLS), transmission electron 

microscopy (TEM). The other way is to prepare the nanoparticle with controlled 

concentrations, temperature, time and other reaction variables to achieve the required size 

and distribution of the nanoparticles with previously established procedure which has been 

proved to produce the same size and morphology of the nanoparticle. The former way of 

characterization is accurate but expensive. 
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1.2. Problem statement  

It has been a few decades ago since researchers report the anomalously enhanced heat 

transfer capability of nanofluids than conventional fluids. But, the amount of experimental 

data which can be reproduced so that it will assure that nanofluids shall be used as 

potential heat transfer fluid is still limited. There is also an ongoing debate about the 

magnitudes of these enhancements that exists between those of who agreed in the anomaly 

of the enhancements. To the best of the authors knowledge, the specific design (selection) 

of the nanofluid was not good enough to represent all the changes the suspension brought 

about to the base fluid in favor of exposing effects. Besides, no theory has been able to 

provide a solid and well-established explanation for the physical basis of the possible 

anomalous heat transfer enhancement of nanofluids. So, in designing the nanofluid a kind 

of a tradeoff has to be done between thermal conductivity increasing factors and viscosity 

decreasing factors like particle concentration and particle size.  

1.3. Objective of the study 

1.1.1. General objective 

The general objective of this thesis is to investigate forced convective heat transfer of 

Copper/ethylene glycol (Cu/EG) nanofluid in turbulent flow both experimentally and 

numerically.  

1.1.2. Specific objectives 

The list of the tasks to be accomplished to complete this thesis work are  

1. To prepare and characterize the nano fluids of Cu nanoparticle of different 

concentration suspended in ethylene glycol as a base fluid. 

2. To experimentally investigate the convective heat transfer of the prepared 

nanofluid with varying Reynolds number, particle loading and inlet temperature. 

3. To numerically investigate the convective heat transfer of the prepared nanofluid 

with both single phase and two-phase model in fluent code. 

4. To validate the experimental and numerical results with each other and with 

theoretical correlations from the relevant literatures.  
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1.4. Scope and limitations of the study 

This thesis work primarily focused on the forced convective heat transfer of Cu-EG 

nanofluid in a turbulent horizontal circular tube. The investigation will be accomplished 

by two approaches, experimental and numerical which finally be subjected to comparison 

to each other. In both cases the effect of particle concentration, Reynolds number, inlet 

temperature on forced convective heat transfer and pressure drop will be the main subject 

of interest. The preparation and characterization of the nanofluid for the experimental 

work is also the concern of this masters undertaking. In addition, the experimental setup 

for the sake of measuring the heat transfer coefficient is to be manufactured locally.  

Thermophysical properties are only calculated from empirical correlations from the 

literature. Due to the limitation of the small rating of the pump used to supply pressure, 

higher Reynolds number turbulent flow could not be achieved for when the nanofluid was 

passed through the tube. As a result, the friction factor and heat transfer results for the 

nanofluid was measured mostly in the lower Reynolds number turbulent region only 

limited to 10000. Nanoparticle concentration was only limited to 1% due to the high cost 

of the raw materials and low yield of nanoparticle per each round of preparation process.  

Besides due to lack of sufficient computing power, only 2D axisymmetric analysis was 

done neglecting the circumferential migration of nanoparticles.   

1.5. Significance of the study 

Since the subject of nanofluids is more than just two decades old challenge, every piece of 

effort will really be greatly appreciated. The success of this research work will contribute 

a lot to the realization of nanofluids to practical application in any heat transfer appliances. 

It is also expected to bring about critical insights towards the design of nanofluids and 

tradeoff between the viscosity and thermal conductivity to bring about a significant heat 

transfer enhancement. Given that the number of both experimental and numerical data are 

limited, the very reproduction of any previous effort with very minor extra achievement 

will be warmly welcomed. That is why this research topic is worth considered.   
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It is also important for our research community to cope up to the recent reaches of outside 

counterparts in a way that the collaborated effort will bring communal benefit. The science 

of nanofluid is not yet well introduced to our country. And such kind of researches will be 

a very nice way of familiarizing such hot heat transfer issue. Most importantly, to have 

this experience in this newly emerging research area is a privilege in the first place and 

will have a great deal of advancement in practical, experimental, numerical and theoretical 

knowledge of the involved researchers 

1.6. Thesis organization  

This thesis comprises five main chapters with appendices at the end.  

Chapter 1 Introduction: One of these chapters is the present introductory chapter, which 

summarizes the background, aims or objectives, the research question to be addressed, the 

scope and limitations, significance of the thesis work.  

Chapter 2 Literature review: This chapter explores the literature on the nanofluid 

concepts from preparation methods to thermophysical properties. Previous studies on 

numerical simulation and experimental work on enhancing the heat transfer employing 

nanofluids in various applications were critically discussed with strong arguments of the 

success of the results from the point of view of our objective.  

Chapter 3 Materials and methods: This chapter presents the nature of the experimental 

and numerical setups used to study the nanofluid heat transfer. The procedure for 

preparation and characterization of the Cu-EG nanofluid experimental setup fabrication, 

the mathematical formulations of the governing equations of the flow and modelling of the 

thermophysical properties through the user defined functions etc. are briefly discussed. 

Chapter 4 Result and discussion: Both the experimental and numerical results of the 

respective set ups with clear discussions are subsequently presented. Comparison of those 

results with each other and the existing literature is also the subject of this chapter.  

 Chapter 5 Conclusions and recommendations: This chapter summarizes the main 

findings from this research, and the recommendations for future researches. 
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CHAPTER TWO  

2. LITERATURE REVIEW 

A number of research papers from various reputed journals regarding turbulent convective 

heat transfer have been collected and studied. This chapter presents a comprehensive 

review of convective heat transfer utilizing nanofluids in forced convection flows. This 

review focus on the concepts behind nanofluids and their thermophysical properties, along 

with appropriate ways to perform mathematical and computational modelling of such 

nanofluids. Approaches of the synthesis of nanofluids will also be surveyed. The 

numerical and experimental methods used to investigate nanofluids in convective heat 

transfer are the focus of this chapter; the findings of these investigations will also be 

given. 

2.1. Introduction  

Heat transfer enhancement has always been a challenge mainly due to energy conservation 

issues, exponential growth of heat flux density due to miniaturization in electronic and 

heat transfer equipments, compacted design of heat transfer devices. A long list of both 

active and passive techniques has been the subject of investigation but their success can’t 

satisfy the demand of enhanced heat transfer. The target of heat transfer enhancement is 

increasing the product of heat transfer coefficient and heat transfer area (hA) which can be 

achieved by assembling extended surfaces and displaced inserts, roughening surfaces, 

coating surfaces, swirling the flow, introducing fluid additives. The intension is increasing 

the heat transfer area and/or creating turbulence on the solid-fluid interface which can only 

come true by additional material requirement and excessive exergy payment (pressure 

penalty)[13]. 

Most of the passive techniques require modification or replacement of the existing heat 

transfer equipment with the new design. They are also subjected to the manufacturing 

limitations. Even worse these techniques have reached to the state of bottle neck since 

they all are subjected to the thermal conductivity of the working fluid. So, it goes without 

saying that enhancing the thermal conductivity of the heat transfer fluid can enhance the 
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heat transfer capability of existing heat transfer systems. The new design of the heat 

transfer equipments will also be compact and efficient[4].  

The thermal conductivities of solids are orders of magnitude higher than liquids mainly 

due to the closeness of the solid particles to each other as shown in table 2.1. The idea of 

suspending solid particles into the conventional working fluid (base fluid) appears to 

enhance the thermal conductivity of the base fluids as proposed by Maxwell a century 

ago[6].  Having this concept in mind a great deal of research effort has been mobilized 

towards exploring the possibility of application of this novel idea ever since it has been 

proposed. Micro and macro sized solid particles were suspended into base fluids and their 

thermal performance effects have been measured. The results claim that the thermal 

conductivity of the fluids did really get enhanced but a number of concerns come with the 

application of this suspensions in heat transfer systems. Amongst them the large size of 

the suspended particles exposes the system for clogging and erosion of the flow channel, 

fouling heat transfer surface due to rapid settlement, enhanced pressure-drop. It is also 

expected to suspend high concentrations (>10%) of solid particles to achieve the required 

surface area to volume ratio which in turn makes the fluid muddy[14].  

Reducing the size of the particles to nano scale which was actually possible almost a 

century after Maxwell proposed his idea was unifying solution to almost all of the 

aforementioned problems. The suspension of nano sized solid particles into the 

conventional heat transfer fluids called as nanofluids (as coined by Choi in 1995) have 

been the very hot issue of the two and half decades old heat transfer engineering 

challenge. Nanofluids are uniform colloidal suspensions of nanosized solid particles in a 

liquid.  A number of researches have been done regarding the preparation, stability 

characterization[15]–[21], thermal conductivity[1], [6 -10] and pressure drop aspects of 

nanofluids so as to generate enough data to decide if and when the application of 

nanofluids is helpful. Conduction experiments have indicated that nanofluids tend to have 

substantially higher thermal conductivity than the base fluids. 
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Table 2-1 Thermal conductivities of some commonly used fluids and solids 

Material Thermal conductivity (W/m-K) 

Metallic solids  

Silver  429 

Cupper  401 

Aluminum  237 

Nonmetallic solids 

Silicon  148 

Metallic liquids  

Sodium @ 644K 72.3 

Nonmetallic liquids 

Water  0.613 

Ethylene glycol 0.245 

 

Earlier investigations were only directed towards measuring thermal conductivity 

enhancement which can never be a conclusive evidence for applying a nano fluids in any 

heat transfer equipment requiring a better performance[25]. Thermal conductivity is 

actually one of the fluid properties. All the required flow conditions and fluid properties 

should be available to decide whether the given nanofluid is applicable to given constraint 

or not. A manifestation of all these properties and conditions is heat transfer coefficient. 

So, knowing the value of heat transfer coefficient can serve as a conclusive evidence in the 

decision to select a nanofluid for a particular application because knowing the heat 

transfer coefficient can only be true if the thermal conductivity, density, viscosity specific 

heat capacity, Reynolds number and all other flow and fluid properties are known[14].  

A number of both experimental and numerical researches has been done with this respect. 

Almost all the reports agrees on the very presence of the heat transfer enhancement of 

suspending nano particles into the base fluids which is way more higher than the thermal 

conductivity enhancement[2], [26]–[33]. Thermal dispersion (due to the chaotic 

movement of nanoparticles), boundary layer suppression, migration of nanoparticles and 



 

12 

the subsequent disturbance of the boundary layer, the flattened velocity profile caused by 

the particle migration to the centerline of pipe are some of the proposed mechanisms 

responsible for the enhancement[34]–[37]. But there is still a great deal of variation in the 

magnitude of enhancement for each solid-liquid combination at each particle loading, 

diameter and shape which is yet to be reconciled. 

2.2. Effect of Reynolds number, nano particle type, size, concentration, 

inlet temperature and base fluid type on heat transfer coefficient and 

pressure drop of nanofluids  

The real mechanisms for the measured heat transfer enhancements are not fully 

understood yet. It is because the very nature of nanofluid needs the molecular and 

microscopic approach at a time. But recently tremendous and seemingly fruitful efforts are 

being applied to reveal these complex happenings. Using both numerical and experimental 

studies, investigators strived to unravel the enhancement of convective heat transfer in 

nanofluids.  

It has been proved that the Nusselt number or non-dimensional heat transfer coefficient of 

nanofluids increases with volume fraction, inlet temperature, Reynolds number[27], [30]–

[33], [38]–[43] as evidenced by reduction in tube wall temperature at a constant heat flux 

[1,2]. Li Qiang et al. experimentally investigated Cu/water nanofluid in a straight brass 

tube to see the effect of particle concentration and flow velocity on the HTC and pressure 

drop. According to their results HTC is observed to increase with particle concentration 

(60% at 2% volume fraction) and flow velocity comparably coincident with HTC 

predicted by theoretical correlations. They articulated the thermal dispersion, boundary 

layer suppression and thermal conductivity augmentation as a reason for such an 

enhancement[46].  Abkar et al. also presented a respective enhancement of Nusselt 

number of 30% and 22% for water-Al2O3 and water-TiO2 at 1.6% with an experiment in 

straight copper tube fully developed laminar flow[47].  

Zamzamian et al. carried out a turbulent, forced convective heat transfer experiment on 

aluminum oxide and copper oxide in ethylene glycol nanofluids in double pipe and plate 

heat exchanger in an effort to examine the effect of inlet temperature and particle loading 
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on the heat transfer capability.  For a 1% volume fraction of CuO in ethylene glycol a 

Nusselt number enhancement of 37% and 49% is achieved for double pipe and plate heat 

exchanger respectively. And for a 1% volume fraction of Al2O3 in ethylene glycol a 

Nusselt number enhancement of 26% and 38% is achieved for double pipe and plate heat 

exchanger respectively. In both cases the enhancement is even steeper at higher inlet 

temperatures[32]. Xuan et al. scrutinized the HTC and the friction factor of Cu-water 

nanofluid in turbulent tube experimental test rig at a range of Reynolds number of 10000 

to 25000 and particle loading of 0.2 to 2%. Their result depicts that the HTC increases 

with particle loading and flow velocity with more than 39% for 2% particle loading. The 

pressure drop of dilute suspensions is almost the same to the base fluid[48].  

Although these seemingly strong agreements, there is still a great deal of variation in the 

magnitude of the enhancement. Even some researchers also claimed that HTC of base 

fluids decreases when nanofluids are suspended into it. Pak and Cho investigate 

experimentally 𝛾 −Al2O3-water and TiO2-water nanofluid of 13-27 nm particle size in a 

turbulent horizontal circular tube.  Their result shows that Nusselt number increases with 

Reynolds number and volume fraction but for larger volume fractions it is considerably 

smaller than base fluid. They also recommended that clever selection of particles having 

higher thermal conductivity and larger size (smaller viscosity) has to be done to use 

nanofluids as a working medium to enhance heat transfer performance[49]. Because 

viscosity increases with the surface area of the suspended materials.  But the effect of this 

is far lesser when the particle concentration is smaller[31].  

Some are even against the assertion of an anomalous heat transfer enhancement. They 

believe that the increment can be predicted by the available theoretical correlations. they 

strongly argue that if the data presentation or comparison basis is pumping power rather 

than Reynolds number, the Nusselt number is the same as the base fluid. Comparing 

Nusselt number based on Reynolds number cannot be done at the same mass flow 

rate[41].  

Jung et al. experimentally measured the convective heat transfer coefficient of Al2O3-

water nanofluid in the fully developed region of a circular straight tube with a constant 

heat flux. An increment of heat transfer coefficient from 14% to 30% was observed as the 
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temperature of the fluid increases from 22℃  to 75℃  at 3.0%  volume fraction. They 

proposed the decrease of kinematic viscosity of nanofluid which leads to the increased 

Brownian motion as a mechanism for the observed enhancement[39] 

Namburu et al numerically analyzed the turbulent flow and heat transfer behavior of CuO, 

Al2O3, SiO2 in EG/water (60:40 by mass) nanofluids in a circular tube subjected to 

constant heat flux. Nusselt number of the nanofluid increases with volume fraction for a 

fixed particle type and size. Their results also witnessed that Nusselt number increases 

with thermal conductivity of the particle (particle type) at a fixed volume fraction and 

particle size. They also said that Nusselt number and viscosity increases as the particle 

size decreases at a fixed particle type and volume fraction[50]. But all these comparisons 

are made at constant Reynolds number which has nothing to say about the pumping 

power.  

Saha, G. and Paul, M[51]. numerically investigated the effect of volume concentration and 

particle type and size of Al2O3 and TiO2 nanoparticles in water flowing in a turbulent 

manner through horizontal circular pipe. Evidently, they concluded that heat transfer rate 

increases, with almost no significant extra penalty of pumping power, with Reynolds 

number, particle concentration rises and with particle diameter decrease. In addition, 

Al2O3-water nanofluid shows better heat transfer performance than TiO2-water nanofluid. 

Delay in boundary layer growth, decrease in boundary layer thickness and enhancement of 

thermal conductivity or Prandtl number are among the reasons attributed for such 

behaviors.  

Namburu et al[50]. analyzed the turbulent flow and heat transfer behavior of CuO, Al2O3 

and SiO2 nano particles of different particle diameter and concentration in ethylene glycol 

and water mixture in a circular tube under a constant heat flux boundary condition using 

numerical methods. For the same particle concentration of SiO2 nano particle, they 

observed that smaller diameter results in higher viscosity. Using a smaller nano particle 

demands a greater number of particles to achieve the same particle concentration, leading 

to high surface area and more interaction with the surrounding and then higher viscosity. 

Besides, CuO nano particles yielded better heat transfer enhancement than others due its 
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inherent higher thermal conductivity. They agreed with other researchers on the positive 

effect of particle concentration and Reynolds number on Nusselt number 

Moraveji and Beheshti investigated numerically nanofluids of Al2O3, TiO2 and CuO in 

carboxy methyl cellulose aqueous solution in horizontal circular tube under constant wall 

temperature and turbulent flow conditions in an effort to predict the effect of particle type, 

size and loading on the forced convection heat transfer. Heat transfer coefficient was 

proved to increase with nano particle concentration and Peclet number. The simulated 

results and the experimental data they compared their results with agreed very well which 

confirms that single phase model can predict heat transfer coefficient sufficiently given 

that the particle size is small enough[52].  

Bianco et al. used Al2O3/water nano fluid to understood the effect of particle loading on 

forced convective heat transfer in a turbulent circular tube using two different numerical 

approaches. They reported that the heat transfer coefficient ratio is proportional to particle 

loading and Reynolds number. Their comparison between their models shows that mixture 

model follows exactly the same behavior with single phase model but the deviation gets 

intense as the particle loading increases[44]. The closeness of the result would have been 

magnified if more accurate thermophysical property correlations have been used.  

2.3. Single phase and multiphase model comparison 

Still now two main approaches (single-phase model and multi-phase model) of evaluating 

the effect of suspension of nanoparticles into the conventional fluid have been used. The 

basic distinction being the assumption that nanofluids with ultrafine particles can be 

treated as single phase homogeneous liquid with the treatment of the nanoparticles being 

in thermal equilibrium without any slip with host fluid molecules (relative velocity is 

negligible). With accurate effective thermophysical properties provided conventional 

mass, momentum and energy equations can be applied to nanofluid thermal and hydraulic 

characteristics determination[53].  

The choice of the model is open to the volume fraction, the particle size, the accuracy 

required, the available computational power and time. A number of papers have been 
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reported based in this particular model [14,15,19,20] which shows single phase model is 

good enough to predict the heat transfer and flow characteristics of nanofluids. The 

success of this model relies on the fineness of the nano particle and the degree of dilution 

of the suspension plus the accuracy of the models used to predict the effective 

thermophysical properties[50]. When the volume fraction is smaller (dilute suspension), 

the particle-particle interactions or interphase forces are negligible which makes the 

single-phase model more accurate. Especially in the turbulent flow regime a relatively 

small volume fraction is required to bring about sufficient movement across the boundary 

layer and thermal mixing which are responsible for the required enhancement. Besides 

single-phase model is simple and requires least computational resource at reasonable 

accuracy sacrifice[45].  

Kumar et al. studied the flow and heat transfer characteristics of Al2O3/water nano fluid in 

a turbulent pipe at a constant wall temperature condition using CFD modeling. They 

observed that for low particle loading the increase in pressure drop is not as steep as the 

Nusselt number increase which makes low particle loading nanofluids an effective heat 

transfer augmentation technique. The single-phase model is again proved to predict the 

experimental values with reasonable accuracy for less than 1% particle loading[55]. 

Esfandiary et al[57]. numerically compared single-phase and Eulerian multi-phase models 

in predicting convective heat transfer coefficient and pressure drop of alumina-water 

nanofluid in a uniformly heated pipe. Compared with experimental results from the 

literature, they reported that single phase analysis results are more accurate than the two-

phase model.  

Bianco et al[50]. analyzed a turbulent forced convection flow of watereAl2O3 nanofluid in 

a circular tube under uniform heat flux boundary conditions to compare the accuracy of 

single-phase and multi-phase models. They reported that compared to experimental results 

from literature, both the models detect the same decrease in wall temperature for particle 

concentrations up to 1%.  But after that single-phase model starts to underestimate the 

wall temperature and the variations increases with particle concentration. Similar behavior 

was also observed for bulk temperature. 
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2.4. Turbulent model comparison  

There are no defined standard criteria for selection of turbulence models. The capabilities 

and limitations of the existing turbulence models is subjective to range and type of flow 

under study. Thus, evaluating the performance of each turbulence models which passes 

the screening test has always been the prior and decisive step in any numerical study of 

fluid flow and heat transfer problems. Not every turbulent model closely approximates 

nanofluid heat transfer coefficient and friction factor. Choosing the turbulence model 

which predicts the flow and thermal behavior of nanofluids with close precision has been 

the subject of investigation since the numerical exploration of the nanofluid heat transfer 

potential[58]. Among the several factors: the physics of flow field, the computational 

resource available and level of accuracy required are the most decisive to be taken in to 

consideration. 

Bayat and Nikseresht investigated Standard k-𝜀 , Renormalized Group (RNG) k-𝜀, the 

Realizable k-𝜀, the Standard k-𝜔, the Shear Stress Transport (SST) k-𝜔 and the Reynolds 

Stress (RSM) turbulent models a circular tube with a constant heat flux condition. They 

chose realizable k-𝜀 turbulent model with the near wall enhanced function for turbulence 

modeling. This model has been preferred over others in many other investigations [59] 

after being compared with experimental data and corresponding numerical predictions by 

several turbulence models combined with different wall functions. 

Mahdavi et al[60] compared the heat transfer enhancement effect of four different 

nanofluids using the different ANSYS Fluent built in turbulence models with respect to 

the experimental results from the literature. Their result shows that all the two-equation k-

𝜀 models predict the heat transfer coefficient with a good precision except the RNG k-𝜀 

equation which (better estimates the pressure drop) over predicts the heat transfer 

coefficient by 12%. Whereas the RSM equation is proved to calculate the heat transfer 

equation with a higher precision which turned out to underestimate the pressure drop by 

14 to 16 %. Boertz et al[61] compared standard k-ε, k-ω and k-ω-SST simulations in a 

turbulent pipe with that of empirical results of friction factor and Nusselt number from the 

literature. The k-ω-SST is found to deliver the lowest deviations to empirical correlations.  
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2.5. Concluding remarks  

The controversy on the claim of the reality of the heat transfer enhancement is believed to 

be the abuse of the advantage increasing nanoparticles concentration due to lack of the 

proper design of the nanofluid. Both the thermal conductivity and viscosity increase with 

increasing particle concentration which have a conflicting effect on the convective heat 

transfer coefficient[40]. It appears there is and should be a critical or optimal value of 

volume fraction for maximum enhancement for a given flow setup[11 – 15].  

Sahin et al. evaluates the convective heat transfer coefficient under turbulent flow in 

horizontal aluminum tube of a range of volume fraction of CuO- water nanofluid in an 

effort to predict the critical volume fraction. The result shows that heat transfer only 

increases up to 1% volume fraction. Any increase in volume fraction of the CuO 

drastically decreases the Nusselt number. The maximum enhancement is recorded at 

0.05% volume fraction and 16000 Reynolds number[65].  

Corcione et al. claims that the advantage of the nanofluids should only be judged in terms 

of the global energetic performance.  They out louds that their exists an optimal particle 

loading for a given Reynolds number, aspect ratio of the test section and particle diameter 

that will result maximum rate of heat transfer at a fixed pumping power or minimum 

pumping power at a fixed rate if heat transfer [62].  

Gosselin et al. also recommended a tradeoff to optimize the competing effect of thermal 

conductivity and viscosity increase with the amount of particle added so as to maximize 

the rate of heat transfer at a given pumping power. They also commented on the data 

presentation styles which prevails in most of the publications as it must not be at a fixed 

Reynolds number which literally means at a fixed mass flowrate but may at a different 

pumping requirement[63]. Some other researchers reflected the same standpoint on the 

data presentation style. They asserted that heat transfer enhancement must be compared 

against the constant global energy performance of the test section[49].  

Starting from the very beginning of its history, nanofluid science is simply filled with 

bunch of experiments with inconclusive results and some contradictory propositions that 
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are supposed to be the reasons for anomalousness of the results. It lacks conclusive 

evidence to synthesize a nanofluid pertinent to some real word problems which optimizes 

all thermal transport properties. Improving one thermal property may degrade the other. 

For the record in almost all of the suspensions thermal conductivity increases with volume 

fraction but this increases the viscosity which will in turn reduce the convective heat 

transfer coefficient, the most important attribute for a fluid to compete for a given heat 

transfer application.  The convective heat transfer coefficient by itself is a function of a 

long list of parameters besides to thermal conductivity and viscosity.  

Therefore, judicious decision should be taken when selecting a nanofluid that will balance 

the heat transfer enhancement and the pressure drop penalty. The models and correlations 

proposed to predict this property are by far the longest list which pitfalls to select with. 

The type of the nano fluid and regime of the flow it will be experimented in must be 

selected in the way that will reconcile these contradictions. The fluid which will result in 

agreement in all extremes of these fluids have to be tested in a condition that will 

represent most of practical circumstances that the nanofluid is to be applied. Perhaps 

Cu/ethylene glycol nanofluid is the best suit.  
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CHAPTER THREE 

3. MATERIALS AND METHODS 

In this chapter the whole list of procedures followed and equipments used to solve the 

main and aforementioned problem were outlined. The nanofluid selection, preparation, 

characterization techniques were clearly discussed. The experimental and numerical 

approaches typically applied to this research work were presented. The experimental 

philosophy for measuring the effect of nanofluids on convective heat transfer and the 

numerical procedure for simulating the same phenomena with the methods of comparison 

and validation were described.  

3.1. Selection of nanofluid  

The right combination of nano particles and base fluids is the first and most important 

decision to be made to reach the roof of enhancement nanofluids can bless. Base fluid of 

the highest Prandtl number (for EG ranging from 47 to 150 based on temperature) and 

nano particles of the highest thermal conductivity (for Cu 401 W/m.℃) is believed to be 

the favorable choice[27]. Besides that, EG has been commonly used as the main cooling 

fluid and anti-freezing agent in heat exchangers and thus improving its thermal properties 

will be of a great importance. Thermophysical properties of dispersed nano particles must 

be significantly different from those of carrier fluids. The density difference between nano 

particles and base fluid must not be exaggerated so that settling won’t be a concern. 

Otherwise, electrostatic repulsion forces between particle surfaces or surfactants should be 

applied to the dispersion. The latter method looks easy to apply but found to cause 

significant changes in the thermophysical properties of dispersed fluids. Metal 

nanoparticles have attracted considerable interest particularly because of the size 

dependence of physical and chemical properties and its enormous technological potential. 

They actually have the highest thermal conductivity since 20% of their atoms are on the 

surface for particles finer than 20 nm making the thermally interactive[21]. 

3.1.1. Particle loading and particle size selection  

Particle size and particle loading are the next decisive issues to be considered in such a 

way that the conflicting effect of them on the heat transfer coefficient is optimized. To 
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achieve a fixed particle loading with smaller particles requires larger number of particles 

which in turn is the higher surface area to volume ratio[50]. The lower the particle size 

and the higher the particle loading are the higher the thermal conductivity and viscosity. 

Nanofluids are only worth using as a fluid medium for convective heat transfer 

enhancement as long as the increase in the pressure drop due to the addition of the nano 

particles is not significantly large to offset the heat transfer enhancement[62].  

For this thesis work nanofluid of Cu nano particles in ethylene glycol was selected and 

prepared at an smaller particle size (nearly 20 nm) and lower particle loadings possible (up 

to 1%) so that the highest enhancement at a reasonable viscosity increase as outlined from 

the literatures can be achieved.   

3.2. Preparation of the Cu-EG nanofluid  

A two-step method, chemical reduction method and subsequent ultrasonication, was 

adopted to prepare nanofluids of required particle size and volume concentration.  

3.2.1. Preparation of Cu nanoparticles  

For this particular experiment, the Cu nano particles was prepared by reducing copper (II) 

sulfate Penta hydrate (CuSO4.5H2O, precursor) by sodium borohydride (NaBH4) with 

adopted chemical reduction method from Khatoon et al[11]. Both the chemicals used in 

the present study (CuSO4.5H2O and NaBH4) were reagent grade purchased from Alpha 

chemical LTD. Double distilled de-ionized water was used for making the solutions. The 

right procedures followed with the proper proportion of all the ingredients used were 

described in detail and summarized in the schematic on Fig 3.1 followed by the list of 

equipments used to execute each procedure in Organic lab of food and chemical 

engineering faculty of the institute.    

1. 0.02M of aqueous CuSO4.5H2O was prepared by adding 2g of CuSO4.5H2O to 400 

ml distilled water 

2. 0.02M of aqueous NaBH4 was prepared by adding 0.4g of NaBH4 to 500 ml 

distilled water 

3. NaBH4 solution was transferred into a 2000 ml flask using a graduated cylinder 
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4. NaBH4 solution was stirred with a magnetic stirrer and heated for 10 minutes at 

85℃ on a hot plate. 

5. Then 400 ml of CuS04.5H20 solution was added to the flask drop by drop, at a rate 

of 1 drop / second, using a burette.  

6. The mixture was heat at 85℃ for another 5 minutes with continuous stirring.  

7. Cover the flask with aluminum foil and keep the settled residue in hot air oven. 

 

Figure 3-1 schematic diagram for the preparation procedure of Cu nanoparticle.  
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Figure 3-2 Reagents used and respective solutions prepared 

The prepared nanofluid was mixed with ethylene glycol according to the right proportions 

demanded by the particle concentrations based on the calculation in apendix C and 

altrasonicated for uniform and sustainable suspension.   

3.3. Characterization of the nanofluid  

The optical properties of the synthesized CuNPs were determined by an ultraviolet visible 

(UV-Vis) absorption spectrophotometer available (PerkinElmer Lambda 35) in the range 

of 500-750 nm, in quartz tubes cleaned from dust and impurities. The sample for the UV-

vis spectroscopy was made by diluting 20 mg of Cu nanoparticles in 10 ml distilled water 

since distilled water was used as a blanking solution.  

 

Figure 3-3 UV-Vis absorption spectrophotometer and prepared sample in the quartz tube 
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The particle size distribution of the copper nanoparticles was analyzed by a DLS 

instrument (Malvern, Nano-ZS)  

 

Figure 3-4 DLS instrument and nano particle sample  

3.4. Design of Experiment (DOE) 

An experimental set up as shown in the pictorial view in fig 3.5 was adopted from 

literature to carry out the forced convective experiments for the nanofluids based on the 

following considerations. Since a complete understanding of the enhanced heat transfer of 

nanofluids is aimed, geometry of the problem should be as simple as possible so that 

fundamental procedures can be applied and any parameter that provides heat transfer 

enhancement can easily be recognized. Therefore, a straight pipe, which is one of the most 

common configurations of any heat transfer equipments in industry, is the most proper 

instrument for this study. In addition, a forced single-phase internal turbulent flow through 

a circular tube is the most commonly encountered engineering heat transfer problem 

because of its key role in studying, designing, and implementing practical turbulent flow 

of nanofluid in application systems.  

Heat transfer coefficients of prepared base and nanofluids will be measured using a locally 

built test rig. A schematic of heat transfer test rig is shown in Figure 3.5. The fluid flows 

from the a 10L reservoir through a centrifugal pump. The centrifugal pump is sized to 

cover a wide range of flowrates up to 35 lit/min. Based on the properties of the nanofluid, 

particularly viscosity, the pump can cover a Reynolds number range from 4000 to 10000. 
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The fluid then enters the stainless-steel test section. There are eight thermocouples two of 

which are placed in the fluid at both the inlet and outlet of this section the rest are on the 

wall of the test section arranged axially separated by a proper interval. The test section 

itself was formed from 20mm diameter and 1100mm length (long enough to achieve fully 

turbulent flow at the end) stainless- steel tubing. The entire heat exchange section was 

wrapped in heat tape which provides a constant heat flux to the fluid. A layer of insulation 

was wrapped around the heating tape to ensure low heat loses within the heat exchange 

section. Temperatures were monitored in real time using a data acquisition system 

monitored built in by Squirrel view program designed for the system. 

 

 Figure 3-5 A schematic of proposed heat transfer test rig[65]  

The reservoir stores the nanofluid which is circulated through the entire flow loop and 

then flow back to the reservoir a centrifugal pump. An air-cooled heat exchanger right 

after the test section removes any heat gained by the fluid when passing through the 

heated test section. The DC power supply unit supplies the current for heating up the test 

section.  
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3.4.1.  Fabrication of the experimental setup 

The experimental set up consisted of a flow loop, a test section (heating unit), a cooling 

unit, a flow measuring unit and a pressure drop measuring unit.  

Test section  

The test section made from stainless steel pipe of 20mm internal diameter with length of 

1100 mm and 1 mm thickness.  A 500 W heater tape was evenly rapped around all over 

the length of the test section which is connected with the power source controlled by the 

power controller for providing constant heat flux. To measure the surface temperature four 

K-Type 3m cable length, 100mm probe length, 6mm probe diameter and 8mm threaded 

thermocouples were fixed evenly spaced along the length and evenly distributed along the 

circumference of the stainless-steel pipe. The thermocouples were fixed to the pipe wall 

with a threaded holder to ensure sufficient contact between the thermocouple probe and 

tube surface and to avoid the damage of the probe tip and the interference of processes like 

welding and soldering. Two additional thermocouples of similar features were used for 

measuring the fluid temperature at the inlet and outlet sections.  

 

Figure 3-6 Silicon rubber heater tape, K-type thermocouples and U-tube manometer  

The test section was isolated from both upstream and downstream components both 

thermally and electrically by nylon bushings to avoid axial heat loss. Its outer surface was 

also thermally insulated with a 30mm and 25mm thick fiber glass fiberglass tube to avoid 

radial heat loss.  
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Figure 3-7 Heater tape wrapped around the stainless-steel tube 

All the thermocouples were connected to a Squirrel 2020 series datalogger which in turn is 

connected to a computer via USB measures input signals of temperature with 

thermocouples. The data acquisition unit used for this experiment comprises of Squirrel 

2020 series data logger connected to a computer.  

Flow loop  

The flow loop was made from commercial galvanized steel and stainless-steel pipe (the 

test section) flanged together at the two ends of the test section in such a way that the axial 

heat transfer is reduced to its negligible level compared to the radial conduction. All the 

equipments like the pump, cooler, valves, manometers and reservoir tank are fixed to the 

flow loop with the proper alignment. A centrifugal pump with a maximum rated speed of 

1750 RPM and rated for a maximum flow of 35 LPM was used with its suction side 

connected to the reservoir and its discharge side is connected to a Tee dividing the flow 

through the closed loop and a bypass. The flow loop in return is fixed to the primarily 

rigid structured support made from angle iron.  
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Figure 3-8 Flow loop with power supply reservoir, heat exchanger and manometers fixed 

A simple concentric orifice plate made from 30mm diameter thin stainless-steel sheet with 

a 12 mm round edged circular hole was fixed in the flow loop. A U-tube manometer was 

tapped one pipe diameter across the orifice plate (both upstream and downstream) to 

measure the pressure drop.   

  

Figure 3-9 Orifice plate and orifice meter 

The complete experimental setup with all the required components fixed and ready for 

measurement was shown in the Fig 3.10.  
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Figure 3-10 Experimental set up 

3.4.2. Calibration of the experimental set up 

Typical measurements for base fluids were carried out for the validation of the constructed 

system or check the reliability of the setup which ensures the correctness of the results, 

repeatability of the tests. By comparing the measured Nusselt numbers of ethylene glycol 

at the fully developed turbulent flow with the calculated values using one of the traditional 

models available in the literature. Bejan [66] recommends the equation given by 

Gnielinski,  
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over the traditional Dittus–Boelter equation, because the errors are usually limited to about 

±10% than ±40% for Dittus-Boelter equation.  

Where, the fluid the physical properties must be evaluated at the bulk temperature 𝑇𝑚 and 

the Fanning friction factor 𝑓𝑛 defined by the so-called Fanning equation for smooth tubes 

can be calculated through the relation  
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𝑓𝑛 = 0.25(0.79𝑙𝑛𝑅𝑒 − 1.64)−2 (3.2) 

Darcy friction factor expressed via the Blasius equation[67] was used to validate the 

rheology aspect of the analysis  

𝑓 = 4𝐶𝑓 = 4(0.0791𝑅𝑒−0.25) (3.3) 

The result was expressed in terms of coincidence between the two and precision of the 

experimental result.  

3.4.3. Experimental philosophy  

The heat transfer coefficients of the nanofluids were measured in horizontal copper tube 

with constant heat flux on the wall. At a given flow velocity and inlet temperature the 

effect of particle concentration on convective heat transfer coefficient and pressure drop is 

measured. Again, at a given particle concentration and flow velocity the effect of inlet 

temperature on convective heat transfer coefficient and pressure drop is measured. Also, at 

a given particle concentration and inlet temperature, the effect of flow velocity on 

convective heat transfer coefficient and pressure drop is measured. The characterization 

measurements were conducted at the same temperature ranges of the convective heat 

transfer measurements in order to study the stability of the fluids in the temperature range. 

During the experimental runs, the tube outer wall temperatures, inlet and outlet 

temperatures of the nanofluid, mass flow rates and electric power inputs as well the static 

pressures are measured. The inner wall temperatures are calculated by applying the 1-D 

(radial) heat conduction equation in radial direction. The bulk fluid temperature along the 

axial distance in the test section is obtained through the energy balance between the point 

where the heat transfer coefficient is to be obtained and the entrance of the test section. 

From the measured values of temperatures, the local convective heat transfer coefficient 

and the Nusselt number of nanofluids at a given flow condition are determined. The same 

procedure is repeated for different, heat flux and inlet temperatures and at different 

operating conditions. Enough care has been taken to avoid any interference of the tape 

heater with the thermocouples. To control the temperature of the test fluid, a cooling 

section was provided after the test section so as to keep the temperature constant at the 

inlet conditions.  
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3.4.4. Test procedure  

Heat transfer coefficients of prepared base and nanofluids were measured using a lab-built 

test rig. A constant-heat-flux boundary condition was achieved by heating the heat transfer 

test section electrically with a constant DC power supply. The uniform heat flux condition 

was ensured by checking thermocouple readings at four circumferentially different points 

along the test section.  

The heat transfer measurement procedures are:  

• set up the blower;  

• Start the pump and circulate the fluid until inlet fluid temperature is stable at the 

bath temperature using different capacity blowers;  

• Set up desired flow rate and heating tape power 

•  Record data after the system reaches steady state (usually in 20-30min). 

3.5. Numerical set up 

In this subchapter, the mathematical models and the numerical approaches employed to 

solve them in the present study were discussed. The governing equations of the flow and 

heat transfer, the numerical code and CFD solution method were presented. The 

geometrical modeling, the mesh generation with all the boundary zones properly labelled 

were also reported. The general flow chart followed while solving the aforementioned 

procedure using commercial ANSYS Fluent 2021R2 software was as shown in the Fig 

3.11. 
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Figure 3-11 CFD flow chart 

3.5.1. Geometry 

The geometrical configuration investigated in the present research was created by ANSYS 

Design modeler 2021R2. The dimensions of the geometric model drawn were exactly the 

same to the dimensions of experimental set-up used to make the comparison a fair test. 

Two-dimensional axisymmetric configuration has been considered which reflects half the 

circular pipe used in the experiment so as to save computational resource. A 2D 

axisymmetric surface of the pipe with the internal diameter and total length of 10mm by 

1100 mm was sketched respectively (considering the number of times the simulation has 

to be repeated). The surface body was treated as a fluid body so that the fluent data base 

assigns the fluid properties automatically.  
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Figure 3-12 Axisymmetric geometry of the circular tube 

3.5.2. Grid generation  

 A staggered grid to evaluate velocity components at the center of control volume 

interfaces and scalar quantities at the center of control volume was generated by ANSYS 

Meshing 2021R2. A finer mesh towards the wall was generated using face meshing and 

edge sizing with metrics of different number of divisions along the axial and transversal 

direction. The uniform grid in the axial direction and non-uniform structured grid with a 

mesh successive ratio (bias) of 1.5 in the radial direction were considered in order to 

control any large deviations of flow and temperature fields near the wall regions.  

 

Figure 3-13 Structured non uniform grid 

The cells were grouped into boundary zones where the boundary conditions are applied on 

them. The boundary zones such as inlet, outlet and wall zones were named selected to call 

while setting up boundary conditions.  

 

Figure 3-14 Named selected boundary zones 
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3.5.3. Modeling  

There are commonly four popular approaches for numerically studying nanofluids: the 

single-phase model, the mixture multiphase model, the Eulerian-Eulerian multiphase 

model and the Euler-Lagrange multiphase model. Almost all of them have been applied to 

nanofluid heat transfer under different investigations. Euler-Lagrange multiphase model 

was proved to predict to the best accuracy. But for smaller particle diameter and lower 

particle loading nanofluids the accuracy achieved is too expensive. The single-phase 

model is the economical choice for the aforementioned particular case provided that the 

robust models are used to predict the thermophysical properties. In this model, it was 

assumed that the base fluid and nanoparticles are perfectly mixed and can be treated as a 

mixture. Any interphase forces and momentum exchange between liquid and solid 

particles are neglected since single phase modeling assumes base fluid and nanoparticles 

mix homogeneously so that there is no additional mechanism to contribute to heat transfer 

other than existing mechanisms for pure fluids. The assumption of treating nano fluids as 

conventional single phase fluids gets more realistic since the relative velocity decreases as 

the particle size decreases[50].   

Based on the following assumptions the continuity, momentum and energy equations were 

written for steady, forced turbulent convection flow and heat transfer of a nanofluid 

flowing inside a straight tube of circular cross section. 

• Fluid flow is incompressible, Newtonian and turbulent, 

• The Boussinesq approximation is negligible as the pipe is placed horizontally, 

• Fluid phase and nanoparticles phase are in thermal equilibrium and no-slip 

between them and they flow with the same local velocity  

• Nanoparticles are spherical and uniform in size and shape 

• Radiation effects and viscous dissipation are negligible 

• The wall of the pipe was assumed to be perfectly smooth with zero roughness 

height 
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Figure 3-15 Schematic diagram of axisymmetric geometry of the circular tube with the 

boundary conditions 

In this study, the single-phase model for numerical investigation of two dimensional 

symmetric steady, forced turbulence convection flow of nanofluid inside a horizontal 

circular tube was used. Moreover, nanofluids were assumed to be incompressible and 

Newtonian. Therefore, steady state conservation of mass, momentum, and energy 

equations were used. Under these relaxations, the classical theory of single-phase fluid can 

be applied to nanofluids[68]. The derivations of the equations will not be listed here 

assuming the reader is familiar with the field.  

Continuity equation: 

𝜕𝜌𝑛𝑓

𝜕𝑡
+  ∇ ∙ (𝜌𝑛𝑓𝑉𝑛𝑓) = 0 (3.4) 

For incompressible flows, the first term in the above equation becomes zero, then the 

continuity equation will be  

∇ ∙ 𝑉𝑛𝑓 = 0 

Although the actual turbulent flow is three dimensional regardless of how simple the flow 

boundaries due to the constant wall heat flux boundary condition, the circumferential 

temperature field variation is negligible. So, the simplified spherical coordinate continuity 

equation will be  

𝜕𝑉𝑟

𝜕𝑟
+

𝑉𝑟

𝑟
+

𝜕𝑉𝑥

𝜕𝑥
= 0 (3.5) 

Heat flux 

Axis  

1
0
m

Uniform 

velocity and 

temp inlet 

flow 1100 mm 



 

36 

Momentum equation: 

𝜕

𝜕𝑡
(𝜌𝑛𝑓𝑉𝑛𝑓) +  ∇ ∙ (𝜌𝑛𝑓𝑉𝑛𝑓𝑉𝑛𝑓) =  −∇P +   ∇𝜏̿ + 𝜌𝑛𝑓𝕘 (3.6) 

Neglecting the body and all the interphase forces and rearranging will give the radial and 

axial momentum equations in the spherical coordinate. 

Axial momentum equation 

𝜌𝑛𝑓 (𝑉𝑥
𝜕𝑉𝑥

𝜕𝑥
+ 𝑉𝑟

𝜕𝑉𝑥

𝜕𝑟
) = −

𝜕𝑃

𝜕𝑥
+ [

1

𝑟

𝜕

𝜕𝑟
(𝑟(𝜇𝑛𝑓 + 𝜇𝑡)

𝜕𝑉𝑥

𝜕𝑟
) +

𝜕

𝜕𝑥
((𝜇𝑛𝑓 + 𝜇𝑡)

𝜕𝑉𝑥

𝜕𝑥
)]  (3.7) 

Radial momentum equation 

𝜌𝑛𝑓 (𝑉𝑥
𝜕𝑉𝑟

𝜕𝑥
+ 𝑉𝑟

𝜕𝑉𝑟

𝜕𝑟
) = −

𝜕𝑃

𝜕𝑟
+ [

1

𝑟

𝜕

𝜕𝑟
(𝑟(𝜇𝑛𝑓 + 𝜇𝑡)

𝜕𝑉𝑟

𝜕𝑟
) +

𝜕

𝜕𝑥
((𝜇𝑛𝑓 + 𝜇𝑡)

𝜕𝑉𝑟

𝜕𝑥
) −

𝑉𝑟

𝑟2 (𝜇𝑛𝑓 + 𝜇𝑡)]  
(3.8) 

Energy equation  

𝑉𝑥
𝜕𝑇

𝜕𝑥
+ 𝑉𝑟

𝜕𝑇

𝜕𝑟
= [

𝜕

𝜕𝑥
((𝛼𝑛𝑓 + 𝛼𝑡)

𝜕𝑇

𝜕𝑥
) +

1

𝑟

𝜕

𝜕𝑟
(𝑟(𝛼𝑛𝑓 + 𝛼𝑡)

𝜕𝑇

𝜕𝑟
)]  (3.9) 

Where, 𝜇𝑛𝑓 is molecular viscosity can be calculated from the viscosity ratio formula 

            𝜇𝑡 is eddy viscosity is to be computed from an appropriate turbulence model. 

      𝛼𝑛𝑓 is molecular thermal diffusivity which can be calculated from  

𝛼𝑛𝑓 =
𝑘𝑛𝑓

𝜌𝑛𝑓𝐶𝑝𝑛𝑓
 (3.10) 

 

     𝛼𝑡 is turbulent thermal diffusivity which can be calculated from 

𝛼𝑡 =
𝑘𝑡

𝜌𝑡𝐶𝑝𝑡
 (3.11) 

• Turbulence model  

Turbulent flow is one in which the fluid particles rapidly mix as they move along due to 

random three-dimensional velocity fluctuations. Due to turbulence’s random, three 
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dimensional, chaotic and stochastic nature, analytical solution for turbulent flow is not 

available. Hence, in the turbulent regime semi-empirical theories are used to model the 

flow.  The k- 𝜀  model (the most economical and competent in close prediction of 

empirical results) introduces two new equations, one for the turbulent kinetic energy and 

the other for the rate of dissipation. But let express turbulent (eddy) viscosity first 

calculated from[69]  

𝜇𝑡 = 𝜌𝑛𝑓𝐶𝜇

𝑘2

𝜀
 (3.12) 

Turbulent kinetic energy 𝐾 was calculated from 

Δ ∙ (𝜌𝑛𝑓𝑉𝐾) = ∆ ∙ (𝜇𝑛𝑓 +
𝜇𝑡

𝜎𝑘
) ∆𝐾 + 𝐺𝐾 − 𝜌𝑛𝑓

𝜀 (3.13) 

Similarly, the steady dissipation rate 𝜀 was calculated from 

Δ ∙ (𝜌𝑛𝑓𝑉𝜀) = ∆ ∙ (𝜇𝑛𝑓 +
𝜇𝑡

𝜎𝜀
) ∆𝜀 + 𝐶1𝜀

𝜀

𝐾
𝐺𝐾 − 𝐶2𝜀𝜌𝑛𝑓

𝜀2

𝐾
 (3.14) 

Where, 𝐺𝐾 = 2𝜇𝑡[∇𝑉 + (∇𝑉)𝑇] is the rate of turbulent kinetic energy and 𝐶𝜇, 𝐶1𝜀, 𝐶2𝜀, 𝜎𝑘 

and 𝜎𝜀  are chosen to be empirical constants in the turbulence transport equations 0.09, 

1.44, 1.92, 1.0 and 1.3 respectively[70].   

• Wall Functions 

Wall functions are used to approximate variables as turbulence, velocity and pressure in 

the region near a wall, called the boundary layer. To be able to resolve the fluid behavior 

without using some kind of assumption or simplification the mesh in this region must be 

very fine resulting in some cases unnecessarily long computation times. Therefore, it is of 

great use, in cases where the boundary layer is of less importance, to use some kind of 

wall function approximation. The wall functions rely on the existence of a logarithmic 

region in the velocity profile, in the logarithmic layer the profile is[71] 

𝑢+ =
�̅�𝑡

𝑢𝜏
=

1

𝜅
ln(𝑦+) + 𝐵 (3.15) 
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Where, �̅�𝑡  is the mean velocity parallel to the wall, 𝑢𝜏  is the shear velocity and is 

calculated by √
|𝜏𝑤|

𝜌⁄  with 𝜏𝑤 is the shear stress at the wall. Moreover, κ is the Karman 

constant which is equal to 0.41, B an empirically derived constant related to the thickness 

of the viscous sub layer and 𝑦+ is the dimensionless distance from the wall calculated by  

𝑦+ =
𝜌𝑢𝜏𝑦

𝜇
 (3.16) 

Boundary conditions   

The governing equations of the fluid flow are non-linear and simplified coupled partial 

differential conservation equations, subjected to the following boundary conditions in 

addition to the assumptions mainly due to the geometrical constraints, symmetry, inlet and 

outlet conditions etc[72].    

• Axially and circumferentially uniform wall heat flux since heat transfer analysis 

objective is prediction of wall temperature variation Tw(x) and the design objective 

is to control this temperature and to keep it under an allowable limit  

• The fully developed conditions prevail at the exit section because the tube was 

long enough (selected to be based on the length to diameter ratio) so that the flow 

and temperature fields are assumed fully developed which means zero normal axial 

gradients for all flow and heat transfer variables except pressure 

• Steady, forced turbulent convection flow 

• Both the flow and the thermal field are assumed to be axisymmetric with respect to 

the tube main axis  

• On the tube wall, the usual no-slip conditions and uniform heat flux were imposed, 

while both turbulent kinetic energy and dissipation of turbulent kinetic energy are 

equal to zero. 

• At the tube inlet section, uniform axial velocity specified by the Reynolds number, 

uniform axial temperature, turbulent intensity (estimated by 𝐼 = 0.16(Re)−1/8 ) 

and the hydraulic diameter (Dh) were specified for an initial guess of turbulent 

quantities (k and ε).  
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• Only half of the tube was modeled due to the symmetry as a result, a rectangular 

domain with dimensions of 0.01m × 1m is created. On the lower wall (axis) of the 

modeled domain, the axis boundary condition was applied. 

Computational method  

The computational fluid dynamics code Fluent was used for solving this problem. The 

system of governing equations was solved by control volume approach. 

• Finite volume method: Control-volume technique converts the governing 

equations to a set of algebraic equations that can be solved numerically. The 

control volume approach employs the conservation statement or physical law 

represented by the entire governing equations over finite control volumes.  

• Grid schemes used are staggered in which velocity components are evaluated at 

the center of control volume interfaces and all scalar quantities are evaluated in the 

center of control volume 

• Second order upwind scheme was employed to discretize equations. 

• Pressure and velocity were coupled using [coupled] algorithm to entertain speedy 

convergence.  

• In all cases, the residual terms for all of the equations were less than 10-6 

3.5.4. Numerical procedure  

In this numerical analysis the finite volume method employed so as to solve the partial 

differential equations which was accomplished with the following list of tasks, 

• Division of the flow domain into discrete control volumes using a computational 

grid generator ANSYS meshing 2021R2 

• Integration of the all-governing equations on the individual control volumes to 

construct nonlinear algebraic equations (called discretization) for the discrete 

dependent variables (“unknowns”) such as velocities, pressure, temperature, and 

conserved scalars using second order upwind scheme.  

Second order upwind scheme is employed to achieve higher-order accuracy at the cell 

faces through a Taylor series expansion of the cell-centered solution about the cell 
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centroid. By considering the steady conservation equation for transport of a scalar quantity 

𝜑, discretization of the governing equations can be illustrated most easily by[70]  

∮ 𝜌𝜑�⃗� ∙ 𝑑𝐴 = ∮ Γ𝜑∇𝜑 ∙ 𝑑𝐴 + ∫ 𝑆𝜑𝑑𝑉

𝑉

 
(3.17) 

Where, 𝜌 is density, �⃗� is velocity vector (�⃗� = 𝑣𝑟�̂� + 𝑣𝑥�̂�), 𝐴 is surface area vector, Γ𝜑 is 

diffusion coefficient for  𝜑, ∇𝜑 is gradient of 𝜑 (∇𝜑 = (
𝜕𝜑𝑟

𝜕𝑟
+

𝜑𝑟

𝑟
)�̂� +

𝜕𝜑𝑥

𝜕𝑥
�̂�) and 𝑆𝜑 is the 

source of 𝜑 per unit volume. The integration is applied to each control volume, or cell, in 

the computational domain which yields 

∑ 𝜌𝑓�⃗�𝑓𝜑𝑓 ∙ 𝐴𝑓

𝑁𝑓𝑎𝑐𝑒𝑠

𝑓

= ∑ Γ𝜑∇𝜑𝑓 ∙ 𝐴𝑓

𝑁𝑓𝑎𝑐𝑒𝑠

𝑓

+ 𝑆𝜑𝑉 (3.18) 

Where, 𝑁𝑓𝑎𝑐𝑒𝑠 is number of faces enclosing the given cell, 𝜑𝑓 is the value of 𝜑 convected 

through the face 𝑓, 𝜌𝑓�⃗�𝑓𝜑𝑓 is the mass flux through the face, 𝐴𝑓 is area of the face (𝐴𝑓 =

𝐴𝑟�̂� + 𝐴𝑧�̂�), ∇𝜑𝑓  is gradient of 𝜑 at the face and 𝑉 is the cell volume. In second-order 

unwinding, the face value 𝜑𝑓 is computed using the following expression[70]  

𝜑𝑓 = 𝜑 + ∇𝜑. 𝑟 (3.19) 

Where, 𝜑 and ∇𝜑 are the cell-centered value and its gradient in the upstream cell, and 𝑟 is 

the displacement vector from the upstream cell centroid to the face centroid.  

The gradient ∇𝜑 at the cell center 𝑐0 is computed from Least Squares Cell-Based method 

which by the way is limited by standard gradient or slope limiter to prevent spurious 

oscillations, which would otherwise appear in the solution flow field near shocks, dis- 

continuities, or near rapid local changes in the flow field 

(∆𝜑𝑟)𝑐0 =  ∑ 𝑊𝑟 𝑖𝑜 ∙ (𝜑𝑐𝑖 − 𝜑𝑐0)

𝑛

𝑖=𝑖

 

(∆𝜑𝑥)𝑐0 =  ∑ 𝑊𝑥 𝑖𝑜 ∙ (𝜑𝑐𝑖 − 𝜑𝑐0)

𝑛

𝑖=𝑖

 

(3.20) 
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• Linearization of the discretized equations and solution of the resultant linear 

equation system iteratively so as to obtain a converged numerical solution to yield 

updated values of the dependent variables with the pressure-based solver using a 

coupled algorithm (to couple the pressure and pressure correction equation and 

momentum equations) where each iteration in each cell consists of the steps 

illustrated in Figure 3.16 with pseudo transient under relaxation of automatic 

pseudo transient time step size.  

The above discretized equation contains unknown scalar variable 𝜑 at the cell center and 

neighboring cells which makes the equation nonlinear with respect to these variables. 

After being linearized, it can be expressed as 

𝑎𝑝𝜑 = ∑ 𝑎𝑛𝑏𝜑𝑛𝑏

𝑛𝑏

+ 𝑏 
(3.21) 

Where, the subscript 𝑛𝑏 refers to neighbor cells, 𝑎𝑝 and 𝑎𝑛𝑏 are the linearized coefficients 

for 𝜑 and 𝜑𝑛𝑏 

Writing similar equations for all cells results in a set of algebraic equations with a sparse 

coefficient matrix. In the pressure-based solver, the projection method where the velocity 

field is obtained by solving the momentum equations, the pressure and pressure correction 

equation is obtained by manipulating the continuity and momentum equations and 

pressure field is obtained by solving pressure and the pressure correction equation. For all 

the simulations carried out in the present analysis, convergence criteria for the solutions 

were fixed for the iterative procedure to be terminated when the residuals become less 

than 10-6.  The under- relaxation factors for the sake of stability of the converged solutions 

are left at their default values.  
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Figure 3-16 Solution procedure for pressure-based solver (reprinted from ANSYS Fluent 

theory guide)[70] 

3.5.5. Modelling nanoparticles using a user-defined function (UDF) 

Instead of defining material properties for each volume fraction and running the 

simulation again and again, all thermophysical properties of the nanofluids ae customized 

so that the software can run it at once. A user defined function, or UDF (C or C++ 

function that can be dynamically loaded with the ANSYS Fluent solver to enhance its 

embedded standard features), for each of the volume fractions is written to be fed as 

material database and attached as appendices. Its importance arises when enhancing 

existing fluent models, customizing boundary conditions, adjusting material property 

definition, etc. is required. 

3.5.6. Thermo-physical properties of nanofluids  

The thermophysical properties of nanofluids such as density, viscosity, and heat capacity 

were evaluated using most related theoretical and empirical correlations from literatures 
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based on single phase fluid assumption given that the lower concentration of 

nanoparticles.  

Particle concentration can be expressed either in mass or volume fraction. But volume 

fraction is usually preferred to mass fraction because most of the forces especially the 

hydrodynamic forces are surface forces not body forces. Unfortunately, it is much more 

difficult to prepare a suspension of desired volume fraction precisely. Then a strategy of 

calculating a mass concentration of a desired volume fraction and preparing a suspension 

of a resulting mass concentration was followed.  Volume concentration is the fraction of 

space of total suspension occupied by suspended material.  Mathematically expressed as  

𝜙𝑣 =
𝑠𝑝𝑎𝑐𝑒 𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑠𝑢𝑠𝑝𝑒𝑛𝑑𝑒𝑑 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙

𝑠𝑝𝑎𝑐𝑒 𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑠𝑢𝑠𝑝𝑒𝑛𝑠𝑖𝑜𝑛
 (3.22) 

 

𝜙𝑣 =
1

(100
𝜙𝑚

⁄ ) (
𝜌𝑝

𝜌𝑓
⁄ ) + 1 

× 100% 
(3.23) 

Density: The effective density of the nanofluid is defined as [73] 

𝜌𝑒𝑓𝑓 = (1 − 𝜙)𝜌𝑓 + 𝜙𝜌𝑝 (3.24) 

Specific heat capacity: In the same fashion the specific heat capacity of the nanofluid can 

be expressed in terms of the volume fraction, density of both base fluid and nanoparticle 

and the respective specific heats[74].  

𝐶𝑒𝑓𝑓 =
(1 − 𝜙)(𝜌𝐶)𝑓 + 𝜙(𝜌𝐶)𝑝

(1 − 𝜙)𝜌𝑓 + 𝜙𝜌𝑝
 (3.25) 

Thermal conductivity: Two groups of relations are available on the literatures used to 

predict thermal conductivity namely theoretical models and empirical correlations. The 

former is usually developed by taking all the mechanisms and possible reasons of 

enhancement. A very great deal of discrepancy has been observed between themselves and 

with the experimental data. The latter is proposed on the basis of a wide variety of 

experimental data. Here in this work, for the needed prediction of nanofluid effective 

thermophysical properties with adequate accuracy, the most robust empirical relation 

proposed by Corcione[75] with regression analysis of 1.86% standard deviation of error 
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was used to predict the thermal conductivity which depends on the temperature and 

concentration of nanofluid, diameter and thermal conductivity of nanoparticles as well as 

the base fluid. He based his regression on a wide range of experimental data extracted 

from the following resources whose details on the nanofluid type, the size of the 

suspended nanoparticles and the measuring method are tabulated below.  

Table 3-1 Details of literatures used to model thermal conductivity and viscosity by 

Corcione.  

Literature 

source 

Nanofluid type Nanoparticle 

size 

Measuring method 

Masuda et al TiO2 + water 27 nm Transient hot-wire 

Lee et al CuO + water 

Al2O3 + water 

CuO+ ethylene glycol 

Al2O3 + ethylene glycol 

23.6 nm 

38.4 nm 

23.6 nm 

38.4 nm 

Transient hot-wire 

Eastman et al Cu+ ethylene glycol 10 nm Transient hot-wire 

Das et al CuO + water 

Al2O3 + water 

28.6 nm 

38.4 nm 

Temperature oscillation 

Chon et al Al2O3 + water 47 nm Transient hot-wire 

Chon and Kihm Al2O3 + water 

Al2O3 + water 

47 nm 

150 nm 

Transient hot-wire 

Murshed et al Al2O3 + water 

Al2O3 + ethylene glycol 

80 nm 

80 nm 

Transient hot-wire 

Mintsa et al CuO + water 29 nm Transient hot-wire 

Duangthongsuk 

and Wongwises 

TiO2 + water 21 nm Transient hot-wire 

 

The range of the experimental data covers the most commonly used base fluids (water and 

ethylene glycol), nano particles (TiO2, CuO, Al2O3, Cu), wide range of particle size 
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(10 − 150) and both the most commonly used methods of thermal conductivity 

measurement. More specifically it includes the solid-liquid combination used for the 

experiment which makes the correlation ideal.  

𝑘𝑒𝑓𝑓

𝑘𝑓
= 1 + 4.4𝑅𝑒𝑛𝑝

0.4 + 𝑃𝑟𝑓
0.66 (

𝑇

𝑇𝑓𝑟
)

10

(
𝑘𝑝

𝑘𝑓
)

0.03

𝜙0.66 (3.26) 

Where, T is the nanofluid temperature in Kelvin degrees, 𝑇𝑓𝑟 is the freezing point of the 

base liquid, 𝑘𝑝 is the thermal conductivity of the solid nanoparticles, 𝜙 is the nanoparticle 

volume fraction and 𝑅𝑒𝑛𝑝 is the nanoparticle Reynolds number expressed as  

𝑅𝑒𝑛𝑝 =  
2𝜌𝑓𝑘𝑏𝑇

𝜋𝜇𝑓
2𝑑𝑝

 (3.27) 

Where, 𝑘𝑏 =  1.38066 × 10−23 J/K is Boltzmann constant. From the above correlation 

the thermal conductivity of nanofluid depends on the temperature and concentration of 

nanofluid, diameter and thermal conductivity of nanoparticles as well as the base fluid.  

Dynamic viscosity: From the same literatures, Corcione [75] proposed the following 

correlation to evaluate dynamic viscosity with 1.84% standard deviation of error.  

𝜇𝑒𝑓𝑓

𝜇𝑓
=

1

1 − 34.87 (
𝑑𝑝

𝑑𝑓
)

−0.3

𝜙1.03

 
(3.28) 

With base fluid molecular diameter of 𝑑𝑓 = 0.1 [
6𝑀

𝑁𝜋𝜌𝑓𝑜
]

1
3⁄

where, 𝑀 is the molar mass of 

the base fluid, 𝑁 = 6.022 × 1023 is the Avogadro number and 𝜌𝑓𝑜 is the density of the 

base fluid at 𝑇 =  273.15𝐾 

All the above properties of the base fluid and the nanoparticle varies with temperature. So, 

does that of the nanofluid. But comparatively the variation of those properties of the 

nanoparticle with respect to temperature is negligible. Therefore, only the properties of the 

base fluid as a function of temperature is given as correlated from the empirical data from 

literatures[76].  
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Table 3-2 Variation of base fluid properties with respect to temperature 

Property Formula Unit 

Density 𝜌𝑓 = 1334.5 − 0.8𝑇 kg/m3 

Thermal conductivity 𝑘𝑓 = 0.24511 +  1.755 × 10−4𝑇 −  8.52 × 10−7𝑇2 W/m.℃ 

Specific heat 𝑐𝑓 = 1076.6135 + 4.6278T j/kg. K 

Viscosity 𝜇𝑓 = 0.0373𝑒−0.0756𝑇 + 0.0196𝑒−0.0235𝑇 kg/m. s 

 

 

Some of the required reference thermophysical properties and other parameters of the base 

fluid and the nanoparticle required for the calculation of the thermophysical properties of 

the nanofluid are collected and summarized as follows[77].   

Table 3-3 Thermophysical properties of base fluid and nanoparticles at 293 K adopted 

from heat transfer Databook 

Property Unit Cu Nanoparticle  Ethylene glycol   

Symbol Value Symbol Value 

Density kg/m3 𝜌𝑝 8933 𝜌𝑓 1109 

Density of base fluid at 

room temperature 

kg/m3 𝜌𝑓𝑜   1097 

Thermal conductivity W m−1 K−1 𝑘𝑝 401 𝑘𝑓 0.256 

heat capacity kJ/kg · K 𝐶𝑝 0.39 𝐶𝑓 2.84 

Dynamic viscosity N s/m2 𝜇𝑓   0.0162 

Molar mass g/mol M   62.07 

Avogadro number  N   6.022×1023 

Boltzmann constant J/K 𝑘𝑏   1.38066 ×10-23 

Freezing point of the 

base liquid 

K 𝑇𝑓𝑟   260.2 
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3.5.7. Validation procedure for the numerical model  

Before the application of the numerical set up to the case of nanofluid heat transfer, it was 

verified by considering the flow of pure EG inside the flow configuration described and 

compared with the previously published traditional correlations to demonstrate the validity 

and precision of the model. The resulting Nusselt number was plotted against Reynolds 

number and compared with the Gnielinski equation (equation 3.1) which was plotted on 

the same coordinate. Darcy friction factor expressed via the Blasius equation (equation 

3.3) was used to validate the rheology aspect of the analysis. 

3.6. Grid independence test   

The mesh has a significant impact on the accuracy of the solution as well as the rate of 

convergence. The CPU time is also directly affected by the quality of the mesh. Grid 

independence study was required to be carried out to find out the optimum grid size 

without compromising the accuracy of results. All the solutions obtained in this research 

was tested by the so-called grid independency test so that the solution should not be mesh 

dependent. In this test, the number of cells is increased to the level where any extra 

refinement does not affect the solution accuracy.  Different mesh sizes were tested in order 

to examine the effect of number of cell volumes on the Nusselt number (to check the grid 

sensitivity) by varying the total number of grid distributions in both the axial and the 

radial directions.  

Confirming that the computational model is generating grid insensitive results, nanofluids 

with varying concentrations were analyzed at various Reynolds numbers with applied 

constant heat flux 𝑞′′ on the upper wall. A heat flux of 7580 W/m2 was selected in our 

simulations because comparing numerical results with the experimental one was required. 

3.7. Data reduction methods  

The raw data recorded has to be analyzed and some meaningful parameters have to be 

calculated from the measured independent variables. Usually dimensionless heat transfer 

coefficient (Nusselt number) is used instead of just heat transfer coefficient 
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3.7.1. Nusselt number calculation  

Heat transfer coefficient is the proportionality constant between the heat flux and the 

thermodynamic driving force for the flow of heat and shows how effectively heat can be 

transferred within a system. The local heat transfer coefficient can be calculated from the 

formula [43] 

ℎ(𝑥) =  
𝑞

𝑇𝑤,𝑖𝑛(𝑥)−𝑇𝑓(𝑥)
   (3.29) 

where,𝑥 is the axial location  

           𝑞 is the heat flux which can be calculated from an energy balance.   

𝑞 =  
𝜌𝐶𝑝�̇�

𝜋𝐷𝐿
(𝑇𝑓,𝑜𝑢𝑡 − 𝑇𝑓,𝑖𝑛) =  

𝜌𝐶𝑝�̇�

𝜋𝐷𝐿
∆𝑇𝑓 (3.30) 

where 𝐷 is the inner diameter of the test section, 𝐿 is the length of the test section, 𝜌, 𝐶𝑝 

and �̇�  the fluid density, heat capacity and volumetric flow rate, respectively. Both 

temperatures 𝑇𝑓,𝑖𝑛  at 𝑥 = 0  and 𝑇𝑓,𝑜𝑢𝑡  at 𝑥 = 𝐿  can be measured with the immersed 

thermocouples placed at both ends of the test section. 

𝑇𝑓(𝑥), the fluid local temperature, can be determined from a linear relation between test 

section inlet and outlet temperatures (𝑇𝑓,𝑖𝑛 and 𝑇𝑓,𝑜𝑢𝑡) 

𝑇𝑓(𝑥) =  
𝑥

𝐿
 𝑇𝑓,𝑜𝑢𝑡 + (1 −

𝑥

𝐿
)𝑇𝑓,𝑖𝑛 (3.31) 

𝑇𝑤,𝑖𝑛(𝑥), The inner wall temperature, can be determined from a radial heat conduction 

calculation by using outer wall temperature, (𝑇𝑤,𝑜𝑢𝑡(𝑥), measured by the thermocouples 

placed in the outer wall of the test section and the local heat generated in the test section 

wall per unit length �́�(x) 

𝑇𝑤,𝑖𝑛(𝑥) = 𝑇𝑤,𝑜𝑢𝑡(𝑥) + 
�́�(x)

4𝜋𝑘𝑡𝑢𝑏𝑒
(
1 + ln(𝑅𝑑) − (𝑅𝑑)

1 − (𝑅𝑑)
)  

 

(3.32) 

where, 𝑘𝑡𝑢𝑏𝑒 is the thermal conductivity of the test section 

𝑅𝑑 =  (
𝐷

𝐷𝑒𝑥𝑖𝑡
)2 
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The axial heat flux is neglected in the ℎ(𝑥) calculation since experimental measurements 

show that it is, at least, 20 times smaller than the radial heat flux contribution. The local 

Reynolds and Prandtl numbers were calculated with the thermophysical properties based 

on local mean bulk temperature. The Nusselt number in the thermally fully developed 

region was determined by averaging local Nusselt numbers over the heat transfer test 

section.  

 

Figure 3-17 Flow chart for calculating Nusselt number[55] 

3.7.2. Friction coefficient calculation  

Using the pressure head directly recorded from the manometers, pressure drop was 

calculated as  

𝑃𝑖𝑛𝑙𝑒𝑡 − 𝑃𝑜𝑢𝑡𝑙𝑒𝑡 = 𝜌ℎ (3.33) 

The pressure drop was used to calculate the friction factor as [67] 
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𝑓 =
(𝑃𝑖𝑛𝑙𝑒𝑡 − 𝑃𝑜𝑢𝑡𝑙𝑒𝑡)2𝐷

𝜌𝐿𝑉2
 (3.34) 

3.7.3. Flow rate calculation  

From orifice meter the flowrate of the fluid flow was calculated as  

�̇� =
𝐴2

√[1 − (
𝐴2

𝐴1
⁄ )

2

]

[√
2𝑔(𝑃𝑖𝑛𝑙𝑒𝑡 − 𝑃𝑜𝑢𝑡𝑙𝑒𝑡)

𝜌
] 

(3.35) 

The overall procedure followed to address this research problem was summarized in the 

Fig 3.18.  

 

Figure 3-18 Overall procedure of the thesis 
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CHAPTER FOUR  

4. RESULTS AND DISCUSSION 

This chapter focuses on the presentation and discussion of both the experimental and 

numerical findings. Both the experimental and numerical data for all the test sets of 

different parameters was analyzed and compared to each other and with relevant 

correlations.  

4.1. Nanoparticle preparation result  

Based on the track record of color change of the synthesis pathway, the reaction is 

completed and the coper nanoparticles are produced. The color less NaBH4 solution was 

changed to dark brown immediately after the first drop of the precursor solution which 

signals the start of the reduction reaction. Upon further addition of the CuSO4.5H2O 

solution the color becomes yellowish brown and then clear yellow finally to light green 

which out louds the completion of the reaction.  
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4.2. Nanoparticle characterization result 

Besides the color change, the spectrum of absorption band of Cu nanoparticles was 

recorded immediately after the completion of the reaction using PerkinElmer Lambda 35 

 

 

 

   

   

Figure 4-1 Color change scheme of the nano particle preparation process 

  

NaBH4 solution  Dark brown Yellowish brown 

Yellow Light green Olive green  
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UV-visible spectrometer with in the spectrum range of 500-750nm.  As shown in the Fig 

4.2, Surface Plasmon Resonance (SPR) peaks at 560nm which was in the general range of 

copper nanoparticle absorption spectrum (350-800nm) ensuring formation copper 

nanoparticles. 

 

Figure 4-2 UV-visible spectrum of copper nanoparticles 

4.2.1. Particle size measurement using dynamic light scattering (DLS) 

The average hydrodynamic diameter of the prepared copper nanoparticle was measured by 

using a DLS instrument (Malvern, Nano-ZS). As shown from the size distribution 

assessment in the Fig 4.3, the average diameter of the nanoparticles was 23.65nm with a 

polydispersity index of 0.745, which met the criteria for quality sample preparation.  
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Figure 4-3 Size distribution analysis using DLS 

4.3. Experimental results  

In this subchapter the recorded temperature values and pressure drop readings of the 

recalibrated set up were used to calculate Nusselt number and friction factor which then 

plotted with respect to inlet temperature, particle concentration and Reynolds number.  

4.3.1. Calibration of the test set up  

In order to verify the accuracy and the reliability of this experimental system, the pressure 

drop and the local heat transfer coefficient are experimentally measured using pure 

ethylene glycol a head of the nanofluid preparation. The result was compared with the 

legendary Gnielinski and Fanning equations. As shown in the Fig 4.4 the Nusselt number 

of pure ethylene glycol flow at 298.15K of the present study closely agrees with the 

Gnielinski equation with maximum and average deviation of 7.4% and 3.9% respectively.  
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Figure 4-4 Calibration of the experimental set up with Gnielinski equation 

Blasius correlation was used for friction factor comparison in the turbulent regime. The 

experimental friction factor achieved a closer agreement (with maximum and average 

deviation of ±5.9% and ±2.3% respectively) with the replotted Darcy friction factor from 

Blasius equation as shown in the Fig 4.5.    
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Figure 4-5 Comparison of Darcy friction factor from Blasius equation with experimental 

friction factor 

As witnessed from the surface temperature plot on all axial positions of the thermocouple 

fixture, surface temperature increases as we go from to inlet to outlet of the test section. 

This could be mainly because as the fluid goes to the across the test section its temperate 

increases so the heat it takes from the tube wall decreases.   
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Figure 4-6 surface temperature variation across axial positions 

The Nusselt number is increasing with rising Reynolds number, due to the reduction of 

thickness of the viscous sublayer and the increasing turbulent transport of thermal energy. 

All studied nanofluid concentrations exhibit higher Nusselt numbers in comparison to 

those of the base fluid. An increase in Nusselt number occurs with rise in particle 

concentration. This is mainly caused by the increase in thermal conductivity of the 

nanofluid which outweighs the impact of increasing dynamic viscosity against Nusselt 

number. Fig 4.7 a-c shows that Nusselt number increases with inlet temperature, Reynolds 

number and particle concentrations.   



 

58 

 

 

 

 

 

 

 

a 

 

 

 

 

 

 

b 



 

59 

 

 

 

 

 

 

c 

Figure 4-7 Nusselt number variation with Reynolds number inlet temperatures of (a) 

296.15K, (b) 298.15K and (c) 303.15K 

The friction factor increases when the concentration of Cu nanoparticles in EG increases. 

It is believed that this was caused by the slight increment in dynamic viscosity for 

nanofluids. Keeping the volume concentration to the lowest with smaller diameter 

nanoparticles happens to maintain the dynamic viscosity increase to the lowest which 

thereby limits the increase in friction factor, It was also worth deducing that the fluid 

velocity plays a vital role in enhancing the pressure loss in the test section as shown in the 

slightly widening variation of friction factor increase towards increasing Reynolds 

number.  
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Figure 4-8 Friction factor of the base fluid and nanofluids of different particle loading 

with respect to Reynolds number 

4.4. Numerical results 

The system of governing equations subjected to their appropriate boundary conditions, has 

been successfully solved by using the numerical method that is essentially based on the 

Finite control volume approach.  

4.4.1. Solution convergence  

A convergence indicator was essentially set based on the residuals that result from the 

integration of the conservation over finite control-volumes. During the iterative 

calculation process, these residuals were constantly monitored and carefully scrutinized. 

For all of the simulations performed in this study, converged solutions were achieved with 

residuals as low as 10-6 for all the governing equations where plot of the truncation error 

with respect to the iterations reached a minimum plateau as shown in the Fig 4.9. In 

addition, the linear appearance of the residual plots after some initial iterations was 

another way of witnessing the convergence of the solution.  
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Figure 4-9 Residuals under the convergence criteria 

Surface monitors of temperature, velocity and pressure based on area weighted average of 

respective variables over the surfaces of the inlet, outlet, axis, wall and fluid zone were 

used to validate that after some iterations the aforementioned variables remains constant 

which signals the convergence of the calculation as clearly depicted in the Fig 4.10 a-c. As 

a further examination, the fact that the wall temperature is larger than all the fluid 

temperatures and amongst them outlet temperature is higher than fluid zone and inlet 

temperature was used as evidence to ensure that direct negligence and other biased 

personal simulation errors were avoided. The same analogy was applied to other variables. 
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Figure 4-10 Surface monitors of (a), temperature (b), velocity and (c), pressure 
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4.4.2. Grid independence results 

In order to ensure that the calculated results are grid independent, nine different radial and 

axial grid distributions were tested for their performance in predict the Nusselt number 

Pure ethylene glycol at 298.15K inlet temperature and 10000 Reynolds number as 

displayed in the Fig 4.11. It was observed that the Nusselt number for EG slightly 

fluctuated about some average value and finally becomes constant beyond a certain 

number of cell volumes. Beyond this, any further increase in the number of cell volumes 

only increased the computational time, without any significant improvement in the Nusselt 

number. Similar trend was also observed with the nanofluids. So, this “optimum” mesh 

size was selected for further study with both EG and the nanofluids. As shown in the Fig 

4.12, the Nusselt number did not remarkably change for the grid numbers more than 

200×500. Therefore, 200×500 was accepted as the optimal grid size. 

 

Figure 4-11 Radial and axial grid distributions tested for grid independence test 
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Figure 4-12 Optimum grid size 

4.4.3. Calibration of the numerical set up 

To ascertain if the numerical methodology is valid and suitable for generating accurate 

simulation results, the numerical model was calibrated with the literature using pure 

ethylene glycol as a fluid domain. Fig 4.13 shows the comparison of the present 

simulation with the Gnielinski’s correlation for ethylene glycol to demonstrate the 

robustness of the numerical set up. A closer agreement with ±7.3% average deviation 

between simulated results and Gnielinski’s equation was found and it was confirmed that 

the single-phase model with the prescribed boundary conditions and the selected 

numerical procedure used to solve the problem satisfactorily predicted the Nusselt number 

of the nano fluids over the range of Reynolds numbers from 4000 to 10000 which falls in 

the turbulent regime. A desired accuracy was achieved (< ±10%) to use the numerical set 

up for further investigation of heat transfer enhancement by monitoring the fluid 

properties based on the volume fraction and inlet boundary conditions based on the 

Reynolds number.   
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Figure 4-13 Validation of the analysis setup with Gnielinski correlation 

Also, the numerical set up was calibrated for friction factor with Blasius equation as 

shown in the Fig 4.14 and proved to perform well with an average deviation of 

±1.9%.  

 

Figure 4-14 Validation of numerical set up with Blasius equation 
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4.4.4. Temperature contour  

From Fig 4.15 it was found that the wall temperature decreases when the nanofluids were 

used instead of the base fluid.  This temperature reduction is evidence of enhanced the 

heat transfer when nanofluids are used instead of the base fluid.  The main reason for this 

wall temperature drop is the thermal conductivity of the nanofluid is higher than the base 

fluid which in turn is the result of increased heat transfer area of the nanoparticle surfaces. 

The temperature drop shows an increasing pattern with the increase of nanoparticle 

concentration in the base fluid and with higher Reynolds number[55]. This demonstrates 

that convective heat transfer is enhanced by nanofluids which is carrying more heat from 

the wall surface than the base fluid as witnessed from Fig 4.15.  

Another observation that was witnessed from the temperature contours was entry length 

reduces as the nanoparticle concentration increases at a given Reynolds number (10,000) 

and inlet temperature (303.15K) mainly because of the radial migration of nano 

particles[78].  
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a b c d 

Figure 4-15 Temperature contour for the (a) base fluid and the nanofluids of (b) 0.1%, (c) 

0.5% and (d) 1% volume concentrations 
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From the Fig 4.16 it was observed that after the entry point the wall temperature rises 

enormously and gets to its peak at the axial distance of nearly 0.2m then it became 

constant for the region of 0.2m to 0.9m where the change in wall and bulk temperature are 

parallel mainly because the boundary layer becomes slightly thicker. Further increase in 

axial distance to 1.0 m, it was found that slightly decrease in the wall temperature due to 

the boundary layer interruption at the exit of the pipe[79].  

 

Figure 4-16 Wall temperature distribution for the pure ethylene glycol and Nanofluid with 

different concentrations along the axial positions of the pipe 

The result was also supported by the heat transfer coefficient variation along the axial 

direction as shown in the Fig 4.17. For 10000 Reynolds number and 298.15K and inlet 

temperature the heat transfer coefficient was anomalously higher at the entry length for the 

base fluid and nanofluids because of the flow disturbance and the low temperature of the 

inlet fluid. But it immediately starts to decrease to nearly constant value all along the rest 

of the tube length as the flow grows to a fully developed turbulent flow. A slight increase 

of heat transfer coefficient has occurred at the exit again due to the flow disturbance there.  
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Those two observations were closely linked all over the volume concentrations and 

Reynolds number. This shows the heat transfer rate is higher when nanofluid is used as a 

cooling medium. For the same Reynold’s number 10000, it was found that the wall 

temperatures were decreased to 301.3K, 301.1K and 300.9K when the Cu nanoparticle 

concentration in the base fluid EG were increased to 0.1%, 0.5% and 1% respectively. The 

temperature fall was substantially higher with the presence of volume fraction of 

nanoparticle which clearly indicates that heat transfer is enhanced with increment of 

volume fractions of Cu nanoparticles du to increase of contact surface area between the 

EG and Cu nanoparticles[50].   

 

Figure 4-17 Heat transfer coefficient variation for the pure ethylene glycol and Nanofluids 

with different concentrations along the axial positions of the pipe  

It is interesting to note from Fig 4.18 that film temperature of the fluid increases through 

the tube length and appears more important toward the exit. On the other hand, it was 

clearly evident that bulk temperatures are also appreciably higher in the presence of nano 

particle loading. The increase in inside tube wall temperature shows a slight decrease as 

the particle concentration increase even though the drop wall temperature manly because 
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the product of specific heat and density also increases which shows that more energy is 

required to increase the bulk temperature[50].   

 

Figure 4-18 Film temperature for pure EG and nanofluids of different particle 

concentration at 10000 Reynolds number and 298.15K inlet temperature 

In addition to the volume fraction of nanoparticles that enhances heat transfer, the inlet 

temperature has a vital influence on heat transfer. Three inlet temperatures (296.15K, 

298.15K, 303.15K) were examined for the same volume fraction of 0.1 % Cu nano 

particles. The Fig 4.19 showed that the Nusselt number is higher with higher temperature 

because higher temperature increases particle interaction and migration and thermal 

conductivity of particle and base fluid, which in turn provides a more efficient radial 

transport/mixing of heat mainly due to the diffusive nature of the turbulent flow[80]. 

Consequently, improved turbulent mixing increases temperature gradients near the solid 

surface. As a result, heat transfer from the solid surface to the fluid is enhanced.  
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Figure 4-19 Nusselt number variation with inlet temperature at 0.1% volume 

concentration 

3.3. Effect of nanoparticle concentration on the Nusselt number 

Fig 4.20 a-c depicted the influence of Cu nanoparticle concentration and Reynolds number 

on the Nusselt number at inlet temperatures of 296.15K, 298.15K and 303.15K. The 

Nusselt number has increased by 6.1%, 8.41% and 9.74% for 296.15K, 298.15K and 

303.15K inlet temperatures respectively at 10000 Reynolds number and 1% particle 

loading. On further illustration, the increase in the Nusselt number was on average 1.1 

times with 1% volume concentration of Cu nanoparticles over the base fluid EG at 

Reynolds number of ten thousand. This is mainly due to the increase in Prandtl number at 

higher volume concentrations and temperature[50]. Reynolds number also appeared to be 

the main factor for turbulent heat transfer enhancement as shown in the Fig 4.20.  

Compared to 4000, 7000 and 10000 Reynolds number shows 6.21%, 15.4% and 29.5% 

higher Nusselt number for 1% particle loading. Since nanofluid heat transfer is 

significantly dependent on particle motion which in turn is dependent on how fast the fluid 

moves through the pipe, then a higher Nusselt number was witnessed at higher Reynolds 

number as shown in the Fig 4.20[56]. 
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Figure 4-20 Nusselt number variation with Reynolds number inlet temperatures of (a) 

296.15K, (b) 298.15K and (c) 303.15K 

From this numerical study every result showed the meaningful contribution to the heat 

transfer enhancement by providing nanoparticles to the base fluid, EG. This behavior can 

be partially explained by the improved thermo physical properties of mixture of 

nanoparticles with base fluid. Thus, a nanofluid possesses a higher thermal conductivity 

and more surface area of contact that agrees to increase the heat transfer rates. This 

enhancement is observed to increase with volume fraction because higher volume fraction 

means large number of nanoparticles which will make a contact with the neighboring fluid 

over a greater surface area. It will help in increasing the effective thermal conductivity of 

the nanofluid and there by the Nusselt number[51].  

Moreover, the heat capacity also increases with increase of volume fraction, and hence 

more heat is transferred by increasing the bulk mean temperature with respect to the base 

fluid. In addition, given the turbulent diffusion is way more effective to transport heat than 

molecular diffusion, nano particles laminar sublayer thickness reducing effect is also the 

other attribute for heat transfer enhancement.   



 

74 

 The higher the volume fraction the higher the turbulent dissipation due to higher effective 

viscosity which in effect will offset the contribution of higher effective thermal 

conductivity for Nusselt number increase at higher Reynolds number. This fact was 

demonstrated with the turbulent intensity contours as shown in the Fig 4.21.  

 

Figure 4-21 Turbulent intensity contour with increasing Reynolds number and volume 

fraction respectively 
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As shown in the Fig 4.22 the nanofluid friction factors deviated from the base fluid 

friction factor and the deviation was increasing with higher particle volume 

concentrations. This could be explained by a relative movement between fluid and 

nanoparticles which may lead to an additional momentum transport and increase the 

friction factor. In other words, the increase in nanofluid viscosity with particle 

concentration was responsible for the increase in Darcy friction factor.  

 

Figure 4-22 Friction factor of the base fluid and nanofluids of different particle loading 

with respect to Reynolds number 

4.5. Validation of experimental and numerical results  

A comparison of Nusselt number of nanofluids at 1% volume fraction a 296.15K inlet 

temperature have been done to indicate the experimental and simulated results validity. A 

closer agreement of maximum and average deviation of ±9.2% and ±5.7 % respectively 

was achieved which was still inside the allowable range of deviation (±10%).  
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Figure 4-23 Comparison of experimental and numerical Nusselt number at 296.15K inlet 

temperature and 1% volume fraction 

The simulated Nusselt number curve has the same behavior as that experimental one and 

they are close to each other. At lower flowrates the numerical model under predicted the 

empirical value but as the Reynolds number increases the numerical Nusselt number got 

larger than the experimental one. This could be mainly because as the Reynolds number 

increases, the locally fabricated nature of the test set up gets in the way which goes in line 

with the fact that as flow gets more turbulent, its sensitivity to flow geometry and surface 

imperfection increases[81].  

Besides Darcy friction factor values of both experimental and numerical analyses agreed 

closely each other with maximum and average deviations of ± 4.3% and ± 1.95% 

respectively.    
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Based on the deviations between the numerical and experimental results for both the 

Nusselt number and friction factor, the results were indeed encouraging. For the range or 

of the Reynolds number and particle concentrations used in this study the CFD model was 

reliable enough to measure the hydrodynamic and heat transfer properties Cu-EG 

nanofluids.  
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CHAPTER FIVE 

5. CONCLUSIONS AND RECOMMENDATIONS 

In this chapter, some of the observations from the result of this thesis work were outlined. 

Ultimately, some final conclusions and recommendations for future research efforts in this 

line were made. 

5.1.  Conclusions 

A fully-developed turbulent flow and convective heat transfer characteristics of ethylene 

glycol-based copper (Cu-EG) nanofluids flowing in a circular tube of 20 mm inner 

diameter and 1.1m length under a uniform heat flux boundary condition was investigated 

both numerically and experimentally in this study. Single phase models with temperature 

dependent thermo physical properties and realizable k-𝜀 turbulent model was considered. 

From the experimental and numerical analysis, the following list of conclusions are drawn  

➢ The nanofluid causes a heat transfer enhancement as observed by Nusselt number 

increase compared with the base fluid. The enhancement increases with volume 

fraction, inlet temperature and Reynolds number. Nusselt number for Cu/EG 

nanofluid with 1% nanoparticle volume fraction is approximately 1.1 times higher 

than base fluid at 10000 Reynolds number and 303.15K inlet temperature.  

➢ The heat transfer enhancement is steeper for all volume fraction nanofluids which 

illustrates that heat transfer augmentation is more significant as the Reynolds 

number increases.  

➢ The wall temperature is lower (by a maximum of 2.3K for nanofluids and which is 

noticeable as the particle loading increases but the fluid temperature is higher (a 

maximum of 0.34K) 7000 Reynolds number and 298.15K inlet temperature. This 

indicates the reduction of wall temperature for Nano fluids is compensated by rise 

of fluid temperature than the pure ethylene glycol.  

➢ Friction factor increases with increasing volume fraction and inlet temperature for 

both the numerical and experimental analyses.  
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➢ A good concurrence with average deviation 5.7% and 1.95% for Nusselt number 

and friction factor respectively was obtained between numerical simulation and 

experimental results in various ranges of Reynolds number. 

5.2. Recommendations  

1. The small rating of the pump used to supply pressure limits the experiment to low 

Reynolds number turbulent flow.  Hence, it is necessary to secure a pump of 

higher ratings which is capable of generating turbulent flow in the test sections for 

the nanofluid in order to adequately study the friction factor and heat transfer 

behavior in the turbulent region. 

2. Due to the sensitivity of thermophysical properties, some errors might have 

affected the recorded data owing to disturbances produced by vibration and sound 

from the surrounding. If these disturbances can be eliminated or at least 

minimized, a better result should be achieved.  

3. Due to high cost of thermocouples used, wall temperature was only measured at 

four axial positions across the test section. Using many thermocouples closer to 

each other could provide a more accurate result.  

4. Inaccessibility to high computational power computers limits the numerical 

simulation only to 2D axisymmetric geometry. A 3D analysis considering 

circumferential migration of nanoparticles could give a more descriptive picture. 

5. Having studied the conflicting effect of each parameter on the heat transfer 

enhancement capability of nanofluids, optimization of those contradicting 

parameters to achieve the best out of the blessing of the nanofluids is in demand. 

To be specific the impact of particle size and particle concentration on the thermal 

conductivity and viscosity and thereby on the friction factor and heat transfer 

coefficient is to be sorted 
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APPENDIX 

Appendix 1 Fluent Code  

/********************************************************* 

udf for defining nano fluid properties 

*********************************************************/ 

#include "udf.h"  

#define fi 0.1 

#define ro_s 8933  

/*#define cp_f 1845*/ 

 

DEFINE_PROPERTY(cell_density, cell, thread)  

{  

real ro_nf;  

real ro_f;  

real tt= C_T(cell, thread);  

ro_f=1000*(1.127776-0.00070548*tt-0.000000065278*tt*tt); 

ro_nf=(((1-fi)*(ro_f))+(fi*(ro_s)));  

return ro_nf;  

} 

DEFINE_SPECIFIC_HEAT(cell_specific_heat, T, Tref, h, yi)  

{  
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real cp;  

real cp_f;  

real cp_s;  

real ro_f;  

cp_s= 390;  

cp_f=1000*(2.3407+0.0046*tt);  

ro_f=1000*(1.127776-0.00070548*tt-0.000000065278*tt*tt); 

cp=((1-fi)*(ro_f*(cp_f))+(fi*(ro_s*(cp_s))))/(((1-fi)*ro_f)+fi*ro_s);  

*h = cp*(T-Tref);  

return cp; 

}  

DEFINE_PROPERTY(thermal_conductivity, cell, thread)  

{  

real tt= C_T(cell, thread);  

real mu_f;  

real ro_f;  

real k_eff;  

real ks;  

real kf;  

real Re;  

real Pr;  
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real cp_f;  

cp_f =1000*(2.3407+0.0046*tt);  

kf=0.24511+0.0001755*tt-0.000000852*tt*tt;  

ks=401;  

mu_f=0.0373*exp(-0.0756*tt)+0.0196*exp(-0.0235*tt);  

ro_f=1000*(1.127776-0.00070548*tt-0.000000065278*tt*tt); 

Re= (2*ro_f*tt*1.3806488e-23)/((22/7)*20e-9*(mu_f*mu_f));  

Pr= (mu_f*cp_f)/(kf);  

k_eff=kf*(1+(4.4*(pow((Re) ,0.4)))*(pow((Pr) ,0.66))*(pow((tt/260.2) ,10))*(pow((ks/kf) 

,0.03))*(pow((fi) ,0.66)));  

return k_eff;  

} 

DEFINE_PROPERTY(viscosity, cell, thread)  

{ 

real mu_f;  

real mu_eff;  

real tt= C_T(cell, thread);  

mu_f=0.0373*exp(-0.0756*tt)+0.0196*exp(-0.0235*tt); 

mu_eff =(mu_f)/(1-13.404543*(pow((fi) ,1.03))); 

return mu_eff;  

} 
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Appendix B DLS result  
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Appendix C Stochiometric calculation for preparation of nanofluid 

Mass of Cu 

To prepare a nanofluid with a maximum volume fraction of 1% in 10 litters of ethylene 

glycol, the required amount of copper nanoparticle is calculated  

𝒎𝑪𝒖 = (


𝟏𝟎𝟎−
) (

𝝆𝒄𝒖

𝝆𝒆𝒈
) 𝒎𝒆𝒈 

𝝆𝒄𝒖 = 8933 kg/m3 

𝝆𝒆𝒈 = 1109 kg/m3 

𝒎𝒆𝒈 = 𝝆𝒆𝒈 × 𝑽𝒆𝒈 = 𝟏𝟏𝟎𝟗 × 𝟎. 𝟎𝟏 = 𝟏𝟏. 𝟎𝟗 kg 

So, the mass of copper required  

𝒎𝑪𝒖 = (
𝟏

𝟏𝟎𝟎−
) (

𝟖𝟗𝟑𝟑

𝟏𝟏𝟎𝟗
) × 𝟏𝟏. 𝟎𝟗 = 𝟎. 𝟗𝟑𝟏 kg 

 

Balanced equation  

Cu2+ + 2BH4
- +6H2O → Cu+2H3BO3+7H2 

From the balanced equation, synthesizing 1 mole (63.546 gms) of Cu nanoparticles 

requires 1 mole (249.68gms) of CuSO4 ∙ 5H2O. Which means we need 3.642 kg of 

CuSO4∙5H2O is required.  
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